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ABSTRACT

Magnetic iron oxide nanocarriers (MIONs) have gained significant attention in drug
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surface functionalization strategies using polymers, lipids, and targeting ligands to improve
stability and targeting efficiency. Key mechanisms enabling targeted and controlled drug
delivery, including magnetic guidance, magneto-thermal release, and stimuli-responsive
systems (pH, temperature, and magnetic field), are also highlighted. The review further
outlines major biomedical applications of MIONs in targeted chemotherapy, gene delivery,
antimicrobial therapy, and theranostic platforms that combine diagnosis and treatment.
Emerging applications in neurological and cardiovascular therapies are also discussed.
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Introduction dynamically to external magnetic fields without

retaining residual magnetism once the field is

agnetic iron oxide nanoparticles removed a critical feature that prevents

(MIONs), typically composed of undesirable particle aggregation in
magnetite (Fe;0,) or maghemite physiological environments. The ability to
(y-Fe,03), exhibit distinct  manipulate these nanoparticles remotely using
superparamagnetic behavior when  an external magnetic field has opened new

their size is reduced below a critical diameter. avenues in site-specific drug delivery,
This property allows them to respond hyperthermiatherapy, biosensing, and magnetic
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resonance imaging (MRI) contrast
enhancement. Furthermore, their surfaces can
be modified with various polymers, surfactants,
or ligands to improve biocompatibility, enhance
stability, and enable selective targeting to
cancerous or inflamed tissues. These surface-
engineered MIONs can encapsulate or conjugate
drugs, peptides, or genes, enabling
multifunctional systems capable of both
therapeutic action and diagnostic imaging a
cornerstone of nanotheranostics [1]. Their
magnetic control provides an additional
advantage of external modulation, allowing
physicians to direct nanoparticles toward
specific tissues, release drugs on-demand
through heat induction, or monitor
biodistribution in real time [2]. The concept of
magnetic drug targeting originated in the 1970s
when researchers first explored the potential of
using magnetically responsive particles to
localize drugs within tumor sites under an
external magnetic field. Early formulations
involved micron-sized ferromagnetic particles
that suffered from rapid clearance by the
reticuloendothelial system (RES) and poor
tissue penetration. With advancements in
nanotechnology, the synthesis of nanoscale iron
oxide particles with controlled magnetic and
physicochemical properties revolutionized the
field. In the 1990s, SPIONs were first approved
for clinical use as MRI contrast agents, paving
the way for biomedical acceptance of magnetic
nanomaterials. Over time, the development of
surface modification techniques, such as coating
with dextran, polyethylene glycol (PEG), or
chitosan, significantly improved the
biocompatibility and circulation half-life of
MIONs. Concurrently, the integration of
magnetic targeting with stimuli-responsive drug
release  mechanisms triggered by pH,
temperature, or alternating magnetic fields
expanded the potential of these systems beyond
passive delivery [3]. Today, MIONs are being
explored as multifunctional platforms capable of
synergizing diagnostics, targeted therapy, and
controlled release, representing a pivotal shift
toward precision nanomedicine [4]. Remarkable
progress, the clinical translation of MIONs faces
challenges related to particle aggregation,
immune recognition, biodistribution, and long-
term toxicity. This review aims to provide a

comprehensive overview of the design
principles, synthesis strategies, and biomedical
applications of MIONs in therapeutic drug
delivery [5].

The subsequent sections discuss in detail the
physicochemical properties that govern their
performance, including structure, surface
characteristics, and magnetic behavior. Various
synthesis and functionalization approaches such
as chemical co-precipitation, solvothermal, and
microemulsion methods are examined to
highlight their influence on nanoparticle quality
and functionality [6]. The mechanisms of
magnetic targeting and controlled drug release
are analyzed to elucidate how external magnetic
fields and intrinsic stimuli can be leveraged for
spatially and temporally controlled drug
delivery. Furthermore, the review explores the
biomedical applications of MION-based systems
in targeted chemotherapy, gene delivery,
antimicrobial therapy, and theranostics,
alongside emerging roles in neurological and

cardiovascular interventions. Finally, it
addresses current challenges, regulatory
hurdles, and translational perspectives,

concluding with insights into future directions,
including smart magnetic nanocarriers, hybrid
nanoplatforms, and sustainable synthesis
approaches [7]. MIONs represent a
multifunctional and tunable platform with
immense potential for advancing targeted and
personalized medicine. Their ability to respond
to magnetic fields and other physiological
stimuli enables unprecedented control over
drug biodistribution and therapeutic action.
However, realizing their full clinical potential
demands concerted efforts to optimize
synthesis, improve stability, ensure safety, and
develop standardized regulatory frameworks.
This review thus endeavors to bridge the gap
between fundamental understanding and
translational application, providing a critical
perspective on the evolving role of MIONs in the
next generation of therapeutic drug delivery
systems [8].

Physicochemical Properties of Magnetic Iron
Oxide Nanoparticles

MIONs have emerged as one of the most
versatile and multifunctional nanomaterials for
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biomedical applications, especially in targeted
and controlled drug delivery systems. Their
unique physicochemical attributes including
crystal structure, magnetic responsiveness,
surface chemistry, biocompatibility, and size-
dependent properties govern their interaction
with biological systems and determine their
therapeutic efficiency. Understanding these
fundamental physicochemical properties is
therefore crucial for designing MION-based
nanocarriers that exhibit precise targeting, high
loading capacity, and controllable drug release
with minimal toxicity, as indicated in Table 1 [9].

Structure, Composition, and Magnetic
Behaviour
The structural framework of MIONs is

predominantly derived from iron oxides such as
magnetite (Fe304) and maghemite (y-Fe,03).
These crystalline phases possess inverse spinel
structures, where Fe?* and Fe®' ions occupy
both tetrahedral and octahedral sites within an
oxygen lattice. The presence of mixed valence
states facilitates electron hopping, conferring
intrinsic  magnetic  properties to the
nanoparticles. Among these, magnetite is often
preferred due to its higher saturation
magnetization (92-100 emu/g) and superior
magnetic susceptibility, which enable efficient
manipulation under external magnetic fields
[10]. The composition and crystal purity of
MIONs significantly influence their
physicochemical behavior. Slight deviations in
stoichiometry, such as oxidation of Fe;0, to y-
Fe,03, alter the magnetic domain configuration
and can reduce the magnetic response. Hence,
precise control over synthesis conditions,
including temperature, pH, and precursor ratios,
is essential to maintain phase stability and
prevent surface oxidation. X-ray diffraction
(XRD), Mossbauer spectroscopy, and Raman
spectroscopy are typically employed to confirm
the crystalline phase and oxidation state of iron
ions [11]. Magnetic behavior in MIONs arises
from the alignment of magnetic moments within
their domains. When exposed to an external
magnetic field, MIONs exhibit magnetization
proportional to field strength, which saturates
beyond a certain limit known as the saturation
magnetization (Ms). This property is central to

their application in targeted drug delivery,
where magnetic guidance enables localized
accumulation at specific disease sites. Moreover,
the reversible magnetization behavior of MIONs
ensures rapid demagnetization once the field is
removed, minimizing the risk of aggregation or
embolism in biological fluids [12].

Size, Shape, and Surface Characteristics

The physicochemical behavior and biomedical
performance of MIONs are profoundly
influenced by their size, morphology, and
surface properties. Typically, nanoparticles
ranging between 5 and 100 nm exhibit optimal
magnetic and biological characteristics. Particles
below 20 nm often display superparamagnetic
behavior, while those larger than 50 nm may
transition to a ferromagnetic state, leading to
irreversible magnetic aggregation. Thus, precise
size control is essential for achieving stable
colloidal suspensions and efficient in vivo
performance [13]. The shape of MIONs whether
spherical, cubic, octahedral, or rod-like, affects
their magnetic anisotropy, surface area, and
cellular internalization. Studies have shown that
cubic and octahedral morphologies offer higher
magnetic moments due to more ordered surface
spin arrangements compared to spherical
counterparts. Moreover, anisotropic
nanoparticles such as nanorods or nanowires
exhibit direction-dependent magnetic behavior
that can be exploited for enhanced magnetic
responsiveness and improved penetration into
tissue matrices [14]. Surface characteristics,
including charge, functional groups, and
roughness, play a vital role in determining the
interaction of MIONs with  biological
environments. Bare iron oxide nanoparticles
tend to aggregate due to high surface energy and
magnetic dipole-dipole interactions. Therefore,
surface modification with organic or inorganic
coatings (e.g., dextran, PEG, silica, or chitosan) is
employed to enhance dispersion stability,
biocompatibility, and drug conjugation
capability. The surface charge, often represented
by zeta potential, influences colloidal stability
and cellular uptake [15]. Nanoparticles with
moderate positive or negative zeta potential
(¥20-30 mV) generally exhibit good stability
and lower nonspecific protein adsorption.
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Atomic force microscopy (AFM), dynamic light
scattering (DLS), and transmission electron
microscopy (TEM) are essential tools for
characterizing these morphological and surface
parameters [16]. This figure highlights the key
design attributes that influence the performance
of MIONs. The surface can be functionalized with
biomolecules such as proteins, antibodies,
carbohydrates, or polymers to enhance
biocompatibility and targeting efficiency. The

characteristics, including size, stiffness,
porosity, and topography determine
biodistribution and cellular uptake.

Main Features of Magnetic Iron Oxide

Nanocarriers
Surface Characteristics Responsiveness
: Temperature
.
Shape

Ellipse

Responsiveness to stimuli such as pH,
temperature, light, and magnetism allows for
controlled and site-specific drug release. The
shape cube, rod, sphere, plate, ellipse, and star
affects circulation and cellular internalization
behaviour, while the material composition
ranging from micelles, liposomes, nanogels,
dendrimers, and polymers to inorganic
structures like iron/silica, gold, or mesoporous
systems, dictates stability, magnetic properties,
and therapeutic potential. Overall, these
integrated features enable the precise
engineering of magnetic nanocarriers for
efficient targeted drug delivery and diagnostic
applications, as shown in Figure 1.

Star

Figure 1. Main features of MIONSs. The schematic illustrates the key structural and functional parameters
that define MIONSs for biomedical applications

Superparamagnetic and its Role in Drug
Targeting

Superparamagnetic is a defining feature of ultra-
small MIONSs, typically below a critical diameter
of 20 nm. In this state, each nanoparticle behaves
as a single magnetic domain that can rapidly
align with an external magnetic field but exhibits
no residual magnetization when the field is
removed. This unique phenomenon prevents
particle aggregation and facilitates safe
circulation within biological fluids [17]. In drug
delivery, the superparamagnetic behaviour
enables the application of external magnetic
fields to direct MIONs toward a specific site, such

as a tumor or inflamed tissue. The absence of
remanent magnetization ensures that once the
external field is withdrawn, nanoparticles
remain well-dispersed, reducing the risk of
vascular blockage or immune clearance. The
magnetic moment and susceptibility of MIONs
directly influence the efficiency of magnetic
targeting, as higher magnetization enhances
responsiveness to external fields and improves
drug accumulation at the desired location [18].
The magnetic relaxation mechanisms, Néel and
Brownian relaxation, also play pivotal roles in
modulating drug release and imaging efficiency.
The balance between these relaxation processes
dictates the magnetic heating capability (used in
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hyperthermia therapy) and the stability of drug
conjugates under oscillating fields.
Superparamagnetic MIONs also find application
in magnetically triggered release systems,
where localized magnetic fields induce mild
heating or structural deformation of coatings to
control the release of encapsulated drugs. Thus,
superparamagnetic is not only vital for targeted
delivery, but also for controlled and responsive
therapeutic action [19].
Biocompatibility, Biodegradability, and
Stability Considerations

The biocompatibility and biodegradability of
MIONSs are of utmost importance. Although iron
oxide itself is relatively non-toxic, its surface
chemistry and degradation behavior can
influence cellular interactions and biological
responses. In physiological conditions, MIONs
may undergo slow dissolution into Fe** and Fe3*
ions, which are naturally metabolized through
the body’s iron homeostasis pathways involving
transferrin and ferritin. This biodegradation
process ensures that the nanoparticles are
ultimately eliminated or recycled, minimizing
long-term toxicity [9]. However, uncoated or
poorly stabilized nanoparticles can induce
oxidative stress, membrane damage, or
inflammatory responses due to the generation of
reactive oxygen species (ROS) at their surface.
Surface passivation using biocompatible
polymers (eg., polyethylene glycol, dextran,
chitosan) or inorganic shells (eg., silica and
gold) effectively mitigates such effects by
reducing direct contact between the iron oxide
core and cellular components. These coatings
also provide reactive functional groups (-COOH,
-NH,;, and -OH) that facilitate further
conjugation with therapeutic agents, targeting
ligands, or stealth polymers [19]. The colloidal
stability of MIONs in physiological media is
another critical determinant of their
pharmacokinetic behavior. Factors such as ionic
strength, pH, and protein adsorption can
destabilize nanoparticle suspensions, leading to
aggregation or rapid clearance by the
reticuloendothelial system (RES). Coatings that
impart steric or electrostatic stabilization
extend the circulation time and improve
biodistribution profiles. Additionally,

crosslinking or grafting of hydrophilic polymers
can enhance mechanical stability and prevent
premature drug leakage during systemic
transport [20]. Thermal and chemical stability
are also essential for ensuring reproducible
performance during synthesis, sterilization, and
storage. MIONs with robust coatings retain their

magnetic and structural integrity under
physiological temperature and oxidative
environments. Long-term stability testing,

involving zeta potential and particle size
monitoring, is crucial for predicting the shelf life
of magnetic nanocarrier formulations [21].

Correlation Between Physicochemical
Attributes and Biological Performance

The therapeutic performance of MIONs is
intricately linked to their physicochemical
characteristics.  Particle size determines
biodistribution and clearance pathways;
nanoparticles below 10 nm are often cleared
renally, whereas those between 20 and 100 nm
exhibit prolonged circulation and enhanced
permeation into tumor tissues via the enhanced

permeability and retention (EPR) effect.
Similarly, surface charge modulates
opsonization and  macrophage uptake,

influencing immune evasion and targeting
efficiency [22]. The crystallinity and magnetic
strength dictate the efficiency of magnetic
targeting and hyperthermic response. High-
crystallinity magnetite cores ensure stronger
magnetic moments and superior responsiveness
to external fields. Conversely, amorphous or
partially oxidized particles may show reduced
magnetization, diminishing targeting precision.
Coating chemistry influences not only stability,
but also drug loading efficiency and release
kinetics. = Hydrophilic  coatings  enhance
solubility, whereas hydrophobic layers allow
encapsulation of lipophilic drugs, offering
tunable drug-nanoparticle interactions [23].
Surface functionalization with targeting ligands
such as folic acid, antibodies, or peptides confers
active  targeting capabilities, promoting
receptor-mediated endocytosis at diseased sites.
The synergy between  physicochemical
optimization and Dbiological functionality
underpins the success of MION-based delivery


https://jpscc.samipubco.com/article_244254.html

Journal of Pharmaceutical Sciences and Computational Chemistry

systems in achieving site-specific, controlled,
and efficient drug delivery [24].

Characterization Techniques for
Physicochemical Evaluation

The comprehensive characterization of MIONSs is
essential for correlating physicochemical
properties with biological outcomes. Structural
characterization using XRD confirms crystalline
phase purity, while TEM and scanning electron
microscopy (SEM) provide insights into
morphology, size, and distribution. DLS and zeta
potential measurements evaluate
hydrodynamic size and colloidal stability in
physiological media. Fourier-transform infrared
(FTIR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) identify surface functional
groups and confirm successful coating or

using vibrating sample magnetometry (VSM) or
superconducting quantum interference device
(SQUID) magnetometry quantifies magnetic
parameters such as coercivity, remanence, and
saturation magnetization. These values are
crucial for understanding superparamagnetic
transitions and targeting efficacy.
Thermogravimetric  analysis (TGA) and
differential scanning calorimetry (DSC) assess
thermal stability and coating composition,
whereas inductively coupled plasma mass
spectrometry (ICP-MS) determines elemental
composition and iron content [26]. Collectively,
these analytical tools provide a
multidimensional  understanding of the
interplay between structural, magnetic, and
surface properties, facilitating the rational
design of MIONs optimized for biomedical
applications [23].

conjugation [25]. Magnetic characterization
Table 1. Characterization techniques for physicochemical evaluation of MIONs
Characterization Technique Purpose Relevance to drug delivery  Ref.
parameter information
obtained
Determines Influences circulation time
Particle size and DLS, TEM, SEM hydrodynamic size, : [27]
L cellular uptake, and magnetic
distribution morphology, and tareeting efficienc
uniformity. getng y:
Confirms spinel structure
Crystal structure XRD Identifies crystalline (magnetite/maghemite) 28]
phase and purity. crucial for magnetic
properties.
Visualizes particle . .
Surface AFM Affects surface interactions,
shape and surface . .
morphology coating efficiency, and drug [29]
roughness. .
loading.
Magnetic Measures saturation Determines magnetic response
properties VSM, SQUID magnfetllzatlon, for targeted delivery and [30]
coercivity, and )
hyperthermia.
remanence.
Surface chemistry Identifies functional Critical for ligand coniugation
and functional FTIR, XPS groups, coatings, and & Jus [31]

groups

chemical bonds.

and drug binding efficiency.
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Evaluates thermal

Ensures stability under

Thermal stability TGA, DSC decc.)r.nposmon.and physiological and formulation [32]
stability of coatings. o
conditions.

Zeta potential / Measures surface Predicts aggregation tendency,

surf;fce charee ELS charge and colloidal interaction with cells,and in ~ [33]
g stability. vivo circulation.
Drue loadin UV-Vis %‘:}igtlzfliggig Essential for evaluating [34]
& 5 Spectroscopy, encap therapeutic potential and
andrelease efficiency and release .
HPLC Kinetics controlled delivery.

Tailoring Physicochemical Parameters for
Optimized Therapeutic Efficacy

Rational engineering of MIONs involves the fine-
tuning of physicochemical parameters to
achieve the desired pharmacological
performance. For instance, adjusting synthesis
temperature or surfactant concentration allows
precise control over particle size and shape,
influencing biodistribution and magnetic
response. Similarly, modifying surface coatings
can optimize drug loading, release kinetics, and
targeting specificity. By coupling magnetic
control with biochemical targeting, hybrid
magnetic nanocarriers can be designed to
respond to multiple stimuli such as magnetic
fields, pH, and temperature enabling on-demand
drug release [35]. The integration of
biopolymers and smart coatings enhances
biocompatibility and introduces functionalities
such as stimuli-responsiveness or enzyme-
triggered degradation. The evolution of surface
engineering strategies has thus enabled the
transition of MIONs from simple magnetic
carriers  to  intelligent,  multifunctional
nanoplatforms  capable of  performing
diagnostic, therapeutic, and monitoring roles
simultaneously [36].

Mechanisms of Magnetic Targeting and
Controlled Drug Release

MIONs, particularly magnetite (Fe;0,) and
maghemite (y-Fe,03), have emerged as one of
the most versatile and controllable nanocarrier
systems in targeted therapeutics. Their unique
magnetic responsiveness, combined with
tunable surface chemistry and biocompatibility,
enables precise control over drug localization
and release kinetics. The mechanisms governing
magnetic targeting and controlled drug release
involve a synergistic interplay of physical forces,

magnetic field manipulation, surface
modification, and stimuli-responsive
interactions. These processes collectively

ensure enhanced therapeutic efficiency with
minimal systemic side effects. This section
elaborates on the underlying principles and
mechanistic pathways that define the targeting
precision and release control of MION-based
nanocarriers, encompassing magnetic guidance,
magneto-thermal effects, stimuli-responsive
mechanisms, and mathematical models of drug
release kinetics, as provided in Table 2 [37].
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Table 2. Mechanisms of magnetic targeting and controlled drug release

Mechanism Description & Parameters Advantages LG, O Ref.
Strategy Challenges
e External
magnetic field
directs MIONs to e Enhances
Magnetic target tissuee ¢ Field strength site-specific e Limited tissue
Guidance and Techniques: and gradiente deliverye penetratione [38]
Targeted permanent Particle size and Reduces Requires precise
Accumulation magnets, circulation time systemic field alignment
electromagnetic toxicity
coils, MRI-guided
navigation
e Alternating
magnetic field « On-demand
Magneto- induces localized ¢ AMF frequencye * Risk of overheating
. : releasee :
thermal heatinge Drug Particle . healthy tissuee
. . . Synergistic . [39]
(Hyperthermia) released via concentratione . Requires accurate
. anticancer : .
Drug Release temperature- Thermal stability offect calibration
triggered
mechanisms
¢ Acidic
tumor/endosomal
microenvironment
) e Tumor- .
triggers drug . « Potential
. e Polymer pKae selective
pH-Responsive releasee . : premature releasee
Release Strategies: pH- Coating thicknesse releases Stability in systemic [40]
i Release kinetics Reduces off- . :
sensitive circulation
.. target effects
polymers, lipid
coatings, ligand
conjugation
¢ Drug release
triggered by local ¢ LCST (Lower
Temperature- temperature Critical Solution e Controlled, e Must match
. changese Temperature) o . . :
Responsive . localized physiological [41]
Thermoresponsive Polymer
Release 7 release temperature range
polymers compositione Drug
(PNIPAM, PEG loading
derivatives)
« Particle
structure or
polymer coating
changes under « Field intensitve * Non-
Magnetic Field-  magnetic field to Particle y invasivee e Requires
Responsive release druge . Precise optimization of [42]
. ; anisotropye .
Release Techniques: field- ) temporal magnetic parameters
i Coating type
sensitive control
hydrogels,

magnetic polymer
composites
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eCombines pH, eMaximizes
Multi-Stimuli temper.atulje, and *Trigger targ.e.tl.n 5 eComplex synthesise
. magnetic triggerse thresholdse specificitye -
Responsive . . . . . Reproducibility [43]
Hybrid coatings or Particle designe Fine-tuned,
Systems : . ' challenges
multi-responsive Release profile controlled
polymer matrices release
Magnetic Guidance and Targeted  Magnetic targeting provides a non-invasive,
Accumulation controllable, and reversible method of spatial

The concept of magnetic targeting capitalizes on
the superparamagnetic nature of MIONs, which
allows them to exhibit magnetization only in the
presence of an external magnetic field,
eliminating residual magnetism upon field
removal. This property enables site-specific
guidance of drug-loaded nanoparticles to
desired tissues or organs using externally
applied magnetics gradients [37]. In vivo studies
demonstrate that local application of
neodymium-iron-boron (NdFeB) permanent
magnets or electromagnets near the target

tissue substantially increases nanoparticle
accumulation, achieving 5-10 times higher local
drug concentration compared to passive

targeting mechanisms such as the enhanced
permeability and retention (EPR) effect. The
ability to modulate the magnetic field strength
and direction enables dynamic steering of the
nanoparticles, even in deep-seated tissues [44].
Several parameters critically affect magnetic
guidance efficiency, including particle size,
magnetic susceptibility, blood viscosity, and the
distance between the magnet and target tissue.
Nanoparticles between 10 and 100 nm in
diameter exhibit optimal circulation time and
magnetic responsiveness. Additionally, surface
functionalization with hydrophilic polymers like
PEG or dextran reduces opsonization and RES
uptake, prolonging systemic circulation and
enhancing the likelihood of successful magnetic
capture [45]. At the cellular level, the local
magnetic field not only aids in accumulation, but
also enhances cellular uptake through
endocytosis driven by field-induced
nanoparticle aggregation and membrane
deformation. This magnetically induced
localization allows for high local drug
concentrations with reduced systemic toxicity
especially vital for potent chemotherapeutic
agents such as doxorubicin or paclitaxel [46].

drug localization, establishing the foundation for
the next level of controlled release mechanisms
under magnetic influence [47].

Magneto-thermal Drug Release Mechanisms

An equally critical mechanism in MION-
mediated drug delivery is magneto-thermal
activation, which relies on converting magnetic
energy into localized heat upon exposure to an
alternating magnetic field (AMF). This process,
known as magnetic hyperthermia, induces
localized heating typically in the range of 41-46
°C, which can both trigger thermally sensitive
drugrelease and exert cytotoxic effects on tumor
tissues [48]. The underlying principle of
magneto-thermal conversion involves Néel and
Brownian relaxation losses, where magnetic
dipoles within the MIONs realign rapidly with
the oscillating field, dissipating energy as heat.
The specific absorption rate (SAR) a measure of
heat generated per unit mass of nanoparticles is
influenced by particle size, magnetic anisotropy,
field frequency, and amplitude. Optimized
MIONs with diameters of ~10-20 nm exhibit
high SAR values suitable for localized
hyperthermia [49]. Incorporated into polymeric
or lipidic nanocarriers, this generated heat
facilitates drug diffusion through carrier matrix
softening, polymer swelling, or phase transition.
For instance, thermo-responsive polymers such
as poly(N-isopropylacrylamide) (PNIPAM)
undergo a reversible volume phase transition at
their lower critical solution temperature (LCST,
~32 °C). Under magnetic hyperthermia, the
polymer matrix contracts, releasing the
encapsulated drug in a controlled “on-off”
manner [50]. Magneto-thermal therapy (MTT)
achieves synergistic therapeutic effects when
combined with chemotherapy. Localized heating
not only promotes drug release, but also
increases tumor perfusion, enhances cellular
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membrane permeability, and sensitizes cancer
cells to cytotoxic agents. For example, Fe30,-
loaded liposomes containing doxorubicin
exhibit accelerated release and enhanced tumor
regression under AMF exposure compared to
passive delivery [49]. The spatial confinement of
thermal effects ensures minimal damage to
surrounding healthy tissues, as the generated
heat dissipates rapidly beyond the magnetic
focus. Importantly, fine-tuning AMF parameters
(100-500 kHz frequency; 10-30 kA/m field
strength) allows precise control over both
therapeutic temperature and release rate.
Integration of magneto-thermal mechanisms
with  biodegradable  nanocarriers  thus
represents a  powerful platform  for
spatiotemporally controlled therapy [51].

Stimuli-Responsive pH, Temperature, and
Magnetic Field Release Systems

Beyond magnetic guidance and hyperthermia,
MION-based nanocarriers can be engineered for
multi-stimuli-responsive drug release,
leveraging  variations in  physiological
microenvironments such as pH, redox potential,
and enzymatic activity. This dual or triple
responsiveness ensures release specificity
tailored to pathological conditions [52]. Tumor
tissues and intracellular = compartments
(endosomes/lysosomes) exhibit acidic
microenvironments (pH 4.5-6.5). MIONs
functionalized with pH-sensitive linkers (e.g.,
hydrazone, imine, or ester bonds) or polymers
such as poly(B-amino esters) or chitosan
derivatives can exploit this gradient for targeted
drug release [53]. Under acidic conditions,
protonation of functional groups weakens
electrostatic interactions or cleaves acid-labile
linkers, leading to drug detachment. For
example, doxorubicin conjugated to MIONs via
hydrazone linkage remains stable at
physiological pH (7.4) but rapidly releases in
tumor-like environments, ensuring selective
cytotoxicity [54]. In thermo-responsive systems,
temperature variations induced by external
stimuli (including magnetic hyperthermia) alter
the physicochemical properties of the carrier
matrix. Polymers such as PNIPAM or
poly(ethylene glycol)-co-poly(e-caprolactone)
can undergo conformational transitions,

releasing encapsulated drugs at elevated
temperatures [55]. The synergistic coupling of
magnetic heating and thermal responsiveness
allows programmable control of release kinetics.
For example, Fe;0,~PNIPAM nanocomposites
demonstrate stepwise release of paclitaxel
under alternating field exposure [56]. Apart
from heat induction, alternating or pulsed
magnetic fields can directly modulate drug
release through mechanical deformation,
vibration, or disruption of magnetic bonds.
When MIONs are embedded within polymer
matrices, field-induced oscillations cause
structural rearrangements that open diffusion
channels, enabling on-demand drug pulsation
[57].

Magneto-mechanical actuation can stimulate
cellular ~ mechanotransduction pathways,
enhancing endosomal escape and intracellular
drug trafficking [58]. Advanced MION hybrids
incorporate redox-sensitive disulfide linkers or
enzyme-cleavable peptides that respond to
elevated glutathione (GSH) or matrix
metalloproteinase (MMP) levels in cancer cells.
The combination of magnetic responsiveness
with biochemical triggers provides multi-
layered release control and improves
therapeutic precision [59]. The integration of
multiple stimuli magnetic, pH, and thermal
within a single nanocarrier ensures adaptability
to dynamic biological environments and
significantly minimizes premature leakage [60].
Such smart nanocarriers enable sequential drug
release, where initial magnetic accumulation is
followed by localized, condition-dependent
release, achieving superior therapeutic
outcomes [61]. Figure 2 demonstrates the
concept of stimuli-responsive drug delivery
using magnetic nanocarriers. Upon exposure to
a specific stimulus, such as a magnetic field, heat,
light, ultrasound, or internal biological cues, the
nanocarrier undergoes structural or chemical
changes that trigger the release of the
encapsulated drug molecules. External stimuli
heat, light, magnetic field, and ultrasound, can be
precisely controlled from outside the body,
allowing spatial and temporal regulation of drug
release. Meanwhile, internal stimuli pH
variation, redox potential, and enzyme activity,
exploit the unique microenvironment of
diseased tissues, such as acidic pH or elevated
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enzyme levels to induce targeted release. Dual-
stimuli responsiveness enhances therapeutic
efficacy while minimizing systemic toxicity,

External Stimuli

making it a promising strategy for advanced,
intelligent nanomedicine systems.
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Figure 2. Mechanism of stimuli-responsive drug release from magnetic nanocarriers. The schematic
illustrates how magnetic nanocarriers can be engineered to respond to various internal and external stimuli,
enabling controlled and site-specific drug release.

Mathematical
Kinetics

Models for Drug Release

Understanding and predicting drug release
kinetics from magnetic nanocarriers are crucial
for optimizing therapeutic efficacy and
designing  controlled release  systems.
Mathematical modeling provides a quantitative
framework to describe the mechanisms of drug
diffusion, degradation, desorption, and external-
field modulation. Several classical and advanced
kinetic models have been applied to describe
MION-mediated drug release [62].

Zero-Order and First-Order Kinetics

In zero-order models, the drug release rate
remains constant over time, ideal for
maintaining sustained plasma concentration.
Such behavior is observed in magnetically
modulated systems where field-triggered
diffusion dominates. The first-order model,
conversely, implies concentration-dependent

release, common in systems governed by
dissolution or desorption processes [63].

Higuchi Model

The Higuchi model (Q = k_H t*/?) describes drug
diffusion from homogeneous matrices, assuming
a concentration gradient-driven mechanism. It
has been widely used for polymer-coated
MIONs, where drug diffusion occurs through a
semi-crystalline or porous matrix. Magnetic or
thermal stimulation alters the diffusion
coefficient (D_eff), leading to deviations from
purely Higuchi behavior [64].

Korsmeyer-Peppas Model

For systems exhibiting anomalous (non-Fickian)
diffusion, the Korsmeyer-Peppas model
(Mt/Moo = k t") is applied, where the exponent n
distinguishes between Fickian diffusion (n <
0.45), anomalous transport (0.45 <n < 0.89), and
case-II transport (n = 0.89). Magnetic and
thermo-responsive systems often show n values
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in the anomalous range due to combined
diffusion and relaxation effects [65].

Weibull and Hixson-Crowell Models

The Weibull model offers a flexible empirical
approach that captures the sigmoidal release
behavior observed in multi-layered MION
composites. The Hixson-Crowell cube-root
model is suitable for systems where drug release
is governed by matrix erosion or degradation,
relevant for biodegradable MION-polymer
hybrids [66].

Magnetic Field-Dependent Kinetics

Recently, modified models incorporating
magnetic field strength (B) and frequency (f)
terms have been proposed to capture magneto-
thermal contributions. The effective diffusion
coefficient D_eff can be expressed as a function
of field parameters: D_eff = Dy exp(a B + B f),
where a and [ are empirical constants reflecting
the system’s responsiveness. These models
enable real-time control of release Kkinetics
through external modulation.

Computational and Machine
Models

Learning

Advancements in computational modeling have
introduced finite element simulations and
machine learning algorithms to predict drug
distribution and magnetic response in
heterogeneous tissues. Such predictive models
consider nanoparticle dynamics, magnetic field
gradients, and tissue permeability, enabling
personalized treatment optimization.
Integrating experimental Kkinetic data with
computational tools can refine nanocarrier
design parameters, offering precise control over
dose delivery and minimizing adverse effects
[67].

Biomedical Applications of Magnetic Iron
Oxide Nanocarriers

MIONCs, particularly magnetite (Fe304,) and
maghemite (y-Fe,03), have emerged as
transformative tools in biomedical sciences due
to their distinctive magnetic, physicochemical,

and biocompatible properties. Their capability
for external magnetic field modulation, surface
functionalization, and controlled drug release
has expanded their application across multiple

therapeutic = domains, including targeted
chemotherapy, gene and protein delivery,
antimicrobial therapy, imaging-guided

treatment, and regenerative medicine. MIONCs
integrate therapeutic and diagnostic modalities
in a single nanoplatform, marking a pivotal step
toward precision and personalized medicine.
The following sections discuss in detail the
multifaceted biomedical applications of MIONCs
in modern healthcare systems [68].

Cancer

Targeted and

Treatment

Chemotherapy

One of the most extensively explored
applications of MIONs is in targeted
chemotherapy, where they address the
limitations of conventional anticancer drug
delivery such as systemic toxicity, nonspecific
biodistribution, and poor tumor accumulation.
MIONCs enable magnetic targeting, wherein an
external magnetic field guides drug-loaded
nanoparticles to the tumor microenvironment,
thereby enhancing local drug concentration
while minimizing adverse effects on healthy
tissues. MIONCs are often encapsulated with
biocompatible polymers (e.g, PEG, chitosan,
PLGA, dextran) or lipids to improve circulation
time and reduce opsonization by the
reticuloendothelial system (RES). The surface
modification with targeting ligands such as folic
acid, transferrin, or antibodies further enhances
selective recognition of cancer cells through
receptor-mediated endocytosis. For instance,
doxorubicin-loaded Fe;0,@chitosan
nanoparticles have demonstrated superior
cytotoxicity against breast and liver cancer cell
lines under a magnetic field, with enhanced
intracellular uptake and apoptosis induction
compared to free drug administration [69].
MIONCs can serve as multifunctional theranostic
platforms that integrate drug delivery with
magnetic hyperthermia. Under an alternating
magnetic field (AMF), these nanocarriers
generate localized heat (42-46 °C), inducing
tumor cell apoptosis and enhancing the
permeability of tumor vasculature, which in turn
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facilitates drug diffusion. This synergistic
chemo-hyperthermic effect significantly
enhances therapeutic efficacy. Clinical trials of
NanoTherm®, an aminosilane-coated Fe;0,

nanoparticle  formulation,  have shown
promising outcomes in treating recurrent
glioblastoma  through hyperthermia-based

adjuvant therapy. MIONCs have demonstrated
the potential to overcome multidrug resistance
(MDR) by facilitating endosomal escape and
bypassing efflux transporters. Their use in co-
delivery systems combining chemotherapeutic
agents (e.g., paclitaxel, cisplatin) with siRNA or
miRNA enables simultaneous gene silencing and
drug action, thereby enhancing treatment
efficacy. These advancements underscore the
growing prominence of MIONCs in targeted and
combination cancer therapy [70].

Gene delivery and Nucleic Acid Transport

MIONs have shown remarkable promise in gene
delivery due to their ability to protect nucleic
acids from enzymatic degradation and to direct
their transport via magnetic guidance.
Traditional viral vectors pose immunogenicity
and mutagenesis concerns, whereas MIONCs
offer a safer, controllable, and non-viral
alternative for gene transfection. Surface-
modified MIONCs can complex with nucleic
acids such as plasmid DNA, siRNA, miRNA, or
CRISPR/Cas9 constructs through electrostatic
interactions or covalent bonding. Positively
charged polymers such as polyethylenimine
(PEI) or chitosan are often used to enhance
loading efficiency and promote cellular uptake
via endocytosis. Once internalized, endosomal
escape mechanisms facilitated by proton sponge
effects or external magnetic pulses enable the
release of genetic material into the cytoplasm or
nucleus [71]. A notable example is the Fe30,-
PEI/siRNA complex, which has demonstrated
effective gene silencing of oncogenes such as
Bcl-2 and survivin in breast and prostate cancer
models. The application of a magnetic field
significantly increases transfection efficiency by
promoting nanoparticle accumulation at the

target  site a phenomenon termed
magnetofection. Furthermore, magnetic
nanoparticles  conjugated with  CRISPR

components have been explored for precise

genome editing, allowing targeted gene repair
and disease correction with high spatial control.
Beyond cancer, MIONCs have been applied in
gene  therapy for  neurological and
cardiovascular  disorders. For instance,
magnetofection-based delivery of neurotrophic
factors has been used to promote neuronal
regeneration in Parkinson’s disease models,
while angiogenic gene delivery using Fe30,
nanoparticles enhances vascular repair in
ischemic tissues. These studies emphasize the
versatility of MIONCs as platforms for safe and
effective genetic modulation [72].

Antimicrobial and Antiviral Applications

The rise of multidrug-resistant pathogens has
necessitated the exploration of novel
antimicrobial  strategies. MIONs possess
inherent antimicrobial activity attributed to
reactive oxygen species (ROS) generation,
membrane disruption, and metal ion release,
which can be synergistically enhanced through
drug loading or photothermal effects. MIONCs
can act as nano-antibiotic carriers, facilitating
the controlled release of antimicrobial agents
(e.g, vancomycin, gentamicin, ciprofloxacin)
directly at infection sites. For example, Fe30,
nanoparticles functionalized with silver ions or
quaternary ammonium compounds have
exhibited potent bactericidal activity against
Gram-positive and Gram-negative bacteria,
including Staphylococcus aureus and Escherichia
coli. Their magnetic responsiveness allows
guided targeting to biofilm-infected areas,
enabling localized disinfection and minimizing
systemic side effects [73]. Magnetically
responsive nanocarriers have demonstrated
antiviral efficacy by disrupting viral membranes
or inhibiting replication mechanisms. Fe;0,
nanoparticles conjugated with antiviral agents
(e.g., ribavirin or remdesivir) or functionalized
with surface ligands (e.g, heparin) show
enhanced viral inhibition through targeted
delivery and improved cellular uptake. Magnetic
hyperthermia can further inactivate viruses by
denaturing viral proteins, suggesting potential
applications in antiviral coatings and
disinfectants. The ability to combine magnetic
targeting, antimicrobial drug loading, and
photothermal or photodynamic actions
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positions MIONCs as next-generation
antimicrobial systems, particularly valuable in
combating resistant infections and supporting
wound healing applications [74].

Theranostic Systems: Dual Role In Therapy
and Imaging

The integration of therapy and diagnostics,
termed theranostics, represents one of the most
transformative applications of MIONs. Due to
their superparamagnetic properties, MIONCs
function as excellent contrast agents for MRI
while simultaneously serving as drug delivery
vehicles or hyperthermia agents. MIONCs act as
T,-weighted MRI contrast agents, producing
signal hypointensity (darkening) in target
tissues. Surface modification with biocompatible
polymers and targeting ligands allows precise
imaging of tumors, inflamed tissues, or
atherosclerotic plaques. The dual-functionality
of Fe;04-based nanoplatforms enables real-time
monitoring of drug biodistribution, therapeutic
response, and clearance pathways facilitating
personalized treatment regimens. An exemplary
system is PEGylated Fe30,-doxorubicin
nanocarriers, which exhibit strong MRI contrast
enhancement and magnetic field-controlled
drug release [75]. Moreover, coupling MIONCs
with fluorescent dyes, quantum dots, or
radionuclides yields multimodal imaging
platforms capable of MRI-optical-PET or MRI-
CT hybrid imaging. This multimodal capability
enhances diagnostic accuracy while reducing
the need for multiple imaging agents. The
theranostic potential of MIONCs extends to
magnetic hyperthermia therapy, where the
nanoparticles generate heat under alternating
magnetic fields to induce cancer cell death while
MRI  simultaneously monitors treatment
progress. MIONCs are also being engineered for
photo-magnetic therapy, combining
photothermal or photodynamic effects with
magnetic targeting for enhanced spatiotemporal
control. These developments underscore the
promise of MIONCs in achieving personalized,
image-guided, and minimally invasive treatment
modalities [76].

Emerging Applications in Neurological and
Cardiovascular Disorders

Beyond oncology and infectious diseases, MIONs
are gaining recognition in the treatment of
neurological and cardiovascular disorders,
where targeted delivery and real-time
monitoring are crucial yet challenging. Crossing
the blood-brain barrier (BBB) remains a
formidable challenge in neuropharmacology.
The small size, modifiable surface chemistry,
and magnetic guidance capabilities of MIONCs
enable them to traverse the BBB efficiently.
When guided by an external magnetic field,
these nanoparticles can deliver neuroprotective
drugs, anti-inflammatory agents, or gene
therapies directly to the brain. For example,
Fe;0, nanoparticles coated with PEG or
polysorbate 80 have been shown to deliver
dopamine or neurotrophic factors in models of
Parkinson’s and Alzheimer’s diseases,
significantly improving neuroregeneration and
cognitive function [77]. Magnetic nanoparticles
have also been used for magnetothermal
neuromodulation, where localized heating
triggers neuronal activity, offering potential
applications in controlling epilepsy, depression,
or chronic pain. Their dual imaging and
therapeutic  functions facilitate  precise
localization and minimally invasive treatment of
neurodegenerative disorders. In cardiovascular
medicine, MIONCs contribute to targeted
thrombolytic therapy, angiogenesis induction,
and vascular imaging. Magnetic guidance allows
site-specific delivery of thrombolytic agents
(e.g, streptokinase, urokinase) to occluded
vessels, minimizing systemic bleeding risks [78].
Fe;0, nanoparticles loaded with vascular
endothelial growth factor (VEGF) or nitric oxide
donors have been utilized to promote
angiogenesis and tissue regeneration in
ischemic myocardium. MIONCs also serve as
effective contrast agents for magnetic resonance
angiography (MRA), offering high-resolution
visualization of vascular architecture and plaque
characterization. = The  development  of
biodegradable magnetic nanocomposites has
further enabled safe long-term use in
cardiovascular  diagnostics and therapy.
Emerging studies have integrated MIONCs into
scaffold materials and stem cell-based therapies,
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enhancing cell proliferation, alignment, and
differentiation under magnetic stimulation.
Magnetic hydrogels and polymeric composites
embedded with Fe;0,4 nanoparticles have been
designed for guided tissue regeneration,
especially in bone and neural repair. The
magnetic responsiveness aids in spatial control
of cell growth and accelerates healing processes,
indicating a promising future for MIONC-based
regenerative medicine [79].

Challenges and Limitations

The application of MIONs in drug delivery
systems has opened remarkable avenues in
nanomedicine  due to  their  unique
physicochemical properties, magnetic
responsiveness, and biocompatibility. However,
despite extensive research and preclinical
promise, several critical challenges and
limitations impede their successful translation
into clinical practice. These challenges span
across material synthesis, surface
functionalization, stability, biodistribution,
toxicity, regulatory barriers, and large-scale
manufacturing. This section delineates the
multifaceted challenges that need to be
addressed to harness the full therapeutic
potential of MION-based nanocarriers. The
therapeutic efficacy of MION-based drug
delivery systems largely depends on their
magnetic behavior, particle size, shape, and
surface characteristics. Controlling these
parameters with high precision during synthesis
remains a major challenge. SPIONs exhibit size-
dependent magnetic properties particles below
a certain size threshold (~20 nm) display
superparamagnetic, while larger particles show
ferromagnetic or ferrimagnetic behavior.
Achieving narrow size distribution and uniform
morphology is difficult in large-scale synthesis,
resulting in inconsistent magnetic responses
and reduced targeting efficiency under external
magnetic fields. Colloidal stability of MIONs in
biological fluids is a critical prerequisite for safe
and efficient drug delivery. Nanoparticles often
undergo aggregation due to van der Waals and
magnetic dipole attractions when introduced
into  physiological environments. Serum
proteins readily adsorb onto the nanoparticle
surface, forming a “protein corona” that alters

surface charge, hydrophobicity, and targeting
ability. This corona can trigger immune
recognition, opsonization, and rapid clearance
by the reticuloendothelial system (RES), leading
to poor Dbioavailability and non-specific
biodistribution. Surface modification using
polymers such as polyethylene glycol (PEG),
dextran, or chitosan improves stability;
however, achieving reproducible coating
uniformity is difficult. Over time, coatings may
degrade or desorb under physiological stress,
exposing the iron oxide core and potentially
leading to toxicity. Additionally, polymer-coated
nanoparticles may still face aggregation issues
under varying ionic strengths, pH conditions, or
in the presence of divalent cations. Maintaining
colloidal stability over extended periods,
especially under magnetic field application or
during storage, remains a persistent limitation
for MION-based formulations. The toxicity
profile of MIONs is highly dependent on size,
surface charge, coating materials, and
administered dose. Positively charged particles
can interact strongly with negatively charged
cellular membranes, leading to membrane
disruption and apoptosis. Uncoated or
inadequately coated nanoparticles may also
induce hemolysis, platelet aggregation, and
complement activation. Long-term exposure
raises concerns about chronic inflammation,
immune activation, and potential genotoxicity.
Although biodegradable coatings can mitigate
these risks, their degradation rate and by-
products also require careful evaluation to
ensure systemic safety. Targeting efficiency in
vivo is often lower than expected from in vitro
studies due to complex biological barriers such

as the mononuclear phagocyte system,
endothelial permeability, and interstitial
pressure within tumors. The “enhanced

permeability and retention” (EPR) effect, which
is often exploited for passive targeting, is highly
variable across tumor types and not consistently
reproducible in human cancers. Consequently,
even with ligand-mediated targeting, only a
small fraction of systemically administered
MIONs reach the intended site. The loss of
targeting specificity and reduced accumulation
at the disease site remain significant bottlenecks
for effective therapeutic outcomes. Achieving
optimal drug loading efficiency while


https://jpscc.samipubco.com/article_244254.html

Journal of Pharmaceutical Sciences and Computational Chemistry

maintaining stability and controlled release is
another challenge. The drug loading capacity

depends on surface area, porosity, and
interaction between drug molecules and
nanoparticle coating materials. Inadequate

loading leads to sub-therapeutic concentrations,
while excessive loading may cause premature
leakage or destabilization. Ensuring controlled
and stimuli-responsive release particularly
under magnetic, thermal, or pH triggers requires
precise material engineering. Thermal or
magnetic field-induced release mechanisms can
cause non-uniform heating, leading to
unintended tissue damage or unpredictable
drug diffusion rates. Additionally, magnetic
hyperthermia-based release systems face
limitations in controlling local temperature
gradients, which can influence drug stability and
bioavailability. The reproducibility of release
profiles  across  different  physiological
environments remains inconsistent, thereby
limiting  their translational potential.
Understanding the  biodistribution and
clearance pathways of MIONs is essential for
predicting therapeutic efficacy and safety. Most
MIONSs are rapidly sequestered by macrophages
in the liver and spleen following intravenous
administration, resulting in low accumulation at
target sites. Their fate is influenced by particle
size, surface charge, and coating composition.
Particles smaller than 10 nm may undergo renal
clearance, while those larger than 200 nm are
more likely to be taken up by the RES. Achieving
an optimal balance between circulation time and
clearance remains difficult. Nanoparticles
inevitably interact with the immune system, and
MIONs are no exception. Recognition by
macrophages, dendritic cells, and complement
proteins can activate innate immune pathways,
resulting in inflammation or hypersensitivity.
The protein corona formed in the bloodstream
alters the biological identity of MIONSs,
influencing immune recognition. Some coatings,
such as PEG, have been shown to reduce immune
clearance, but repeated administration may lead
to “anti-PEG” antibody formation, reducing
therapeutic efficacy over time. Inflammatory
responses are not only dose-dependent, but also
vary based on surface composition and particle
morphology. Chronic exposure or accumulation
in tissues can lead to granuloma formation or

fibrosis. Furthermore, magnetic field exposure
itself may modulate immune cell activation,
although data on this aspect remain limited and
sometimes  contradictory.  Comprehensive
immunotoxicological profiling is therefore
required before clinical applications can
proceed safely. One of the most prominent
advantages of MIONS is their ability to be guided
by external magnetic fields; however, magnetic
targeting faces fundamental physical limitations.
The strength of the magnetic field decreases
rapidly with distance from the source, making it
difficult to achieve effective targeting in deep-
seated tissues or organs such as the brain or
liver. Clinical-grade magnets can generate field
strengths sufficient only for superficial targets
or small animal models. For human applications,
achieving adequate magnetic gradients for
precise targeting without causing tissue heating
or discomfort remains a technical challenge.
Scalability and reproducibility are major
barriers in translating laboratory-scale MION
formulations into clinically viable products.
Laboratory synthesis methods like co-
precipitation or thermal decomposition allow
fine control over particle size and morphology,
but scaling up these methods often results in
batch-to-batch variability. Parameters such as
temperature, pH, reaction Kkinetics, and
surfactant concentration significantly influence
product quality and are difficult to control
uniformly in industrial settings. The integration
of drug molecules and targeting ligands
introduces additional complexity, requiring
multi-step synthesis and purification. Ensuring
consistency in particle size distribution, surface
charge, drug content, and magnetic properties is
essential for regulatory approval but challenging
to achieve. The lack of standardized protocols
for characterization and quality control further
hampers reproducibility across research groups
and industrial batches. Developing cost-effective
and scalable synthesis methods with high
reproducibility remains a pressing need for
commercialization.

Extensive preclinical research, only a limited
number of iron oxide-based nanocarriers have
been approved for clinical use, primarily as
imaging agents rather than drug delivery
vehicles. The regulatory landscape for
nanomedicines is still evolving, and the absence
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of specific guidelines tailored for magnetic
nanocarriers poses a challenge. Regulatory
agencies such as the FDA and EMA require
comprehensive data on pharmacokinetics,
toxicity, immunogenicity, and manufacturing
consistency, which are often difficult to generate
due to the complex nature of nanoparticle
systems. Ethical considerations related to long-
term safety, potential bioaccumulation, and
patient consent also play a role in delaying
clinical adoption. Moreover, the cost of extensive
preclinical and clinical testing, coupled with
uncertainties regarding intellectual property
and environmental impacts of nanoparticle
disposal, adds further complications. The
establishment of harmonized global regulatory
frameworks and standardized evaluation
metrics is imperative for accelerating the clinical
translation of MION-based therapies. While
MION-based systems have demonstrated
impressive results in vitro and in small-animal
models, their translation to human clinical
scenarios has been limited. The primary reasons
include differences in physiological barriers,
tumor microenvironment, immune responses,
and magnetic field accessibility between
humans and animals. Preclinical models often
overestimate  targeting  efficiency  and
therapeutic response, leading to discrepancies
in clinical outcomes. Furthermore, the long-term
fate of MIONs in the human body especially
regarding biodegradation, accumulation, and
potential neurotoxicity remains insufficiently
understood. Clinical studies have also reported
variability in biodistribution and imaging
contrast among patients, reflecting the need for
patient-specific optimization. The inability to
predict in vivo performance reliably hinders
regulatory approval and commercialization.
Thus, improved translational models and
advanced computational simulations are
required to bridge the gap between preclinical
promise and clinical success. Effective
translation of MION-based drug delivery
requires  convergence across  multiple
disciplines  chemistry, material science,
pharmacology, bioengineering, and clinical
medicine. Lack of interdisciplinary coordination
often limits progress in developing clinically
relevant systems. For example, chemists may
optimize particle synthesis without considering

pharmacokinetic behavior, while clinicians may
face challenges interpreting magnetic imaging
data for therapy monitoring. Establishing cross-
disciplinary  collaborations, shared data
standards, and integrated design frameworks
will be vital for overcoming these systemic
barriers.

Future Prospects and Emerging Directions

The future of MIONs in therapeutic drug delivery
holds immense promise, driven by advances in
materials science, nanotechnology, and
biomedical engineering. Despite significant
progress in preclinical studies, several emerging
trends suggest that MIONs are poised to play a
crucial role in the next generation of
personalized, precision-based, and
multifunctional therapeutic platforms [80]. This
section highlights the most promising
directions, focusing on smart nanocarriers,
integration with artificial intelligence (AI) and
biosensing technologies, hybrid nanoplatforms,
and sustainable synthesis strategies. One of the
most compelling prospects in magnetic
nanomedicine is the development of smart
MIONs capable of delivering drugs with
spatiotemporal precision [81]. These
nanocarriers can be engineered to respond to
multiple physiological or external stimuli,
including pH, temperature, enzymatic activity,
and magnetic fields. Such responsiveness
enables site-specific drug release, minimizing
systemic toxicity and enhancing therapeutic
efficacy. For example, tumor
microenvironments often exhibit acidic pH,
hypoxia, and elevated reactive oxygen species
(ROS) levels; MIONSs functionalized with pH- or
ROS-sensitive linkers can selectively release
chemotherapeutic agents at the tumor site,
improving drug bioavailability and reducing off-
target effects. Personalization in medicine is
increasingly achievable through the conjugation
of MIONs with patient-specific ligands, such as
antibodies, aptamers, or peptides. This active
targeting strategy allows for tailored therapies
that consider an individual’s genetic and
molecular profile, potentially revolutionizing
oncology and rare disease management. In
combination with real-time imaging modalities,
such as MRI, smart MIONs can enable
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theranostic platforms, where diagnosis and
therapy occur simultaneously, allowing
clinicians to monitor treatment progress and
adjust dosing dynamically. The integration of
artificial intelligence (AI) and magnetic
biosensing represents a transformative
direction for MION-based drug delivery. Al
algorithms can analyze complex imaging and
biological data to optimize nanoparticle design,
predict biodistribution, and forecast therapeutic
outcomes. For instance, machine learning
models can determine the ideal size, surface
chemistry, and magnetic properties for
enhanced tumor penetration and retention,
enabling rational design strategies that reduce
trial-and-error  experimentation. = Magnetic
biosensors coupled with MIONs can serve as
highly sensitive diagnostic and monitoring tools.
By detecting subtle changes in magnetic signals
associated with biomolecular interactions, these
sensors can provide rapid, real-time feedback on
drug release, cellular uptake, or the presence of
disease biomarkers. The convergence of Al-
driven analytics with smart biosensors may
ultimately enable closed-loop drug delivery
systems, where nanocarriers autonomously
adjust drug release rates based on continuous
feedback from the patient’s physiological
environment. Future research is increasingly
focused on hybrid nanoplatforms, combining
MIONs with polymers, liposomes, dendrimers,
or other metallic nanoparticles to create
multifunctional delivery systems. These
composites leverage the unique advantages of
each component, such as enhanced
biocompatibility, controlled release kinetics,
and improved circulation time. For example,
polymer-coated MIONs can reduce immune
clearance while providing a matrix for loading
multiple drugs or gene therapies. Similarly,
liposomal-MION hybrids can encapsulate
hydrophilic and hydrophobic drugs
simultaneously, offering synergistic effects in
complex therapeutic regimens.

Metallic composites, such as gold or platinum-
MION hybrids, expand the therapeutic
repertoire by combining magnetic targeting
with photothermal or catalytic therapies. This
multi-modality approach enables simultaneous
chemo-, thermal-, and imaging-based
interventions, enhancing treatment outcomes

while reducing cumulative drug doses. Such
hybrid systems are particularly promising for
recalcitrant cancers, multidrug-resistant
infections, and neurodegenerative disorders
where monotherapy often fails. Sustainability is
becoming a central consideration in
nanomedicine, and green synthesis approaches
for MIONs are gaining attention. Conventional
chemical synthesis methods often rely on toxic
solvents, high temperatures, and surfactants
that may pose environmental hazards and limit
clinical translation. In contrast, plant-mediated,
microbial, or biomimetic synthesis strategies
offer eco-friendly alternatives that utilize
naturally occurring reducing agents and
biocompatible stabilizers. For instance, extracts
from medicinal plants, algae, or bacteria can
reduce iron salts to magnetic nanoparticles
while simultaneously functionalizing their
surfaces with bioactive molecules. Such green
MIONs not only reduce environmental impact,
but also often exhibit enhanced
biocompatibility, improved cellular uptake, and
reduced immunogenicity. Moreover, integrating
green chemistry principles into large-scale
production aligns with regulatory trends
emphasizing safety, reproducibility, and
sustainability, which is critical for accelerating
clinical adoption. Future research may focus on
optimizing yield, scalability, and batch-to-batch
consistency, ensuring that eco-friendly MIONs
meet stringent pharmaceutical standards.
Cancer and gene therapy, MIONs are
increasingly being explored in neurological,
cardiovascular, and infectious disease
applications. Magnetic targeting can facilitate
the crossing of physiological barriers, such as
the blood-brain barrier, opening avenues for
treating neurodegenerative disorders such as
Alzheimer’s, Parkinson’s, and glioblastoma. In
cardiovascular medicine, magnetically guided
nanoparticles can localize thrombolytic agents
or regenerative biomolecules to ischemic
tissues, potentially improving outcomes in
myocardial infarction or stroke. In infectious
diseases, MIONs can deliver antibiotics, antiviral
drugs, or immune modulators directly to
infection sites, reducing systemic exposure and
mitigating resistance development. Moreover,
the theranostic capabilities of MIONs enable
simultaneous infection monitoring via imaging,
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offering a dual approach that is particularly
valuable in managing multi-drug-resistant
pathogens. The translation of these emerging
technologies into clinical practice will require
rigorous evaluation of safety, pharmacokinetics,
and long-term effects. Regulatory bodies are
increasingly = emphasizing  reproducibility,
standardized characterization, and clear
evidence of therapeutic benefit. Future research
directions include the development of
standardized assays for assessing MION toxicity,
biodistribution, and immunogenicity, as well as
robust frameworks for large-scale GMP-
compliant manufacturing. Collaborative efforts
between material scientists, clinicians, and
regulatory agencies will be crucial to bridge the
gap between preclinical innovation and patient-
ready therapies. The future of MIONs is defined
by multifunctionality, personalization, and
integration with advanced digital health tools.
Smart MIONs capable of responsive drug
release, hybrid composites with multi-modal
therapeutic capabilities, Al-guided optimization,
and green synthesis approaches collectively
promise a paradigm shift in nanomedicine.
These advancements will not only enhance
therapeutic efficacy and safety, but also pave the
way for patient-specific, precision-targeted, and
environmentally sustainable treatment
strategies. As research continues to expand
across interdisciplinary domains, MIONs are
likely to evolve from experimental drug carriers
to mainstream clinical platforms, shaping the
next frontier of personalized and precision
medicine.

Conclusion

MIONs have emerged as a promising platform
for targeted and controlled drug delivery due to
their unique magnetic properties, tunable size,
and high surface functionalization capacity.
Recent advances in synthesis methods, surface
modification strategies, and hybrid
nanoplatform development have significantly
improved their stability, targeting ability, and
therapeutic performance. These nanocarriers
enable externally guided delivery and stimuli-
responsive drug release, making them
particularly valuable for applications such as
targeted chemotherapy, gene delivery,

antimicrobial therapy, and theranostic systems
that combine diagnosis and treatment. Despite
these advances, several challenges remain,
including concerns related to long-term
biocompatibility, potential toxicity, large-scale
reproducibility, and regulatory approval, which
currently limit their full clinical translation.
Future research should focus on improving

safety profiles, developing standardized
manufacturing strategies, and designing
multifunctional nanocarriers suitable for

personalized medicine. Additionally, the
integration of artificial intelligence, advanced
targeting strategies, and environmentally
sustainable synthesis approaches may further
enhance the clinical potential of MION-based
drug delivery systems. Overall, MIONs represent
a highly promising direction in nanomedicine
with significant potential for future clinical
applications.
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