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Magnetic nanoparticles possess unique properties distinct from other types of nanoparticles developed
for biomedical applications. Their unique magnetic properties and multifunctionalities are especially
beneficial for central nervous system (CNS) disease therapy and diagnostics, as well as targeted and
personalized applications using image-guided therapy and theranostics. This review discusses the
recent development of magnetic nanoparticles for CNS applications, including Alzheimer's disease,
Parkinson's disease, epilepsy, multiple sclerosis, and drug addiction. Machine learning (ML) methods
are increasingly applied towards the processing, optimization and development of nanomaterials. By
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clinical research. We review ML approaches used within the various stages of nanomedicine
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Introduction

The field of nanomedicine has grown rapidly over the past few
decades. Various smart nanomaterials have been developed,
and their small sizes (smaller than mammalian and bacterial
cells and larger than biological macromolecules such as
antibody/protein) and unique functionalities enabled and
improved various therapeutic and diagnostic applications such
as drug delivery and disease diagnostics. Among these nano-
materials, magnetic nanoparticles (MNPs) show unique func-
tionalities based on their magnetic properties, including
magnetic guidance, heat generation under an alternating
magnetic field, and image contrasts in magnetic-based medical
imaging systems (Fig. 1)."> Magnetic guidance significantly
enhances nanocarriers’ drug and gene delivery capacities by
applying an external magnetic field gradient.* The heat gener-
ation capacity allows thermal treatment of cancer, a less inva-
sive treatment with potentially minimum side effects compared
to conventional cancer treatments such as surgery and
chemotherapy.* The image contrasts generated by MNPs using
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magnetic resonance imaging (MRI) and Magnetic Particle
Imaging (MPI) allow early disease diagnosis. MPI is a new
imaging modality which directly detects MNPs based on their
magnetic properties. The nonlinear magnetic curves of MNPs
exhibit higher harmonics under an oscillating magnetic field,
which are detected as signals.®

MNPs tailored to target specific disease sites or specific cells
enable disease diagnostics and visualization of disease
progression. MNPs are especially beneficial for the diagnosis
and treatment of central nervous system (CNS) diseases, which
affect the functions of the brain and spinal cord. CNS diseases,
such as Alzheimer's disease, Parkinson's disease, epilepsy,
multiple sclerosis, and CNS cancers (glioblastoma, menin-
gioma, etc.), have caused a severe burden on medical systems
and caregivers. The treatments for CNS diseases are chal-
lenging as only limited therapeutic agents reach the brain. The
primary obstacle to delivering therapeutic agents to the brain
is the blood-brain barrier (BBB), an interface between the
circulating blood and the brain.® The BBB, composed of tight
junctions between endothelial cells, is a protective barrier
restricting the influx of molecules from the bloodstream in to
brain.” The BBB limits the permeation of toxins as well as
beneficial therapeutic agents, leading to poor delivery and
limited therapeutic effects. MNPs possess promising func-
tionality to enhance not only magnetic targeting but also
transmigration across the BBB due to their magnetic guidance
capacity.®® This unique function enables efficient brain-
targeting for drug delivery, local thermal treatment, as well
as diagnosis of CNS diseases using MRI and MPI.
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Fig. 1 Biomedical applications of magnetic nanoparticles.

Although MNPs have shown excellent potential for CNS-
targeted applications, many obstacles exist in translating
basic research to clinical settings. Machine learning (ML) is
a powerful technique that learns from data sets and identifies
correlations among data.'® This data-driven approach can be
used to process various types of data and develop predictive
models, which help identify critical information to bridge the
gap between basic research and clinical research, including
nanoparticle design, a more efficient synthesis process,
enhanced BBB transmigration, and disease diagnosis based on
image classification.

This review covers the synthesis, surface modification, and
various biomedical applications of MNPs as well as ML approaches
used at different stages of nanomedicine research. We will further
discuss the recent work on MNPs developed for CNS diseases,
including CNS/brain cancers, Alzheimer's disease, Parkinson's
disease, epilepsy, multiple sclerosis, and drug addiction.

Magnetic nanoparticles
Magnetic properties

Most MNPs developed for biomedical applications possess
unique superparamagnetic properties, which differ from the
magnetic properties of bulk materials. Bulk ferrite materials
(including iron oxide) are ferrimagnetic, in which magnetic
moments align in an antiparallel arrangement. The opposing
moments in this antiparallel arrangement do not cancel out;
thus, ferrimagnetic materials show a net magnetic moment.
The magnetization of ferrimagnetic materials shows hysteresis
behavior with non-zero coercivity and remanent magnetization
(Fig. 2a). In contrast, ferrite nanomaterials with sizes below the
critical size exhibit superparamagnetic property, in which the
coercivity and remanent magnetization become zero at the
temperature above the blocking temperature due to thermal
fluctuation (Fig. 2b)."* Superparamagnetic nanoparticles are
preferred for biomedical applications over ferrimagnetic

© 2023 The Author(s). Published by the Royal Society of Chemistry

particles due to the zero remanent magnetization achieving
better colloidal stability.

Synthesis

Iron oxide NPs (IONPs) have been primarily used for biomedical
applications among various MNPs with different compositions
due to their large magnetization and biocompatibility.*> IONPs
can be synthesized by various methods including coprecipita-
tion, thermal decomposition, microemulsion, and hydro-
thermal approaches. The most widely used synthesis method is
coprecipitation which involves coprecipitation of Fe** and Fe**
ions under basic conditions.™* The mixture of Fe*" and Fe**
solutions with a 1 : 2 molar ratio is coprecipitated by adding an
alkaline solution at room or higher temperature. This reaction
results in solution turning black. The morphology and magnetic
properties of the resulting IONPs vary based on different
parameters, including the types of salt employed, salt concen-
tration, reaction temperature, and pH of solution during the
reaction. The coprecipitation method is very simple and
generates IONPs with a hydrophilic surface, beneficial for
biomedical applications. The major drawback of this method is
the broad polydispersity of synthesized NPs.

Magnetization Magnetization

Remanent
magnetization s

*  Magnetic Magnetic
field field
Coercivity

(a) Ferrimagnetic (b) Superparamagnetic

Fig. 2 The hysteresis loops of (a) ferrimagnetic materials and (b)
superparamagnetic materials.
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Thermal decomposition is another widely used method to
synthesize IONPs. The decomposition of iron precursors,
including iron oleate, iron pentacarbonyl, and iron acetylacet-
onate under high temperatures produces highly monodispersed
IONPs.”® This method involves the decomposition of iron
precursors in organic solvents, and the high-temperature reac-
tion is carried out in the presence of surfactant in an inert
atmosphere. The morphology of the NPs can be controlled by
adjusting the precursor concentration, surfactant employed,
reaction temperature, and time.' The thermal decomposition
method synthesizes IONPs with a hydrophobic surface, which is
not dispersible in water or buffer. Therefore, phase transfer or
surface coating is required for use in biological studies.

To avoid the phase transfer step, another synthesis method
called hydrothermal synthesis was developed to synthesize size-
controlled IONPs with a hydrophilic surface. Hydrothermal
synthesis crystalizes iron oxide from Fe ions in an aqueous
solution under a high vapor pressure condition in addition to
high temperature. The NPs sizes are controlled by altering the
precursor concentration and the composition of the reaction
solvent."”

Microemulsion-mediated methods have also been used to
synthesize various NPs with precise shape and size control.*®
Microemulsion, composed of water, oil, and surfactant,
contains nanodroplets dispersed in another solvent. Water-in-
oil (W/O) microemulsion retains water nanodroplets dispersed
in the oil phase, and the water droplets are used as a nano-sized
reactor for nanoparticle synthesis. Since the reaction occurs
within the nanodroplets, the morphology of NPs can be
controlled based on the size and shape of the nanodroplets.
Their size and shape are controlled by varying parameters such
as the type of surfactant and water-to-surfactant molar ratio.
Size and shape-controlled IONPs are synthesized using the
microemulsion method in conjunction with other synthesis
methods, including coprecipitation.*

Surface coating and functionalization

MNPs intrinsically aggregate due to their magnetic property and
sizes in the nano-range. Colloidal stability is critical for main-
taining their hydrodynamic sizes, surface-to-volume ratios, and
the desired magnetic properties for various biomedical appli-
cations. The surface coating of MNPs helps improve colloidal
stability, and further functionalizing them with biological
molecules for disease and cell-specific targeting. The materials
widely used for surface coating include citric acid, silane agents,
surfactants, and polymers. Citric acid or sodium citrate has
been used as a capping agent during MNP synthesis as well as
post-synthesis. Citrate coating significantly improves colloidal
stability and affects the hydrodynamic sizes of MNPs by intro-
ducing negative charges on the surface, which induces repulsive
force between each particle.”® Silane coupling agents are
frequently used to coat inorganic NPs and introduce organic
compounds to the NP's surface. An amine silane, (3-amino-
propyl)triethoxylsilane (APTES)-coated MNPs form Fe-O-Si
bond on the NPs surface, and the terminal amine groups are
used for further functionalization with biological molecules.*"*
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Various polymers are used to improve the colloidal stability of
MNPs by adding a physical layer on the surface of the nano-
particles. Polyethylene glycol (PEG) is one of the most
commonly used polymers for the surface coating of NPs. PEG
protects NPs by providing steric hindrance, which prevents the
adsorption of serum proteins and aggregation between nano-
particles in biological media.>® These features make PEG-coated
NPs stealthy to the immune system and give extended blood
circulation time.>*** Moreover, PEG can be tailored with
a variety of terminal functional groups based on the applica-
tions, including carboxylic, amine, and biotin, which can be
used for surface binding as well as surface functionalization of
NPs. Cationic polymers are often used for the surface coating of
MNPs for gene delivery applications.?® The most popular choice
is polyethylenimine (PEI), a cationic polymer used as a trans-
fection agent. The positive charge of PEI-coated NPs attracts
negatively charged DNA to the NP surface through electrostatic
interaction and promotes binding to cells that contain an
anionic phospholipid membrane.”” Moreover, MNPs with
hydrophobic surfaces require ligand exchange or surface
coating to introduce water dispersibility. Ligand exchange
removes organic surfactants by replacing the surfactants with
another ligand that exhibits higher adsorption affinity to the
NPs.”® Small molecules including citric acid, APTES, and
dopamine have been used for the ligand exchange of hydro-
phobic MNPs.”” Contrary to ligand exchange, amphiphilic
polymers which contain both hydrophobic and hydrophilic
components are used to cap hydrophobic MNPs via hydro-
phobic interactions. The hydrophobic component of amphi-
philic polymers including poly(maleic anhydride-alt-1-
octadecene) and Pluronics binds to the MNPs surface and
exposes hydrophilic components outside.*® Mitochondria-
targeted IONPs, namely Mito-Magneto were made by coating
IONPs with triphenylphosphonium cation moieties through
ligand exchange from oleic acid-capped IONPs.*"**

Surface functionalization of MNPs with biological molecules
is an important step for applications that require disease, cell,
or biomarker-specific binding. Various biological molecules
have been functionalized, including antibodies, proteins, and
other ligands that target specific disease biomarkers. These
biological molecules are bound on MNPs by using the surface
coating materials as an intermediate layer. The functional end
groups of surface coating materials and biological molecules
are permanently bound via chemical couplings.®*** The bio-
logical molecules functionalized on MNPs for brain applica-
tions include transferrin, lactoferrin, and cell-penetrating
peptides (CPPs), which are known to promote transcytosis
across the BBB. Transferrin receptors are overexpressed on
brain capillary endothelial cells forming the BBB; therefore,
transferrin and lactoferrin bind to the receptor and help NPs
cross the BBB.** CPPs are a set of peptides that facilitate cellular
internalization by utilizing their ability to cross cell
membranes.** Among various CPPs, transactivator of tran-
scription (TAT)-conjugated NPs have shown transcytosis capa-
bilities for brain targeting.”” MNPs can also be integrated with
virus capsids to form a traceable vehicle for brain targeting.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Hybrid magnetic nanomaterials and vortex structures

Smart magnetic NPs with additional functions such as plas-
monic property, electric property, biodegradability, and
swelling property have been developed by combining magnetic
NPs with organic or other inorganic materials. Magneto-
liposomes combining MNPs and liposomes (Fig. 3a,*) are
another type of drug delivery carriers. Liposomes are lipid
bilayer vesicles that can hold hydrophilic drugs in their inner
aqueous phase and hydrophobic drugs in the lipid bilayer and
release these drugs in a sustained manner.* The addition of
magnetic NPs to these drug carriers provides multifunctionality
including enhanced targeting capacity using magnetic guid-
ance,*" controlled drug release using magnetic hyperthermia or
magnetic stimulation,*” and imaging contrasts in MRL.* Rao
et al. synthesized magnetoliposomes encapsulating neuro-
modulators for the manipulation of targeted neural pop-
ulations.** The neuromodulator release controlled remotely by
an external magnetic field achieved increased social preference
in mice. Magnetic nanomicelles encapsulating MNPs within
micelles have been reported for various biomedical applica-
tions. Vitol et al. synthesized temperature-responsive magnetic
nanomicelles containing platinum complex for cancer treat-
ment. The combination of magnetic targeting and controlled
pro-drug release into a cancer cell via hyperthermia enabled
high-precision delivery to a single cell.** Magnetic nanogels
(Fig. 3b,*) are organic/inorganic hybrid materials with drug
delivery capacities. Nanogels, nano-sized hydrogels composed
of crosslinked polymer networks, are emerging nanomaterials
with biocompatibility, good drug-loading capacity, and
shrinking/swelling properties.**® They are composed of various
polymers, and their physicochemical properties can be fine-

(b)
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tuned by varying the compositions of polymers and cross-
linkers. Nanogels prepared from biodegradable polymers and
temperature/pH-responsive polymers are used for sustained
drug release and controlled drug release, respectively.** Similar
to magnetoliposomes, MNPs significantly enhance the drug
delivery capabilities of nanogels by adding magnetic guidance
capacity, controlled drug release upon magnetic stimulation,
and imaging capacity.”® MNPs were also encapsulated success-
fully in the core of polymer-lipid hybrid nanocarriers for in vivo
theranostics applications (Fig. 3c).”

Core-shell NPs containing MNPs and additional inorganic
materials are promising for image-guided therapy and thera-
nostics. In addition to magnetic properties, core-shell NPs
possess multifunctionalities combining other properties such
as plasmonic and electric properties. Plasmonic nanomaterials
provide image contrasts in multiple imaging modalities
including X-ray CT*>* and photoacoustic imaging® as well as
light-activated thermal therapy.> The integration of magnetic
and plasmonic features in a single structure gives great oppor-
tunities for various image-guided therapies. The most common
structure for this type of NP is a magnetic core and gold shell.
The gold shell provides biocompatibility, stability, and adjust-
able plasmonic properties based on the shell morphology.

Magnetoelectric NPs (MENPs)* are another type of core-
shell NPs which not only integrate magnetic and electric prop-
erties in a single structure but also show a magnetoelectric
effect. The magnetoelectric effect is a unique property coupling
magnetic and electric properties. The electric polarization of
magnetoelectric NPs can be controlled by an external magnetic
field. Our group has applied this unique property for controlled
drug delivery applications. Drugs were released from MENPs

(c) ™ .MMZT.HDPNP .
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S
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(a) Cryo-transmission electron microscope (TEM) images of magnetoliposomes with different amounts of MNPs (scale bars, 50 nm).

Reproduced with permission from ref. 39. Copyright (2012) John Wiley & Sons, Ltd. (b) A TEM image of magnetic nanogels. Reproduced with
permission from ref. 46. Copyright (2010) American Chemical Society. (c) TEM characterization of mitochondria-targeted HDL mimicking-NPs
with various amounts (25, 50, 75, and 100%) of Mito-Magneto feeds inside the hydrophobic core of T-HDL-NPs. Reproduced with permission
from ref. 51. Copyright (2020) American Chemical Society. (d) A TEM image of magnetoelectric nanoparticles (Scale bar, 100 nm). Reproduced
with permission from ref. 57. Copyright (2013) Macmillan Publishers Limited.
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composed of CoFe,0, core-BaTiO; shell (Fig. 3d) by manipu-
lating the electrostatic interaction between the nanoparticles
and drugs bound on nanoparticle surface.>**

In addition, magnetic vortex structures have been developed
for various biomedical applications including cancer treatment
and neuromodulation. Some micro- and nanoscale magnetic
discs and dots have shown vortex configuration, which is
a closed circular magnetization.® The magneto-mechanical
force induced by the magnetic vortex structures under an
alternating magnetic field achieved the destruction of brain
cancer cells.®® Gregurec et al. utilized magnetic vortex nanodiscs
for neuromodulation. The mechanosensory neurons decorated
with the nanodiscs were stimulated by applying an alternating
magnetic field and the activation of ion channels were
observed.*

Machine learning-assisted synthesis and characterization

Nanoparticle synthesis and characterization are tedious
processes that involves various parameters for optimization.
ML-assisted approaches help speed up these processes and
improve their performances in the targeted applications. ML is
a subset of artificial intelligence that learns and identifies
patterns from data and develop models to solve problems,
including prediction and classification. ML algorithms are
generally classified into supervised and unsupervised learning.
In supervised learning, ML models are trained using input
datasets labeled for output, and the trained models are used to
predict the outputs of the new unlabeled data. On the contrary,
unsupervised learning uses unlabeled datasets to identify
hidden patterns.®> Most commonly used ML algorithms include
regression, k-nearest neighbor (KNN), decision tree, random
forest, and support vector machine (SVM) that are classified as
supervised learning algorithms, as well as artificial neural
networks (ANN), which mimic neural networks in the human
brain. In contrast to ANN, neural networks with deeply nested
architecture are classified as deep learning (DL). More specific
examples will be discussed in detail below and schematic
illustrations of ML and DL algorithms were show in Fig. 4.

Linear regression is one of ML's most basic supervised
learning algorithms, which is used to predict continuous values
by fitting a linear correlation between input data and output.
Linear regression models are applied to make predictions in
various fields, such as the price in real estate and weather
forecasts, as well as a mortality prediction of patients associated
with the disease symptoms.*

KNN is a simple algorithm that is mainly used for classifi-
cation. The data is classified based on the neighboring training
dataset by calculating the distance between the test data and the
neighboring training dataset, identifying K nearest neighbors
(dataset), and identifying the class of the K nearest neighbors.
KNN performs all calculations during the testing phase; there-
fore, the computational cost is high when the dataset is large.**

The decision tree is an algorithm used for regression and
classification by continuously splitting data based on certain
conditions and forming a tree-like structure. The internal node,
branch, and leaf node of the tree structure represent the
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Fig. 4 Schematic illustration of (a) linear regression, (b) KNN, (c)
decision tree, (d) random forest, () SVM, and (f) ANN.

conditions tested, the outcome of the test such as true/false,
and the final prediction or decision, respectively.

Random forest is a supervised learning algorithm that
combines multiple decision trees in parallel by using
a randomly selected subset of data for each decision tree and
aggregating their decisions. The subset of data is selected for
each tree by a random sampling technique called bootstrap,
which allows multiple samplings from the same dataset. The
aggregation process (bagging or bootstrap aggregating) in
random forest overcomes the over-fitting problem that decision
tree models have by reducing the variance.®

SVM is another supervised learning algorithm that identifies
the boundary between the data points from different classes
called a hyperplane and routinely used in genomics. The data
points closest to the hyperplane and the distance between those
points from each class are called support vectors and margin,
respectively. SVM identifies the hyperplane that maximizes the
margin. To solve non-linear problems, the kernel method that
adds additional dimensions are used to transform the data into
a linear problem.®®

ANN mimics neural networks in the human brain by simu-
lating interconnected artificial neurons (nodes) which transmit
signals between nodes. ANN consists of multiple layers,
including an input layer where the input data is received, an
output layer where the result is given, and hidden layers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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between input and output layers where the data is processed.
Within the hidden layer, weights and bias are used to amplify/
diminish the signals. The neural network with many hidden
layers that construct a deeply nested structure is called a deep
neural network.*”

Various models have been developed to predict nanoparticle
properties related to biomedical applications. The hydrody-
namic sizes (colloidal sizes) and surface properties of NPs
significantly affect the biodistribution and circulation time.
Shalaby et al. developed an ANN model to predict the hydro-
dynamic sizes of polymeric nanoparticles and drug encapsula-
tion efficiency by using the molecular weight of the polymer, the
drug-to-polymer ratio, and the number of polymer blocks.*®
Drug encapsulation/loading was also predicted by utilizing
other algorithms including Gaussian Processes (a type of
supervised machine learning method).® Al-assisted image
processing approaches have been applied to analyze the size,
shape, and agglomeration of MNPs. Since the magnetic prop-
erties of MNPs largely depend on the particle size and shape,
the unsupervised ML method was used to analyze the distri-
butions of NP size and shape. The classification was performed
on transmission electron microscopy (TEM) images containing
large numbers of NPs with different shapes and image magni-
fications using the hierarchical clustering method.” The
agglomeration state of MNPs was also analyzed using an ML-
based image segmentation tool.”* Agglomerate analysis of
MNPs was successfully performed on NP suspension in cell
culture media.

Some ML and DL models have been developed to predict the
magnetic properties of magnetic materials. The saturation
magnetization, coercivity, and magnetostriction of magnetic
nanocrystalline alloys were predicted by various models trained
using algorithms such as SVMs, KNNs, and random forests.
Among other models, the random forest model achieved better
prediction of the magnetic properties based on the composi-
tions.” The magnetic properties of MNPs, including saturation
magnetization and magnetic anisotropy, were also predicted
using a neural network and random forest.”

Biomedical applications
Magnetic nanoparticles-based drug delivery system

The magnetic force exerted on MNPs under external field gradients
allow targeted therapy and drug delivery to the body tissues, which
are difficult to reach with traditional nanocarriers, including the
brain.”»”® This magnetic guidance feature significantly reduces
side effects and allows efficient targeted therapy with enhanced
therapeutic efficacy. Our group demonstrated that MNPs-based
nanomaterials including magneto-electric nanoparticles (MENPs)
and magnetic core-gold shell nanoparticles enhance BBB trans-
migration in the presence of a permanent magnet.>*” MENPs were
delivered to the brain of a baboon using the static magnetic field of
the MRI without adverse effects.” In another study, our group
showed that MNPs can be incorporated in micro/nanogels for
targeted therapy to the brain.”” These magnetic nanogels find
various applications for neurological disorders and biomedical
applications.””

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The magneto-thermal effect of MNPs is used to achieve
controlled drug release.* Thermal energy cleaves non-covalent
bonds as well as thermally-sensitive covalent bonds at
a temperature above a certain range.*" This cleavage results in
the release of drugs bound on the MNPs surface upon stimu-
lation with an alternating magnetic field. The magneto-thermal
effect can also be combined with temperature-sensitive lipo-
somes, gels and polymers, including poly(N-iso-
propylacrylamide) and Pluronics. These temperature-sensitive
materials change their physical properties when the tempera-
ture is elevated.*” By incorporating MNPs into temperature-
sensitive nanocarriers, the nanocarriers achieve controlled
release capacity of encapsulated drugs upon heat generation of
MNPs triggered by an external magnetic field.** These magnetic
nanogels find various applications for various neurological
disorders and biomedical applications.”®”

Hyperthermia

MNPs generate heat by hysteresis loss and relaxation losses,
which are further classified into Brownian relaxation and Néel
relaxation.®® Hysteresis loss is based on the hysteresis between
external magnetic fields and the magnetization of MNPs
induced by the external fields. The magnetization lags
compared to the external fields, and this energy is dissipated in
the form of heat. When the particle sizes decrease, MNPs
exhibit superparamagnetic properties with closed hysteresis.
MNPs in this size range generate heat primarily by relaxation
losses as there's no contribution from hysteresis loss. Relaxa-
tion losses are associated with the relaxation of magnetic
moments and the delay in this relaxation. Brownian relaxation
and Néel relaxation involve the relaxation of magnetic moments
derived from the motion of entire particles and the rotation of
magnetic moments, respectively.®

Imaging

MRI contrast is derived from the relaxation of hydrogen protons
in body tissues. MRI contrast agents enhance contrasts by
shortening the longitudinal (T;) or transverse (T,) relaxation
time of hydrogen protons nearby.** Although MNPs are
primarily used as T, contrast agents which provide negative
contrasts, recent reports demonstrated the potential of ultra-
small superparamagnetic nanoparticles as T; contrast agents
which provide positive contrasts.*® Although commercially
available contrast agents based on iron oxide NPs are no longer
available in the US, ultra-small iron oxide NPs with a T;-contrast
have been developed as an alternative to the Gd complex.** MPI
signal is generated from time-varying magnetization responses
of MNPs under external magnetic fields.*” Contrary to MRI, MPI
only images MNPs without background signals from tissues.?®
This feature makes MPI suitable for molecular imaging. Various
monodispersed MNP