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Magnetic Nanoparticles: A Review on Synthesis,
Characterization, Functionalization, and Biomedical
Applications

Bahareh Rezaei, Parsa Yari, Sean M. Sanders, Haotong Wang, Vinit Kumar Chugh,
Shuang Liang, Shahriar Mostufa, Kanglin Xu, Jian-Ping Wang, Jenifer Gómez-Pastora,
and Kai Wu*

Nowadays, magnetic nanoparticles (MNPs) are applied in numerous fields,
especially in biomedical applications. Since biofluidic samples and biological
tissues are nonmagnetic, negligible background signals can interfere with the
magnetic signals from MNPs in magnetic biosensing and imaging
applications. In addition, the MNPs can be remotely controlled by magnetic
fields, which make it possible for magnetic separation and targeted drug
delivery. Furthermore, due to the unique dynamic magnetizations of MNPs
when subjected to alternating magnetic fields, MNPs are also proposed as a
key tool in cancer treatment, an example is magnetic hyperthermia therapy.
Due to their distinct surface chemistry, good biocompatibility, and inducible
magnetic moments, the material and morphological structure design of
MNPs has attracted enormous interest from a variety of scientific domains.
Herein, a thorough review of the chemical synthesis strategies of MNPs, the
methodologies to modify the MNPs surface for better biocompatibility, the
physicochemical characterization techniques for MNPs, as well as some
representative applications of MNPs in disease diagnosis and treatment are
provided. Further portions of the review go into the diagnostic and therapeutic
uses of composite MNPs with core/shell structures as well as a deeper
analysis of MNP properties to learn about potential biomedical applications.

1. Introduction

Magnetic nanoparticles (MNPs), with sizes below 1 μm (typically
1–100 nm), are a class of nanomaterials that can be manipulated
by an external magnetic field. These nanoentities show very high
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surface-area-to-volume ratio and size-
dependent physicochemical properties,
making them particularly strong, versa-
tile, and reactive compared to their bulk
counterparts.[1] MNPs have been exploited
in a wide range of applications due to their
unique physical, chemical, and electri-
cal properties, high surface area, strong
mechanical and thermal stability, and
high optical and magnetic characteristic.[2]

Nowadays, they have been applied in
areas such as data/energy storage,[3,4]

spintronics,[5,6] catalysis,[7–9] magnetic
inks,[10] environmental remediation,[11,12]

gyroscopic devices,[13] and particularly, in
the area of biomedicine.[14–16] The applica-
tion of MNPs in the biomedical context is a
fast-growing field, where MNPs are actively
used as tracers in magnetic particle imaging
(MPI) and magnetic particle spectroscopy
(MPS)-based biosensors, contrast agents
in magnetic resonance imaging (MRI) and
nuclear magnetic resonance (NMR)-based
biosensors, labels in magnetic biosensors,
heating sources in hyperthermia therapy,
carriers in drug and gene delivery, etc.[17,18]

To develop MNPs for biomedical applications, materials that
exhibit high saturation magnetizations (Ms) are commonly se-
lected. These include pure metals like Fe, Co, and Ni, alloys like
FeCo, Alnico, and Permalloy, as well as ferrites like MnFe2O4,
CoFe2O4, and ZnFe2O4.[19] Despite their high Ms, pure metals
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Figure 1. Topics covered in this review.

are not suitable for in vivo biomedical applications due to their
high toxicity and oxidative properties. On the other hand, iron ox-
ides (IO), such as Fe3O4 and 𝛾-Fe2O3, have gained popularity for
biomedical applications due to their excellent chemical and col-
loidal stability, as well as their high biocompatibility. As a result,
IO MNPs are currently the most extensively researched materi-
als for this purpose. Coating MNPs with ceramics, polymers, or
highly charged/sterically hindered molecules can enhance their
biocompatibility, suspension characteristics, and colloidal stabil-
ity. Therefore, it is common practice to apply such coatings as a
means of shielding MNPs. Encapsulating MNPs within a shell
offers additional advantages, such as the ability to optimize func-
tionalization and conjugation of proteins, enzymes, or antibod-
ies, and the potential to create anticancer drug delivery systems.
Since these characteristics can greatly affect their physical behav-
ior, chemical properties, colloidal stability, and performance in
biomedical applications, it is crucial to accurately and precisely
monitor the synthesis details of MNPs and their successful sur-
face functionalization.[1,14]

The production of MNPs can be broadly classified into two
categories: “top-down”, which involves reducing the size starting
from the bulk material, and “bottom-up”, which involves build-
ing up to the nanosized structures from molecular reagents.[17]

These methods are also divided into three groups: i) conden-
sation from vapor, ii) chemical synthesis, and iii) solid-state
processes like milling. The methods described above offer the
flexibility to synthesize pure, hybrid, and coated MNPs, de-
pending on the specific requirements of the application, tak-
ing into account the suitability of hydrophilic or hydrophobic
materials.[20] Chemical synthesis methods including coprecipita-
tion, hydrothermal, sol–gel, microemulsion, thermal decompo-
sition, and microwave-assisted approaches, are often preferred
due to their ability to produce smaller MNPs with precise con-
trol over their size, shape, and uniformity (i.e., narrow size
distribution).

As summarized in Figure 1, this review is structured as fol-
lows: in Section 2, we provide an overview of the different designs

of MNPs, such as the material compositions, morphologies, and
different characterization techniques. In Section 3, we review var-
ious chemical synthesis methods of MNPs, discussing the advan-
tages and disadvantages of each method. In Section 4, we focus
on the surface functionalization of MNPs, covering both inor-
ganic and organic coatings. Section 5 presents various biomedical
applications of MNPs, including magnetic hyperthermia therapy,
MRI, drug delivery systems, biosensors, and MPI. Finally, we of-
fer insights into the future trends of MNP structure design, as
well as the potential for applying MNPs in novel biomedical ap-
plications.

2. Design of MNPs for Biomedical Applications

2.1. Materials for MNPs

In recent years, the field of nanotechnology has witnessed sig-
nificant advancements in the synthesis of MNPs, resulting in
the development of MNPs with precise and controlled morpholo-
gies and modified surfaces. These advancements have been made
possible with the development of cutting-edge techniques and
instrumentation, such as high-resolution microscopy and ad-
vanced spectroscopic techniques. With the ability to tailor the
properties of MNPs to suit specific applications, researchers can
now design and synthesize particles with enhanced functional-
ity, biocompatibility, and stability. This level of control over the
morphology and surface chemistry of MNPs has opened new av-
enues for their use in various fields, including biomedicine, en-
vironmental science, energy, and electronics. As a result, the po-
tential applications of MNPs are rapidly expanding, and ongoing
research in this field is expected to lead to further breakthroughs
and innovations.

Spinel ferrite-based MNPs are metal oxides with a spinel struc-
ture, with the general formula AB2O4, where A and B are metallic
cations located at two distinct crystallographic sites, namely, tetra-
hedral (the A site) and octahedral (the B site).[21,22] Among various
spinel structures, transition metal ferrites MFe2O4 (M = Fe, Co,
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Ni, Mn, Mg, Cu, Zn, etc.) have attracted increasing attention for
biomedical applications, due to their high colloidal stability, bio-
compatibility, and ease of synthesis and functionalization.[23,24]

Three different forms of spinel structures, including normal, in-
verse, and mixed, are known to exist based on the cation dis-
tributions at the two different sites. Tetrahedral and octahedral
positions, respectively, are occupied in normal spinel by cations
having oxidation values of 2+ and 3+. ZnFe2O4 is a form of nor-
mal spinel ferrite. In contrast to the 2+ cations, which are en-
tirely present at the octahedral sites, the 3+ cations are evenly
distributed at both sites in the inverse spinel. NiFe2O4 and Fe3O4
are the most typical types of inverse spinel ferrites. For instance,
MnFe2O4 (Mn0.8Fe0.2 (Mn0.2Fe1.8O4)) contains mixes of both ox-
idation states at both locations. Some of the more practical fer-
rite nanoparticles used in biomedical applications are discussed
below.[21,24]

2.1.1. IO Nanoparticles

IO nanoparticles with the structural types of magnetite (Fe3O4) or
maghemite (𝛾-Fe2O3) are the most widely used MNPs in biomed-
ical applications due to the ease of synthesis, low cost, and high
biocompatibility. Since Fe3O4 MNPs have a greater Ms, they are
the preferred MNP in the field.[25] The size of the IO MNPs with
an inverse spinel structure has a significant impact on its mag-
netic moment.[26] Bulk Fe3O4 exhibits ferromagnetic characteris-
tics with a Curie temperature of 585 °C, and at a size below 20 nm,
it becomes superparamagnetic.[21] In its reverse structure, Fe3+

cations occupy the A sites, while an equal amount of Fe2+ and
Fe3+ cations occupy the B sites.[26] The use of Fe3O4 MNPs is cru-
cial in a variety of medical procedures, including MRI, magnet-
ically guided medication administration, and hyperthermic can-
cer treatment. It is one of the several biocompatible superpara-
magnetic nanoparticles that have been thoroughly explored and
used.[27]

2.1.2. Spinel Transition Metal Ferrites MFe2O4 (M = Mn, Zn,
Ni, Co)

One of the most prevalent spinel ferrites with neither an inverse
nor a normal structure is manganese ferrite. It belongs to a class
of soft magnets called mixed spinel magnets, where Mn2+ cations
partially occupy both the A and B sites.[21] Its Curie tempera-
ture in bulk is between 550 and 620 °C.[28] For the same particle
size, it has lower magnetic anisotropy, and higher Ms and mag-
netic permeability than Fe3O4. This material has drawn particu-
lar interest among spinel ferrites in the biomedical field as a drug
delivery system and MRI contrast agent.[29] Furthermore, it can
also be used as the core or shell components in materials for hy-
perthermia treatment to increase the effectiveness of the cancer
treatment.[30]

Zinc ferrite has a typical spinel structure with Zn2+ and Fe3+

cations located in the tetrahedral and octahedral sites, respec-
tively. It exhibits paramagnetic characteristics in bulk form and
ferromagnetic characteristics in nanosized structures because of
the partial migration of Zn2+ cations to the octahedral site. Like
other ferrites, the synthesis technique and particle size have a

great influence on the application, as these affect the electrical,
and magnetic properties of this material. It also has a wide range
of applications in the biomedical areas.[28,29]

The well-known soft magnet nickel ferrite has an inverted
spinel structure, with Fe3+ evenly distributed across tetrahedral
and octahedral sites and Ni2+ situated at the octahedral site. In
many biomedical applications, the NiFe2O4 MNPs are used as the
core material. NiFe2O4 MNPs, like the other ferrites discussed
before, are crucial for MRI applications because of their cost-
effectiveness, great electromagnetic properties, moderate Ms,
and good chemical stability.[21,28] Quantitative cytotoxicity tests of
both coated and uncoated NiFe2O4 MNPs at various pH levels
demonstrated that neither kind of MNP is cytotoxic, indicating
that NiFe2O4 MNPs can be widely used for hyperthermia cancer
treatment.[31]

Cobalt ferrite (CoFe2O4) is an inverse spinel ferrite where
all the Co2+ cations and the remaining half of the Fe3+

cations occupy the octahedral sites. The high magnetocrystalline
anisotropy of Co2+ cations in octahedral cavities causes the
high anisotropy of CoFe2O4. Cobalt ferrite MNPs are of rele-
vance in the biomedical fields due to their high magnetocrys-
talline anisotropy, high coercivity at ambient temperature, and
good Ms. The superparamagnetic behavior is also seen to grow
with decreasing particle size for CoFe2O4 MNPs smaller than
10 nm.[32,33]

2.2. MNP Morphology

Scientists have now been successful in creating a useful hy-
brid class of MNPs called core/shell MNPs (also noted as core–
shell MNP and core@shell MNPs), which can be defined as
well-organized nanomaterials consisting of two or more types
of nanocomponents.[34] In general, MNPs are comprised of a
single element, while composite and core/shell MNPs, as the
name suggests, are composed of two or more materials. These
include a variety of closely related combinations such as inor-
ganic/inorganic, inorganic/organic, organic/inorganic, and or-
ganic/organic materials.[20,35] The choice of shell material for a
core/shell MNP is highly dependent on the intended applica-
tion. The synthesis of core/shell MNPs provides the opportunity
to use a diverse range of materials as core and shell, enabling
the customization of unique features and functionalities. The
physicochemical, biological, optical, and other properties of the
core/shell MNPs can be modified by altering the building blocks
comprising the core and/or shell layers. This allows the synthesis
of a wide range of core/shell MNPs, each with unique properties
and functions, making them useful for numerous applications
for a variety of fields such as medicine, pharmacy, engineering,
and material science.[36] It has been found that the addition of
a shell layer can significantly modify the properties of the origi-
nal core. In fact, the shell can impart new synthetic or catalytic
reactivity to the core. Furthermore, the thermal stability and dis-
persibility of the core can be improved through shell addition. Ad-
ditionally, novel optical and electronic properties can be induced
in the core nanoparticle through the formation of a core/shell
structure. Therefore, these modified structures can offer com-
bined functionalities of both the core and the shell with unique
properties beyond those of the individual components alone.[37]
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Figure 2. Schematic view of MNP structures and corresponding transmission electron microscopy (TEM) images. A, 1) Core/shell nanoparticles. B, 2)
Core/shell/shell nanoparticles, also called core/multishell nanoparticles. C, 3) Polyhedral core/shell nanoparticles. D, 4) Hollow core/shell nanoparticles,
also called single shell nanoparticles. E, 5) Moveable multicore/shell nanoparticles. F, 6) Hollow core/shell/shell nanoparticles. G, 7) Moveable core/shell
nanoparticles. H, 8) Core/porous shell nanoparticles. I, 9) Rod core/shell nanoparticles. A, 1) Reproduced under the terms of the CC BY 2.0 license.[39]

Copyright 2015, IOP Science. B, 2) Reproduced with permission.[40] Copyright 2013, The Royal Society of Chemistry. C, 3) Reproduced with permission.[41]

Copyright 2016, The Royal Society of Chemistry. D, 4) Reproduced under the terms of the CC BY 4.0 license.[42] Copyright 2019, MDPI. E, 5) Reproduced
with permission.[43] Copyright 2014, Elsevier Ltd and Techna Group S.r.l. F, 6) Reproduced with permission.[44] Copyright 2007, Wiley-VCH GmbH &
Co. KGaA, Weinheim. G, 7) Reproduced with permission.[45] Copyright 2011, The Royal Society of Chemistry. H, 8) Reproduced with permission.[46]

Copyright 2008, Wiley-VCH GmbH & Co. KGaA, Weinheim. (I, 9) Reproduced under the terms of CC BY 4.0 license.[47] Copyright 2016, Frontiers.

To date, numerous MNPs structures have been described, in-
cluding the core/shell structure such as most single- and mul-
ticore nanoparticles (see Figure 2A, 1), the core/double shell
nanoparticles or core/multishell nanoparticles (see Figure 2B, 2),
the polyhedral core/shell nanoparticles (see Figure 2C, 3), the
hollow core/shell nanoparticles with single or multiple shells
nanoparticles (see Figure 2D, 4 and F, 6), moveable core/shell
nanoparticles with single or multiple cores (see Figure 2E, 5 and
G, 7), core/porous shell nanoparticles (see Figure 2H, 8), and rod
core/shell nanoparticles (see Figure 2I, 9).[36,38]

The characteristics of MNPs are inherently influenced by both
their geometric attributes and dimensions. Notably, attributes
such as the blocking temperature, saturation magnetization, and
magnetic permeability exhibit variations in response to alter-
ations in particle size. Consequently, meticulous control over
crystal dimensions and morphology assumes paramount signif-
icance in the determination of the chemical and physical at-
tributes of MNPs, as underscored in existing literature.[20,48] A
distinctive magnetic phase termed superparamagnetism man-
ifests in diminutive ferrimagnetic or ferromagnetic nanoparti-
cles. This phenomenon occurs within a size spectrum span-
ning from a few nanometers to fractions of a nanometer, con-

tingent on the specific material properties. In this regime, the
cumulative magnetic moment of the nanoparticle, a result of
the amalgamation of individual atomic magnetic moments, col-
lectively assumes a colossal magnetic orientation. For exam-
ple, in MNPs with modest dimensions and possessing uniaxial
anisotropy, their magnetic moments are susceptible to stochastic
alterations driven by thermal fluctuations, a phenomenon inher-
ently linked to temperature variations. This susceptibility stems
from the diminution of the anisotropic barrier energy (∆E) below
a critical size, rendering it vulnerable to the prevailing thermal
energy denoted as kBT, where kB signifies the Boltzmann con-
stant and T denotes temperature. The determination of the crit-
ical size, signifying the transition from superparamagnetism to
single- to multidomain structural configurations, conventionally
rests upon the examination of coercivity (Hc) and remanent mag-
netization concerning particle size. However, this critical size
for Fe3O4 MNPs remains contingent upon the underlying crys-
tal structure, which may encompass spherical, cubic, or diverse
phases, thus contributing to its as-yet unestablished nature. Con-
sequently, a comprehensive assessment of the critical size in con-
gruence with the crystal structure is imperative. Theoretical esti-
mations posit a requisite size of 76 nm for cubic and 128 nm for
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spherical Fe3O4 MNPs to attain a multidomain configuration.[48]

Nevertheless, the attainment of superparamagnetism in Fe3O4
MNPs is generally surmised to necessitate dimensions below
15 nm, in accordance with predictions formulated by Frenkel
and Dorfman.[19,49] This delineation underscores the intricate in-
terplay between nanoparticle dimensions, crystal structure, and
thermal effects in elucidating the magnetic attributes of these
nanoparticles.

Also, due to the strong surface anisotropy effect, the effec-
tive magnetic anisotropy (or magnetic coercivity) of the MNPs
is solely reliant on the particle shape. In addition, the particle
shape also plays a significant role in determining the physical
and chemical characteristics of the material, including its melt-
ing point, electrical and optical properties, catalytic activity, and
selectivity.[20]

In relation to their magnetic properties, magnetic core/shell
nanostructures possess remarkable qualities. They can be sorted
using external magnets, which is an advantage over traditional
filtration and centrifugation methods. For this reason, magnetic
core/shell nanoparticles have been proposed as a promising ma-
terial in magnetic separation.[50] Core/shell nanoparticles consist
of a central magnetic core enveloped by an outer shell with dis-
tinct properties, often of different materials. The interaction be-
tween the core and shell gives rise to exchange coupling, which
is the transfer of magnetic moments between these regions. This
coupling can have a significant impact on the overall magnetic be-
havior of the nanoparticle. The exchange interaction arises due
to the overlap of electron wave functions between neighboring
atoms in a material. In the context of core/shell nanoparticles,
this interaction occurs across the interface between the core and
the shell, leading to a transfer of magnetic moments and align-
ment of spins. The strength and nature of the exchange cou-
pling depend on various factors, including the materials used
for the core and shell, their crystal structures, lattice constants,
and the thickness of the shell. There are two main types of ex-
change coupling that can occur in core/shell nanoparticles: 1) di-
rect exchange coupling and 2) indirect exchange coupling. The
exchange coupling in core/shell-structured magnetic nanoparti-
cles is a complex phenomenon and, in this review, we will not
elaborate on this topic. This coupling significantly influences the
nanoparticles’ magnetic properties and can be tailored for spe-
cific applications across various domains, including medicine,
data storage, and nanotechnology.

Herein, this review focuses on the applications of single-
and multicore MNPs, which are subordinate to core/shell and
core/multishell structures. The magnetic moment of a single-
core MNP originates from the magnetic core when using
diamagnetic shells, so in addition to selecting MNPs with
high Ms, using larger magnetic cores is another option to
generate higher torque single-core MNPs, making core/shell
MNPs more suitable for certain applications in biomedical
fields.[38]

2.3. Characterization Techniques for MNPs

To investigate the size distribution, shape, surface charge, and
porosity of nanoparticles in various environments, numerous
MNP characterization techniques have been developed. Here,

we discuss some widely used methods for characterizing the
physicochemical properties of MNPs in both dry and solution
states. We also cover some advanced methods for characteriz-
ing MNPs that broaden the scope of information that may be
accessed and provide a better understanding of the nanoparticle
characteristics.

2.3.1. Magnetometry

Vibration Sample Magnetometer (VSM): VSM is a sophisti-
cated approach for quantifying the magnetic moment of materi-
als based on the interaction of magnetic forces. As illustrated in
Figure 3A, the VSM system embodies a comprehensive method-
ology wherein the magnetic properties of a sample are discerned
through the meticulous measurement of voltage alterations aris-
ing from its perpendicular vibration within an externally applied
magnetic field. This technique stands as a cornerstone for pro-
viding precise and intricate insights into a material’s magnetic
moment, elucidating how it evolves concerning distinct vari-
ables such as temperature, magnetic field intensity, and crystal
orientation.[51] Upon introducing the specimen into a consistent
magnetic field, a process commences where magnetic domains
or individual magnetic spins harmonize their alignment with the
applied field. Consequently, the material undergoes magnetiza-
tion, transforming its inherent magnetic state. The operational
foundation of the VSM technique is established upon the Lenz–
Faraday magnetic induction law, an empirical principle that as-
serts that variations in magnetic flux can induce voltage in de-
tection coils. These coils are strategically positioned to encapsu-
late the magnetic field flux, and the consequential voltage fluc-
tuations are meticulously measured. This dynamic interplay be-
tween magnetic flux and induced voltage is at the core of the
VSMs functional mechanism.

A central facet of the VSM technique lies in its ability to capture
magnetization curves, commonly known as hysteresis loops (or
M–H curves), at ambient temperatures through the integration
of control and monitoring software.[52] These hysteresis curves
offer a visual depiction of the intricate relationship between the
applied magnetic field and the resultant magnetization of the
material. The curves delineate essential magnetic characteris-
tics such as magnetization remanence, coercivity, and satura-
tion magnetization.[53] By closely analyzing these attributes, re-
searchers can gain profound insights into the material’s mag-
netic behavior, shedding light on its domain structure, magnetic
anisotropy, and overall magnetic stability.

Superconducting Quantum Interference Device (SQUID):
SQUID is a remarkable advancement in the field of magnetom-
etry, enabling the precise determination of the magnetic proper-
ties of nanoparticles at an unprecedented level of sensitivity.[54]

With its extraordinary capability to detect magnetic fields as
weak as 10−18 T, the SQUID technique has revolutionized the
way researchers study and characterize nanoparticles’ magnetic
behavior.

At the heart of the SQUID technique lies a superconduct-
ing loop that exhibits quantum interference effects. This loop is
usually constructed using superconducting materials, which can
conduct electric current without resistance when cooled to very
low temperatures. The SQUID magnetometer operates based on
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Figure 3. A–H) Working principle of each characterization technique: A) VSM, B) FTIR, C) SEM, D) TEM, E) AFM, F) DLS, G) XRD, and H) MPS. A)
Reproduced under the terms of CC BY 3.0 license.[77] Copyright 2018, IOP Science. B,C,G) Reproduced with permission.[78] Copyright 2017, Elsevier Inc.
D) Reproduced with permission.[79] Copyright 2021, Elsevier Inc. E) Reproduced under the terms of CC BY 4.0 license.[80] Copyright 2019, Parabole. F)
Reproduced with permission.[81] Copyright 2015, Springer Nature.

the Josephson effect, where pairs of Cooper electrons, formed
due to superconductivity, can tunnel across a thin insulating bar-
rier. This phenomenon gives rise to remarkable sensitivity to
magnetic flux changes, allowing the SQUID to detect even the
tiniest magnetic signals emanating from nanoparticles.

One of the key attributes of the SQUID technique is its ability
to precisely quantify the magnetic moment of individual MNPs.
This characteristic is invaluable for investigating the magnetic
behavior of nanoscale materials, including but not limited to
blocking temperature, magnetization remanence, and satura-
tion magnetization.[55,56] The technique’s sensitivity extends to
nanoparticle ensembles as well, making it an essential tool for
probing collective magnetic phenomena in materials.

2.3.2. X-Ray Diffraction (XRD)

XRD is an excellent nondestructive method for the characteri-
zation of both organic and inorganic crystalline materials at the
atomic level. This technology can be used to examine crystal and
molecular structures, identify various compounds qualitatively,
quantitatively resolve chemical species, assess the degree of crys-
tallinity, detect isomorphous substitutions, and determine phase
characteristics.[54] Additionally, XRD can measure particle sizes
and provide other valuable information.[57] In order to obtain
this information, the full width at half maximum (FWHM) of
the Bragg reflections needs to be analyzed.[54,58] As shown in
Figure 3G, the diffraction patterns are obtained when an X-ray
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bounces off a crystal, and these patterns reveal the crystal for-
mations. Although XRD offers several advantages, it is not with-
out limitations. One drawback is the challenge of obtaining well-
formed crystals, which can hinder the accuracy and reliability of
the results. Additionally, the scope of information that can be ob-
tained from XRD is somewhat limited.[57]

The Scherrer equation (Equation (1)) is used to estimate the
mean crystal size along a specified crystallographic direction.
This equation assumes an ideal scenario where a monochro-
matic, infinitely narrow, and perfectly parallel X-ray beam is inci-
dent on a monodisperse powder composed of cube-shaped crys-
tallites. The equation is expressed as

Dhkl = 𝜅𝜆∕Bhkl cos𝜃 (1)

where hkl are the Miller indices of the planes that belong to the
peak that is being studied, 𝜅 is a numerical factor commonly re-
ferred to as the crystallite-shape factor, 𝜆 is the X-ray wavelength,
Bhkl is the FWHM of the diffraction peak in radians, and 𝜃 is the
Bragg angle. Dhkl is the crystallite size along the direction perpen-
dicular to the lattice planes.[58]

2.3.3. Transmission Electron Microscopy (TEM)

TEM, as shown in Figure 3D, uses an electron beam to inter-
act with an ultrathin sample, offering highly precise and high-
resolution imaging information on the size, shape, morphol-
ogy, state of aggregation, and distribution of nanoparticles at the
nanometer scale.[58–60] The preparation of the ultrathin sample
takes time, skill, and a high level of vacuum, and results are more
reliable for homogeneous samples. Moreover, high-resolution
TEM (HRTEM) is a phase-contrast TEM mode that offers the best
resolution and aids in visualizing atomic packing (atomic lattice)
in nanoparticles, providing a picture of the crystal defects.[57,59]

To determine the size distribution, the individual size of ≈1000
randomly chosen nanoparticles should be measured after a rep-
resentative set of photographs of the sample has been collected.
The process can be carried out manually or automatically utiliz-
ing particle analysis techniques.[58]

2.3.4. Scanning Electron Microscopy (SEM)

SEM is a surface imaging method for electron microscopy that
is capable of fully resolving a range of particle sizes, size distri-
butions, nanomaterial forms, and surface morphology of synthe-
sized particles at the micro- and nanoscales.[60] By manually mea-
suring and counting the particles or by utilizing specialized soft-
ware, we can use SEM to investigate the morphology of the par-
ticles and build a histogram from the images.[57] A fundamental
requirement for SEM to work in vacuum is to avoid the interac-
tion of electrons with gas molecules in order to achieve high res-
olution. As shown in Figure 3C, the SEM instrument is based on
the theory that primary electrons released from the source pro-
vide energy to the sample atomic electrons, which can then be
released as secondary electrons (SE). An image can be formed by
collecting these SE from any point of the sample.[61]

2.3.5. Dynamic Light Scattering (DLS)

DLS can examine the size distribution of small particles in solu-
tion or suspension on a scale ranging from 1 nm to several mi-
crometers. This technique primarily depends on Rayleigh scatter-
ing from the suspended nanoparticles to quantify the light scat-
tered from a laser as it passes through a colloid.[57] DLS is also one
of the most used techniques for measuring the size distribution
of MNPs in suspension. As shown in Figure 3F, the MNP sus-
pension is exposed to an electromagnetic wave during the DLS
measurement, and as the electromagnetic wave impinges on the
MNP, scattering causes the electromagnetic wave’s direction and
strength to change. Since the MNPs’ kinetic energy causes them
to move randomly, the variation of intensity over time provides
information about this motion and may be used to calculate the
particles’ diffusion coefficient.[62] However, due to a few unrec-
ognized effects, including the concentration of the particle sus-
pension, the scattering angle, and the shape anisotropy of the
nanoparticles, the accuracy of the determined particle size is not
fully known.

2.3.6. Atomic Force Microscopy (AFM)

In AFM, a finely pointed probe undergoes a systematic raster
scan across the surface of the sample with a remarkable position-
ing accuracy at the sub-nanometer level. Throughout the scan-
ning process, a feedback loop ensures that the probe maintains
a consistent interaction with the sample by modulating its verti-
cal movements. The recorded vertical movements are then cor-
related with the XY position, ultimately resulting in a detailed
surface topography of the sample[63] as shown in Figure 3E.

Three different scanning modes are available for AFM, includ-
ing contact mode, noncontact mode, and intermittent sample
contact mode to study the dispersion and aggregation of nano-
materials as well as their size, shape, sorption, and structure.
AFM can also be used to characterize in real-time how supported
lipid bilayers interact with nanomaterials, something that is cur-
rently not possible to do with current electron microscopy meth-
ods. AFM can measure up to the sub-nanometer scale in aque-
ous fluids and does not require oxide-free, electrically conductive
surfaces for the measurement. Moreover, it does not significantly
harm many different native surface types. However, a significant
flaw is the cantilever’s size, which causes an overestimation of
the samples’ lateral dimensions.[57,64]

2.3.7. Fourier Transform Infrared (FTIR) Spectroscopy

As shown in Figure 3B, FTIR uses infrared light to scan the
samples and identify organic, inorganic, and polymeric com-
ponents. Changes in the material composition are reflected in
the pattern of absorption bands, allowing for the identifica-
tion and characterization of unknown components, detection
of additives, identification of decomposition, and characteriza-
tion of oxidation and contamination.[65] In academic and in-
dustrial research, FTIR spectroscopy is frequently employed to
determine if biomolecules are successfully attached to the sur-
face of nanoparticles. The study of nanoscale materials has also
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been expanded by FTIR, including the confirmation of func-
tional molecules covalently grafted onto MNPs, carbon nan-
otubes, graphene, and gold nanoparticles, as well as interac-
tions between enzymes and substrates throughout the catalytic
process.[57,59]

2.3.8. Thermogravimetric Analysis (TGA)

TGA is an experimental method for determining how much
a sample’s mass changes as a function of temperature and/or
time in a controlled environment.[66] The analyzer consists of
a furnace with a temperature programmer and controller, a
sample pan, and an exact microbalance attached to it.[66] TGA
can be used to identify a sample’s residual metal concentra-
tion, absorbed moisture content, polymer properties and fea-
tures, and polymer decomposition temperatures. The amount
of coating on a nanoparticle’s surface can also be determined
via TGA.[67]

2.3.9. Magnetic Particle Spectroscopy

MPS records the dynamic magnetization response of MNPs un-
der the application of AC drive fields which may constitute a
single-frequency or a dual-frequency excitation field. A schematic
depiction of a dual-frequency MPS system has been shown in
Figure 3H. The MPS system consists of drive coils for the gen-
eration of the AC drive field and a balanced set of pick-up coils
for recording the magnetization response of MNPs. Under ap-
plication of the excitation field, the MNPs undergo both the Néel
and Brownian relaxation processes, which are determined by not
only the MNP physical parameters such as core size and satu-
ration magnetization of the materials, but also by the physical
properties of the surrounding media. Thus, the recorded mag-
netization response can be used for the characterization of the
temperature[68] and viscosity[69] of the surrounding media, and
also as a unique magnetic signature of the MNPs for magnetic
colorization applications.[70]

2.3.10. AC Susceptometry (ACS)

The experimental setup for ACS measurements is similar to
that of single-frequency MPS measurements. In both cases, a
single-frequency drive field is used to magnetically excite a sam-
ple of MNPs, and the magnetization response is recorded us-
ing a balanced set of pick-up coils. The main difference be-
tween ACS and MPS is the magnitude of the applied excitation
field. MPS uses a large excitation field to drive the MNPs into
their nonlinear response regime. ACS, on the other hand, uses a
smaller excitation field (around one order of magnitude smaller)
to record the changes in the slope of the M–H response curve.
The AC magnetization response captured in ACS measurements
yields two quantities: the susceptibility (𝜒) and the phase lag
(ϕ) to the applied magnetic field. ACS measurements can be
performed using either custom-built systems[71–73] or commer-
cial systems such as the DynoMag system from Acreo.[74] The
ACS systems have been successfully reported for applications in-
cluding the determination of MNP core and hydrodynamic size

distributions[72,75] to bioassay applications utilizing clustering
of MNPs.[76]

3. Chemical Synthesis of MNPs

3.1. Coprecipitation

Coprecipitation, which involves adding a base as a precipitating
agent at either room temperature or a higher temperature, is an
easy and practical method for synthesizing MNPs from aqueous
salt solutions. The precipitation process offers a significant ad-
vantage in the production of a large amount of MNPs.[82–84] The
method’s simplicity, its high yield, and promise for less time-
intensive and readily scalable industrial application make copre-
cipitation one of the most preferred synthesis method.[85–87] For
instance, by hydrolyzing an aqueous solution comprising of a
base and iron salts at room temperature in an open environment,
Fe3O4 MNPs can be synthesized. Fe2+ and Fe3+ can be coprecip-
itated to produce magnetite (Fe3O4) MNPs as described by the
following chemical reaction[85,88,89]

Fe2+ (aq) + 2Fe3+ (aq) + 8OH− → Fe3O4 (s) + 4H2O (2)

Aqueous solutions of Fe3+ and M2+ salts, where M2+ is a d-
block transition metal, are often combined with a base solution
to prepare metal ferrite MNPs. Since only kinetic factors are in-
volved in the formation of crystals, the control over particle size
distribution is limited. In addition, this approach still has some
disadvantages, such as the inability to control particle shape, crys-
tallinity, and magnetic characteristics.[82] In order to fine-tune
the size, shape, and chemical makeup of the obtained MNPs, it
is crucial to control the reaction parameters such as the type of
metal cation precursors, the molar ratio between the M2+ and
Fe3+ cations, reaction temperature, pH value, as well as the type
and concentration of the alkaline agent.[82,90] The chemical reac-
tion that occurs can be described as follows[91]

M2+ (aq) + 2Fe3+ (aq) + 8OH− (aq) → MFe2O4 (s) + 4H2O (aq)(3)

Multiple groups have used this method for producing mag-
netic nanosized materials. For example, Darwish et al. used a con-
trolled coprecipitation to produce ferrite MNPs, including cobalt
ferrite (CF-MNPs) and zinc cobalt ferrite (ZCF-MNPs) particles,
as reported in their study.[92] The synthesis procedure employed
by these authors is a simplified, environmentally friendly, and
low-temperature process that can be carried out in air, with a
maximum ambient temperature of 60 °C. Their method does
not require any oxidizing or coating agents and it is a modified
version of the conventional coprecipitation method, with alterna-
tions made to the precursor material’s composition, specifically
the molar ratio of the cations, Fe3+:Fe2+:Co2+/Zn2+, which is set
to 3:2:1.

Figure 4A illustrates the TEM image of the CF-MNPs, which
have an average particle size of 8 ± 2 nm. The average par-
ticle size of ZCF-MNPs is 25 ± 5 nm with a wide size dis-
tribution and visible agglomeration behavior (see Figure 4D).
HRTEM was used to observe the crystalline nature of the syn-
thesized MNPs. The evident lattice border in the HRTEM im-
age shows that the CF-MNPs have a higher crystallinity than
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Figure 4. TEM, HRTEM, and SAED of A–C) CF-MNPs and D–F) ZCF-MNPs, respectively. Reproduced under the terms of the CC BY 4.0 license.[92]

Copyright 2019, MDPI.

the ZCF-MNPs (see Figure 4B,E). The related selected area elec-
tron diffraction (SAED) image of the MNPs (see Figure 4C,F)
shows the ring properties typical of a structure made up of
small domains with their crystallographic axes aligned at ran-
dom directions. The SAED pattern exhibits diffuse rings with
reduced intensity that are linked to the plane reflections of the
MNPs. Results show that, compared to the ZCF-MNPs, the re-
ported method produced smaller nanoparticles with fewer ag-
gregations for the CF-MNPs. In addition, the produced MNPs
(both ZCF-MNPs and CF-MNPs) displayed an Ms of 50 emu
g−1, a moderate level of optical activity, and a great specific loss
power (SLP) characteristic compared to commercial IO materi-
als under the same magnetic field strength (40 kA m−1). Be-
cause of the high SLP, the nanoparticles made with the sug-
gested approach show promise for hyperthermia treatment of
cancer.

In another study reported by Shen et al., a convenient co-
precipitation technique was used to successfully produce shape-
controlled magnetite nanoparticles.[93] The TEM images in
Figure 5A show that the morphology of the magnetite nanopar-
ticles changed from nanospheres to nanoneedles and then to
nanocubes as the amount of sodium dodecyl sulfate was ad-
justed during reaction. XRD patterns in Figure 5B indicate that
all the reported shapes were of the pure Fe3O4 phase. Figure 5C
illustrates the appealing magnetic characteristics and high Ms
of the Fe3O4 MNPs, as evidenced by their magnetic hysteresis
loops.

3.2. Hydrothermal Method

Hydrothermal synthesis utilizes various wet-chemical processes
to create MNPs. The hydrothermal method is based on heat-

ing and dissolving iron precursors in an aqueous media at high
temperatures and elevated pressure. In a Teflon-sealed stainless-
steel autoclave with supercritical/sub-supercritical water, chemi-
cal processes are accrued. The ultimate IO phase is formed by de-
hydrating the hydroxide intermediates (Fe(OH)n) produced dur-
ing the hydrolysis of ferrous ions.[85] Several factors can dra-
matically influence the reaction kinetics and nucleation rate in
this method, including the synthesis temperature and precur-
sor concentration.[94] For example, the precursor concentration
could lead to an increased particle size and a wider size distribu-
tion. The average particle size is more dependent on the reaction
time than on the precursor concentration, although there is an
impact.[95,96]

A schematic representation of the hydrothermal approach is
shown in Figure 6. This synthesis method allows for excellent
control of the MNP composition and avoids the formation of dis-
locations in single-crystal MNPs. This is achieved by utilizing
either aqueous or nonaqueous solutions. This process is partic-
ularly useful for producing hollow MNPs with precise shapes,
such as nanotubes and nanorings.[94] This method utilizes low-
cost raw materials and can achieve excellent control over the mor-
phology of the resulting nanoparticle.[85]

Several authors have used this approach for synthesizing
MNPs with excellent properties. Peng et al. studied the hydrother-
mal synthesis and magnetic properties of gadolinium-doped
cobalt ferrite nanoparticles.[97] In their work, CoFe2–xGdxO4 (x
= 0–0.25) MNPs were synthesized via a simple hydrothermal
process at 200 °C for 16 h without the assistance of surfactants.
At a dopant level of x ≤ 0.25, the XRD data demonstrated that
the synthesized powders were pure phase, and the peaks could
be easily indexed to the cubic spinel cobalt ferrite (see Figure
7C). The gadolinium-doped cobalt ferrite nanoparticles were sin-
gle crystals, generally spherical, uniformly dispersed, and not
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Figure 5. A) TEM images of magnetite nanoparticles. B) XRD, and C) magnetic hysteresis loops of (a) nanospheres, (b) nanoneedles, and (c) nanocubes.
Reproduced with permission.[93] Copyright 2013, Elsevier Ltd and Techna Group S.r.l.

significantly agglomerated, according to the TEM and HRTEM
observations in Figure 7A,B. The rare-earth element doping had
a significant impact on the Ms and coercivity due to significant
lattice distortion and small particle grain development, accord-
ing to the measurements of the magnetic hysteresis loop (M–H
curves) at ambient temperature.

In another study, an in situ hydrothermal method was used
to successfully produce a magnetic hydroxyapatite nanocompos-
ite designated as IO–HA.[98] The nanorod shape of the IO–HA
was confirmed by the TEM investigation (see Figure 8A). As it is
obvious from the XRD pattern (Figure 8B), the IO–HA nanocom-
posite did not contain any impurity phases. A prolonged release
of a loaded compound (curcumin) from the nanocomposite in-
dicated that a good and maximal release was achieved due to the
degradation of the HA component of the nanocomposite in an
acidic environment. An in vitro MRI study supported the fact
that IO–HA had a sufficient superparamagnetic property, which

makes it advantageous for imaging applications (see Figure 8C).
Moreover, the IO–HA nanocomposite showed great biocompat-
ibility since it had no cytotoxic or hemolytic effects. As a result,
the IO–HA nanocomposite is proposed as a theragnostic T2-MRI
contrast agent.

3.3. Sol–Gel

The sol–gel process involves the hydroxylation and condensa-
tion of molecular precursors in a solution to form a “sol” com-
posed of nanoparticles. Once the solvent is removed or a chem-
ical reaction occurs, the “sol” is dried or “gelled” to form a 3D
metal oxide network. The properties of the gel are strongly influ-
enced by the structure of the sol phase during the sol-gel process,
which determines the gel’s shape, size, and porosity. Further-
more, several factors influence the kinetics, growth processes,

Figure 6. Schematic view of the hydrothermal method.
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Figure 7. A) TEM and B) HRTEM images of CoFe2−xGdxO4 powders: x = 0 (1, 2), x = 0.05 (3, 4), and x = 0.10 (5,6). C) XRD patterns of CoFe2−xGdxO4
powders: x = 0 (a), x = 0.05 (b), x = 0.10 (c), x = 0.15 (d), x = 0.20 (e), x = 0.25 (f), and x = 0.30 (g). Reproduced with permission.[97] Copyright 2010,
Elsevier B.V.

hydrolysis, and condensation reactions during the sol–gel pro-
cess, including the solvent, temperature, concentration and na-
ture of the salt precursors, pH, and agitation. Although an acid
or base can hydrolyze the precursors, water is often the preferred
solvent. These reactions take place at room temperature, but ad-
ditional heating processes are necessary to attain the final crys-
talline state, and ultimately, the structure and properties of the
gel.[96] The sol–gel process is considered one of the most effi-

cient modern technologies for producing a significant quantity of
nanoparticles of uniform size.[96,99] In addition, the sol–gel pro-
cess offers several advantages over other methods, including ex-
cellent uniformity, low cost, and high purity in the synthesized
MNPs. The process is straightforward, allowing for the precise
control of the material structure, and the resulting materials ex-
hibit high chemical reactivity.[99,100] While highly crystalline and
uniformly sized magnetite nanoparticles can be produced using

Figure 8. A) TEM image, B) XRD pattern, and C) T2-weighted MRI phantom images of the IO-HA nanocomposite. Reproduced with permission.[98]

Copyright 2020, Cell Press.
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the sol–gel method, these synthetic approaches are not suitable
for large-scale, cost-effective manufacturing due to their reliance
on expensive and often hazardous reagents, as well as the com-
plex synthetic stages involved.[100]

Several groups have taken advantage of the benefits of this pro-
cess for producing various magnetic nanomaterials. For example,
Sanpo et al. examined how varying copper concentrations affect
the microstructure, crystal structure, and antibacterial activity of
copper-substituted cobalt ferrite nanoparticles against Escherichia
coli and Staphylococcus aureus.[101] In their work, citric acid served
as the chelating agent in the development of a sol–gel process
for synthesizing copper-substituted cobalt ferrite nanoparticles.
The resulting nanoparticles had a cubic spinel structure and ex-
hibited a range of morphologies, with crystallite sizes between
35 and 45 nm. Interestingly, increasing the copper concentra-
tion resulted in a decrease in both the average particle size and
the distribution of particle diameter (refer to Figure 1 of their
work). (Authors’ note, the MNPs synthesized in their work show
irregular cubic shapes and a high degree of agglomeration.) The
investigation of the biocidal property of the synthesized ferrite
nanoparticles was undertaken utilizing a modified Kirby–Bauer
technique. Filter papers, both with and without ferrite nanoparti-
cles, were partially covered and subsequently placed upon a lawn
of E. coli in an agar plate. The assessment of the contact antibac-
terial property was performed through the measurement of the
clear zone of inhibition surrounding the filter papers following a
24 h incubation period. The antibacterial efficacy of the copper-
substituted cobalt ferrite nanoparticles against E. coli and S. au-
reus is presented. The introduction of copper into the cobalt fer-
rite nanoparticles resulted in a slight improvement of the antibac-
terial activity against E. coli but a significant enhancement of the
antibacterial activity against S. aureus. Furthermore, the incor-
poration of copper into the cobalt ferrite structure significantly
enhanced the nanoparticles’ antibacterial properties, potentially
enabling it to replace several antibiotics used to treat gastroin-
testinal problems in animals.

3.4. Thermal Decomposition

Thermal decomposition is considered one of the most important
methods for synthesizing MNPs, as the process can be precisely
controlled and is already well studied.[102] Studies have demon-
strated that alternative methods can be employed for the thermal
decomposition of MNPs using inorganic iron precursors such as
iron(III) acetylacetonate and iron (0) pentacarbonyl in the pres-
ence of hot organic surfactants like oleic acid or oleylamine at
high temperatures (≥200 °C).[103] It is found to be highly effi-
cient in producing high-quality IO MNPs with well-controlled
sizes. Typically, the MNPs synthesized at higher temperatures
have more uniform size distributions. One of the key advantages
of this approach compared to coprecipitation is the separation
of the nucleation and growth steps, leading to the production
of highly crystalline and monodispersed MNPs with a narrow
size distribution.[94,104,105] The precise control of the size and mor-
phology distribution of the nanoparticles is dependent on various
factors, including the temperature, reaction time, and aging pe-
riod. The annealing temperatures applied during the synthesis
process can enable accurate control over the size and size distri-

bution, as well as the structure and magnetic properties of the
resulting nanoparticles.[104]

Numerous studies have reported the synthesis of high-quality
MNPs using this method. The work of Patsula et al. focused
on the high-temperature thermal decomposition method, specif-
ically the thermolysis of Fe(III) glucuronate under various reac-
tion conditions.[106] The size of the synthesized Fe3O4 nanopar-
ticles was confirmed to be 32 nm or smaller, according to
the TEM characterization as shown in Figure 9A. The Fe3O4
spinel phase of the nanoparticles was confirmed by XRD (in
Figure 9B), and the saturation magnetization for 11 nm MNPs
was determined to be 52.2 Am2 kg−1. The dispersibility of
the Fe3O4 MNPs in water is crucial for their use in biomed-
ical applications. To enhance their water dispersibility, a lig-
and exchange process was employed, which involved binding
hydrophilic 𝛼-carboxyl-𝜔bis (ethane-2,1-diyl)phosphonic acid-
terminated poly(3-O-methacryloyl-𝛼-d-glucopyranose (PMG-P)
to the MNP surface. Under physiological conditions, the PMG-
P&Fe3O4 aqueous dispersion demonstrated excellent colloidal
stability. The physical and chemical properties of PMG-P&Fe3O4
nanoparticles make them ideal for in vivo biological and clinical
applications, including their potential use as cell labels or MRI
contrast agents (Figure 9C).

The same team also synthesized magnetite nanoparticles with
a controlled size and a uniform size distribution by a thermal
decomposition method.[107] The Fe3O4 particles with sizes of 10
(Figure 10A:a), 20 (Figure 10A:b), and 31 nm (Figure 10A:c),
were synthesized through the process of thermal decomposi-
tion of Fe(III) mandelate (3.26 g) in the presence of oleic acid
(4.4 g) in octadec-1-ene (40 mL) at a temperature of 320 °C
for a duration of 30 min or in icosane (40 mL) at a tempera-
ture of 343 °C for a duration of 60 min, respectively. To pre-
vent particle aggregation, the Fe3O4 MNP surface was rendered
hydrophilic using poly(ethylene glycol) (PEG) with bisphospho-
nate anchoring groups (PEG-Ner). The hydrodynamic diameters
of the Fe3O4@PEG-Ner particles with initial 10, 20, and 31 nm
sizes were found to be 34, 39, and 62 nm in PBS solution (pH
7.4), respectively, which makes them suitable for most biological
applications. In a mouse tumor model, after intravenous admin-
istration, most of the 20 nm Fe3O4@PEG-Ner nanoparticles were
taken up by the liver (Figure 10B). No significant retention of the
MNPs in the tumor was observed, even after multiple adminis-
trations.

3.5. Microemulsion

Microemulsion refers to a mixture of two immiscible liquids,
commonly oil and water, which are stabilized by a third com-
ponent that acts as a surfactant or a cosurfactant. Surfac-
tants typically consist of organic molecules with a polar head
and a hydrophobic tail. These properties enable surfactants to
form monolayers at the interfaces between oil and water, with
the hydrophilic and hydrophobic groups oriented toward the
corresponding phases in order to minimize the electrostatic
interaction.[104] When the concentration of surfactant molecules
in the mixture reaches a critical point, the surfactants form ag-
gregates known as micelles. The micelle is a spherical struc-
ture composed of a hydrophobic core that is shielded from the
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Figure 9. A) TEM images of the Fe3O4 MNPs prepared by a high-temperature thermal decomposition method at different conditions: (a,f) in squalene
98% (285 °C), (b) ctadic-1-ene 99% (300 °C), (c,g) ctadic-1-ene 99% (320 °C), (d,h) icosane 99% (343 °C), and (e) monomethyl poly(ethylene glycol)
(320 °C). The concentration of oleic acid (OA) was (a–e) 0.15 and (g,h) 0.3 mmol mL−1. B) XRD of the synthesized MNPs. C) MRI cross-sectional
T2-weighted images of PMG-P&Fe3O4 MNP labeled and unlabeled cells. Reproduced with permission.[106] Copyright 2016, American Chemical Society.

surrounding medium by a hydrophilic shell of surfactant
molecules. The hydrophobic tails of the surfactant molecules are
directed toward the center of the micelle, while the hydrophilic
heads are oriented outward, in contact with the surrounding sol-
vent. This process is spontaneous and thermodynamically favor-
able, as it reduces the free energy of the system by minimizing the
exposure of the hydrophobic tails to the aqueous environment. In
a microemulsion, the droplets of one liquid (usually oil) are uni-
formly dispersed in the other liquid (usually water), forming a
clear, transparent solution. This is because the surfactants and
cosurfactants present in the system help to stabilize the interface
between the two immiscible liquids, allowing for the formation
of small, uniform droplets that remain suspended in the contin-
uous phase.[108] The microemulsion method has gained popular-
ity for the synthesis of nanocrystals and nanoparticles because it
enables a high degree of control over the reaction. This method
allows for precise manipulation of the size, shape, and composi-
tion of the nanoparticles by adjusting the parameters of the mi-

croemulsion system, such as the concentration of surfactant, the
ratio of oil to water, pH, and temperature.[109]

The microemulsion method for synthesizing MNPs offers sig-
nificant advantages, including precise control over the particle
size and shape due to the micelle’s stability. The uniform droplet
size in the microemulsion system results in the production of
nanoparticles with a narrow size distribution, which is highly
desirable for many applications.[110] Indeed, the microemulsion
method provides several benefits, including high purity and good
crystallinity of the nanoparticles, in addition to a narrow size dis-
tribution and good control of the particle shape. Additionally,
the versatility of this method allows for the synthesis of vari-
ous types of MNPs, such as CeO2, Fe2O3, Fe3O4, ZrO2, SrZrO3,
LaMnO3, among others. This makes it a popular and efficient ap-
proach for producing MNPs for a variety of applications. Lastly,
the microemulsion method can be performed under mild reac-
tion conditions, usually at room temperature, and requires low
energy consumption. This makes the method more environmen-
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Figure 10. A) TEM images of Fe3O4 MNPs: (a) 10, (b) 20, (c) 31 nm Fe3O4 particles prepared in (a,b) octadec-1-ene (320 °C) and (c) icosane (343
°C). B) MRI of a mouse with EL-4 tumor (EL-4 (ATCC TIB-39) mouse lymphoma cells) (arrow shows its location): (a) MRI at time 0 (before intravenous
administration of Fe3O4@PEG-Ner-20 MNPs), (b) at 4 h (4 h after the first dose of 50 μL of Fe3O4@PEG-Ner-20 MNPs), (c) at 28 h (4 h after the second
dose), (d) at 52 h (4 h after the third dose), and (e) at 120 h (72 h after the third dose). Reproduced under the terms of CC BY 4.0 license.[107] Copyright
2019, Nature Research.

tally friendly and economically feasible compared to other meth-
ods that require high temperatures or harsh chemicals.

However, on the downside, the microemulsion method can
be time-consuming and requires specialized equipment such as
a high-speed homogenizer or an ultrasonic processor. The use
of organic solvents in some microemulsion systems may also
pose a risk to the environment and human health.[109] Addition-
ally, the separation and purification of the synthesized nanoparti-
cles from the microemulsion can also be challenging, which can
lead to contamination and affect the quality of the final product.
The stability of the microemulsion system can also be affected
by external factors such as changes in the pH or the presence
of impurities, leading to inconsistent synthesis results. Finally,
the microemulsion method may not be suitable for all types of
materials, and alternative methods may need to be employed de-
pending on the specific properties and applications of the desired
MNPs.[104]

Nevertheless, this method has rendered good results in the
synthesis of several nanomaterials for certain bioapplications. In
the study reported by Al-kinani et al., core/shell Fe@Au MNPs
were synthesized by the microemulsion method.[111] Au-coated

Fe core–shell nanoparticles are a noteworthy variety of nanopar-
ticles that feature a magnetic Fe core enveloped by a fine layer of
Au. These nanoparticles exhibited a uniform size of ≈63.65 nm
and a spherical form. The dark Fe core and the lighter Au shell
could be easily observed in a TEM image, confirming the core–
shell structure of the Fe@Au MNPs. This core–shell structure
can also provide advantages in drug delivery applications, as it
allows for the incorporation of both magnetic and gold proper-
ties into a single nanoparticle system, which can enhance drug
loading and delivery efficiency.

3.6. Microwave-Assisted Synthesis

Microwave technology has been utilized for the synthesis of
MNPs due to its ability to provide quick and uniform heat-
ing of precursor ingredients. The penetrating property of mi-
crowave irradiation allows for uniform heating of the reaction
solution, resulting in uniform crystallization and rapid develop-
ment of crystallites with a narrow size distribution. The elec-
tric and magnetic components of microwaves produce combined
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Table 1. Overview of different MNP chemical synthesis methods.

Method Advantage Disadvantage

Coprecipitation – Rapid reaction
– Mild reaction conditions
– Can be produced in large batches
– Low cost
– Facile and efficient

– Poor size distribution
– Low reproducibility
– Surface oxidation
– Lack of precise stoichiometric phase control

Hydrothermal – Superior control in size, shape, dispersion
– Does not need calcination step
– Magnetic controllability
– Excellent crystallinity
– Ecofriendly
– Low cost

– High temperature and pressure
– Longer synthesis time
– Pressure–temperature sensitive
– Adsorption of capping agents

Sol–gel – Low cost
– Homogeneity
– High phase purity

– Formation of secondary phase
– Hard to remove the residual organics from porous gel
– Post-treatment required

Thermal decomposition – High yield
– Superior size distribution
– High reproducibility
– Monodispersity

– Safety issues for high temperature and pressure
– Solubility in organic solvents
– Toxic solvent
– Post-treatment required

Microemulsion – Controllable particle growth, nucleation, and agglomeration
– High magnetization values
– Simple equipment

– Residual surfactants
– Difficult to scale up

Microwave-assisted – Fast, low-cost, low energy consumption
– Uniform shape and size distribution
– Especially useful for biomedical imaging

– Slow reaction kinetics
– Complicated setup (microwave reactor) required

forces that lead to molecular collisions and friction, which results
in a faster reaction time than conventional methods. Therefore,
microwave-assisted synthesis can produce uniformly shaped and
sized MNPs suitable for biomedical applications, particularly for
medical imaging.[112,113]

According to the work of Brollo et al., microwave-assisted
synthesis plays a critical role in preparing outstanding mag-
netic IO nanoparticles.[114 ] The experimental parameters, such
as the solvent, precursor, and surfactant, significantly influence
the nucleation and growth processes, and thus, ultimately de-
termine the particle size and uniformity. Unlike conventional
heating methods, microwave heating provides effective internal
heating, promoting nucleation throughout the reaction solution
and limiting the potential development of multiple nuclei. Re-
search has shown that magnetic IO nanoparticles with diame-
ters ranging from 8 to 15 nm can be achieved with this method,
and particles exhibit superparamagnetic behavior when synthe-
sized through microwave and thermal decomposition in organic
environments, making them suitable candidates for MRI nega-
tive contrast agents.[114] The small hydrodynamic sizes of these
nanoparticles, combined with their Ms, appear to be the primary
factors dictating their effectiveness as MRI contrast agents.

3.7. Overview of MNP Chemical Synthesis Methods

In Table 1, we have compared the advantages and disadvantages
of various MNP synthesis methods reviewed in this section.

4. Surface Functionalization of MNPs

MNPs require a biocompatible surface coating that enhances
their ability to adsorb, covalently attach, and bind to target

molecules for biomedical applications. Surface functionalization
serves to preserve the original structure of the MNPs and prevent
agglomeration due to interparticle attraction, as well as to prevent
further biodegradation. In this section, we will review several in-
organic and organic coating strategies that are frequently used on
MNPs.

4.1. Inorganic Coating

Surface functionalization of MNPs can be achieved by coating
them with various inorganic substances such as gold and silica,
which not only provides enhanced stability to the MNPs in so-
lution but also plays a crucial role in enabling the attachment of
biological entities to the MNP surface.[115]

4.1.1. Silica Coating

Encapsulating MNPs in a silica shell is a commonly used and
promising method for creating stable and biocompatible nanos-
tructures for biomedical applications.[115,116] In general, silica is
known for being optically transparent, chemically inert, ther-
mally stable,[117] with a well-established surface chemistry, high
processability, and controlled porosity.[118] These properties make
it an ideal material for biomedical applications, as it can prevent
toxicity, improve chemical stability and biocompatibility,[117] and
inhibit particle aggregation.[116]

The formation of core/shell silica-coated MNPs always results
in water-soluble, colloidally stable, and photostable particles.[119]

The excellent colloidal stability can be attributed to two main fac-
tors. First, cations and positively charged molecules can strongly
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interact with the unique silicate layer at silica–water interfaces,
especially under basic conditions. Second, compared to other
nanoparticles, the van der Waals interactions are relatively weak
due to their lower Hamaker constant.[118] The stability of the
MNPs can be enhanced by utilizing the silica shell as a buffer
against magnetic dipole interactions (which is especially useful
in high MNP density scenarios) or by boosting the columbic re-
pulsions of the MNPs which helps to prevent agglomeration.[115]

In addition, the surface of silica-coated MNPs provides silanol
groups that can readily react with alcohols and silane coupling
agents to form dispersions that are stable not only in nonaque-
ous solvents but also serve as an excellent anchor for cova-
lent attachment of specific ligands. The strong binding affin-
ity of these ligands to the silanol groups makes it difficult to
desorb them.[120] Functionalizing silica-coated MNPs with car-
boxyl, thiol, and amine groups can make them suitable for var-
ious biomedical applications. These functional groups can be
further modified with drugs and enzymes for specific biomed-
ical applications. Thus, MNPs coated with silica can also be
used for bioseparation, enzyme immobilization, and diagnostic
testing.[121]

4.1.2. Gold Coating

The surface of MNPs can be modified with biocompatible gold
to stabilize the nanoparticles in water, prevent particle aggrega-
tion, and allow for the attachment of various ligands.[122] MNPs
have a high surface-to-volume ratio and possess magnetic prop-
erties that make them highly attractive for a range of applica-
tions. However, one of the challenges associated with the use
of MNPs is their tendency to aggregate, leading to opsoniza-
tion and reduced stability. When MNPs aggregate, they become
less stable and can clump together, limiting their effectiveness
in various applications. This issue is particularly problematic in
biological systems, where MNPs may be used for drug deliv-
ery or imaging purposes.[123] One solution to these challenges
is to coat the MNPs with gold. This coating not only shields the
magnetic core but also improves conductivity, optical properties,
biocompatibility, bioaffinity, and chemical stability. The result-
ing Au@MNP hybrids are highly adaptable, with their proper-
ties easily adjustable by altering the size, thickness of the gold
shell, shape, charge, and surface modification of the particles.
These improvements have broadened the potential applications
of Au@MNPs to various biomedical fields. Indeed, the excellent
biocompatibility of Au@MNPs makes them suitable for drug de-
livery, imaging, and biosensing. On the other hand, the gold layer
enhances the light absorption capabilities of the MNPs, making
them ideal for applications in which strong light absorption is
required.[124] The surface plasmon resonance phenomenon on
the gold coating surface enables MNPs to exhibit strong absorp-
tion and scattering of near-infrared (NIR) wavelengths, result-
ing in enhanced Raman scattering (i.e., surface enhanced Raman
scattering or SERS), which allows light to penetrate human tis-
sue more deeply.[122,125] Overall, the gold coating of MNPs has
proven to be an effective way of overcoming the limitations of
bare MNPs and has expanded the range of applications in which
these materials can be used.[126]

In recent years, the use of gold-coated MNPs (Au@MNPs)
has gained recognition in the field of analytical chemistry. One
area where Au@MNPs have shown promise is in biosepara-
tion, where their unique properties make them ideal for separat-
ing and purifying biological molecules. In addition, Au@MNPs
have been used in the development of electrochemical and op-
tical sensors for the detection of a wide range of analytes. The
excellent biocompatibility of Au@MNPs also makes them well-
suited for targeted drug delivery. Moreover, the magnetic prop-
erties of Au@MNPs make them suitable as contrast agents for
MRI. The development of new and innovative uses for these ma-
terials is an active area of research, and ongoing efforts are aimed
at improving their performance and expanding their range of
applications.[126]

Another promising application of Au@MNPs is in photother-
mal tumor therapy. Superparamagnetic iron oxide nanoparticles
(SPIONs) with gold-modified surfaces have been identified as po-
tential candidates for this type of therapy due to their strong ab-
sorption in the NIR electromagnetic band. When irradiated with
NIR light, these particles generate heat that can be used to destroy
cancerous cells. Furthermore, studies have shown that MNPs
with a gold surface exhibit reduced cytotoxicity against healthy
cells, making them a safer option for cancer therapy. These prop-
erties make Au@MNPs attractive for this application and have
prompted ongoing research aimed at optimizing their perfor-
mance in this field. Overall, the combination of magnetic and
gold properties in Au@MNPs has opened up new possibilities for
the development of novel cancer treatments that offer improved
efficacy and safety.[123]

4.2. Organic Coating

4.2.1. PEG Coating

PEG is a synthetic linear polymer that exhibits both hydrophilic
and hydrophobic properties and can be synthesized with a vari-
ety of terminal functional groups. These functional groups can
be modified to enable PEG to bind to different surfaces. PEG has
been widely employed as a coating material in a variety of biotech-
nological applications due to its distinctive properties, which
include water solubility, biocompatibility, flexibility, nontoxicity,
and nonantigenic behavior. These features make PEG a versatile
and valuable material in a wide range of biomedical applications,
including drug delivery, tissue engineering, and bioconjugation.
Additionally, PEG is well-known for its ability to reduce protein
adsorption and minimize the immune system recognition.[127]

PEG has also been extensively studied as a surface coating mate-
rial for MNPs. One of the key advantages of using PEG as a coat-
ing material for MNPs is its ability to prevent opsonization in the
blood (opsonization occurs when proteins in the blood bind to
the surface of MNPs, leading to their recognition and removal by
the immune system), which can significantly prolong the parti-
cles’ circulation time in the bloodstream. PEG coating of MNPs
has been shown to reduce protein adsorption, decrease the bind-
ing of antibodies, and minimize the risk of immune recognition,
thereby improving the material’s biocompatibility and circulation
time in vivo and enhancing the targeting of specific tissues or
cells.[122,128]
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The extended circulation time of PEG-coated MNPs in liv-
ing systems, coupled with their ability to be readily eliminated
through the kidneys, has further increased their theragnostic po-
tential. PEG-coated MNPs have been shown to have high speci-
ficity and sensitivity for detecting and treating diseases, such as
cancer, cardiovascular disease, and neurological disorders. The
ability of PEG-coated MNPs to evade the immune system and
remain in circulation for longer periods of time can improve
their efficacy as diagnostic and therapeutic agents. Additionally,
their easy renal clearance minimizes the potential for accumu-
lation and toxicity in the body, which is a crucial factor for the
safety of any therapeutic agent. In conclusion, PEG-coated MNPs
hold great potential as theragnostic agents, and their proper-
ties make them an attractive option for a range of biomedical
applications.[128]

4.2.2. Dextran Coating

Dextran is also a commonly applied coating layer to function-
alize MNPs due to its nontoxic, biocompatible, water-soluble,
and degradable properties. Coating MNPs with dextran has been
shown to improve their colloidal stability and ability to de-
liver drugs.[127,129] Moreover, dextran-coated MNPs are widely
used in critical applications such as MRI and hyperthermia,[130]

cellular targeting probes,[130] cancer imaging, and therapies.
Dextran-coated SPIONs have been approved for clinical use in
MRI of the liver because they effectively prevent nanoparticle
aggregation.[124]

Experiments conducted to determine the biocompatibility of
dextran-coated MNPs have shown that the surface-immobilized
dextran remains stable in most tissue environments, as it is re-
sistant to enzymatic degradation.[122] Human cell lines are un-
able to synthesize dextranase, which is the enzyme responsi-
ble for degrading dextran. This is why dextran-coated MNPs are
considered stable in most tissue environments.[124] Dextran is a
hydrophilic polymer composed of multiple glucose monomers
linked together by 𝛼-1,6-glycosidic bonds. When exposed to alka-
line solutions, dextran can physically adsorb onto MNPs through
noncovalent bonding. Using carboxymethyl dextran (CMD), a
derivative of dextran, to create MNPs provides functional groups
with both hydroxyl and carboxyl groups, which makes chemical
modification easier. CMD possesses excellent biocompatibility,
biodegradability, and high water solubility.[127] However, one of
the key drawbacks of dextran coating is the weak binding between
dextran and the surface of MNPs. This could have a significant
impact on the effectiveness of dextran-coated MNPs in various
applications.[124]

4.2.3. Chitosan Coating

Chitosan is a cationic polysaccharide with a structure like that of
cellulose, consisting of glycosidic linkages and 2-amino-2-deoxy-
h-d-glucan. Its primary amine groups have made it a popular
choice for pharmaceutical applications. Additionally, chitosan’s
positive charge and mucoadhesive properties make it well-suited
for drug delivery applications. However, chitosan is not soluble
in water at basic or neutral pH levels.[124] It is worth noting that

at acidic pH levels, the amino groups in chitosan become proto-
nated, which makes chitosan water soluble.[131] Chitosan is not
only water-soluble at acidic pH levels, but it is also biodegrad-
able, with the degradation products being nontoxic amino sug-
ars. This polymer is affordable and has been shown to have no
immunogenic or allergic effects on the body.[122] Furthermore,
chitosan can adsorb harmful substances and possesses antibacte-
rial qualities, in addition to its adhesion and immunostimulatory
properties. These characteristics make it well-suited for magnetic
bioseparation and affinity protein purification applications.[132]

These unique characteristics of chitosan have made chitosan-
coated MNPs an attractive option for a variety of tissue engineer-
ing applications.[124]

As a summary, Figure 11 shows TEM images of MNPs that are
coated with different organic and inorganic layers.

5. Biomedical Applications of MNPs

5.1. MNPs for MRI

MRI is an incredibly effective bioimaging technology that pro-
duces high-quality images of the internal organs of the human
body. It has a vast range of applications in treating patients with
various conditions such as organ inflammation or infection, de-
generative illnesses, strokes, musculoskeletal problems, tumors,
and other anomalies in body tissue or organs.[136] Compared
to computerized tomography (CT) scan, MRI is a noninvasive
method for obtaining images of an object in the body. It relies
on the relaxation process of proton nuclei in water and lipids
to show high-resolution images with exceptional soft tissue con-
trast between different tissues. With extreme imaging flexibility,
nonionizing radiation, patient harmlessness, and high patient
acceptance, this technique offers numerous advantages. Addi-
tionally, it provides physiological parameters and specific clin-
ical information for better diagnosis and treatment.[137,138] Al-
though it can detect and identify tumors more clearly and quickly,
the inherent low sensitivity of this test makes it challenging for
clinicians to differentiate normal and abnormal tissues.[139] MRI
is a versatile imaging technique that allows for both diagnos-
tic radiology and therapeutic medicine. It uses multiple relax-
ation processes, including longitudinal (T1) and transverse (T2)
relaxation, to create images of the body. However, the images
obtained by MRI alone may not be sufficient for certain appli-
cations, such as tumor detection and tracking. Contrast agents,
such as MNPs, can be used to enhance the accuracy and clarity of
images, enabling physicians to better detect abnormal tissues or
organs.

T1, which is also referred to as spin-lattice relaxation time,
refers to the rate at which the net magnetization vector (NMV)
returns to its original state aligned with the direction of the main
magnetic field (B0). In the case of tissue, the typical value for T1
is ≈1 s.[137] T2 relaxation, also known as spin–spin or transverse
relaxation, refers to the attenuation of a signal with time. Dur-
ing T2 relaxation, high- and low-energy spin states exchange en-
ergy without releasing energy to the surrounding lattice. Once
the nuclei release their excess energy, the magnetic moments in-
teract with one another, leading to a decrease in transverse mag-
netization, namely, signal attenuation. For most tissues, T2 typi-
cally has a value below 100 ms. MRI image contrast is commonly
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Figure 11. TEM images of MNPs with inorganic and organic coatings. A) Silica coating. B) Gold coating. C) PEG coating. (A) Reproduced under the terms
of the CC BY 4.0 license.[133] Copyright 2020, MDPI. B) Reproduced with permission.[134] Copyright 2007, Wiley-VCH GmbH & Co. KGaA, Weinheim. C)
Reproduced under the terms of the CC BY 4.0 license.[135] Copyright 2020, IOP Science.

categorized based on the sensitivity of the three tissue factors:
proton density (𝜌), longitudinal (or spin–lattice) relaxation time
T1, and transverse (or spin–spin) relaxation time T2. A proton-
density-weighted image is a sequence that is mainly sensitive to
the 𝜌 parameter. T1- or T2-weighted images, respectively, are im-
age sequences that are predominantly sensitive to T1 or T2 re-
laxation times. Contrast agents play a crucial role in enhancing
MRI contrast. These are a special class of drugs that improve the
contrast between healthy and diseased tissue on an image and re-
veal the condition of organ function or blood flow after treatment
by increasing the rates at which water protons relax in tissue
where the agent accumulates. Paramagnetic substances, which
have a net positive magnetic susceptibility, and superparamag-
netic and ferromagnetic materials, which become magnetized in
the presence of an external magnetic field, have very large net
positive magnetic susceptibilities and are used as MRI contrast
agents.[140]

5.1.1. T1-Contrast Agents for MRI

Positive contrast agents, known as T1 agents, typically increase
longitudinal (or spin–lattice) relaxation rates of water protons
in tissue to a greater extent than transverse (or spin–spin) re-
laxation rates (1/T1), on a percentage basis. These agents cause
an increase in signal intensity that is predominantly observed
on T1-weighted images, using the majority of typical pulse
sequences.[140] The T1 relaxation time is not constant and varies
depending on the biological system. Positive imaging can be
achieved using T1 contrast agents, which can discriminate be-
tween fat and water, with fat showing a brighter contrast and wa-
ter exhibiting a darker contrast. In the presence of paramagnetic
materials, the T1 relaxation time is shortened.[136]

Paramagnetic contrast agents are typically composed of the
lanthanide metal gadolinium (Gd3+) or the transition metal man-
ganese (Mn2+), which is capable of dispersing in water. Among
these, Gd3+, with the most stable configuration of unpaired elec-
trons and a strong magnetic moment, is the metal atom most
commonly used as an MRI contrast agent.[141] Paramagnetic con-
trast agents exhibit their contrast-enhancing properties due to

the presence of unpaired electrons. Gadolinium, for instance,
has seven unpaired electrons while manganese has five. Contrast
agents containing gadolinium are known to reduce the T1 (longi-
tudinal relaxation) and T2 (transverse relaxation) times of nearby
water protons. These effects lead to an increase in the signal in-
tensity of T1-weighted images and a decrease in the signal in-
tensity of T2-weighted images.[137,141] While Gd3+ cations have
a shorter circulation time as a T1-weighted MRI contrast agent,
this limits their utility for high-resolution and/or targeted MRI
applications.[142] Additionally, there are concerns regarding the
potential gadolinium ion deposition in the body, which can lead
to a condition called nephrogenic systemic fibrosis (NSF).[143]

NSF is a rare disease that often occurs in patients with severe
renal failure or after liver transplantation with or without dialy-
sis. Despite this risk, Gd-based contrast agents remain effective
at shortening the relaxation time and providing brighter images
in regions of interest.[144] Due to the increasing awareness of
the negative side effects associated with gadolinium-based con-
trast agents, researchers are placing greater emphasis on alter-
native techniques based on Mn-based complexes. While stud-
ies have shown that there is no scientific link between NSF
and Mn, the metal is still considered to be toxic when inhaled.
Although small amounts are necessary for human health, ex-
cessive exposure to free Mn2+ can cause “manganism”, a neu-
rodegenerative disease with symptoms similar to Parkinson’s
disease.[145]

Gd-based MNPs have been successfully employed as novel
contrast agents for several applications. Lim et al. conducted
a study on pyrene-Gd (Py-Gd) MNPs as a novel T1 MRI con-
trast agent that has the potential to produce highly sensitive
images in a cancerous environment (see Figure 12A).[146] The
size of the samples observed from TEM images was ≈216.78
± 4.9 nm (Figure 12B). Py-Gd MNPs showed significant MRI
signals when Gd ions were exposed to acidic conditions (pH
5.5) compared to neutral conditions (pH 7.4) after incorporating
pyrenyl PEG into the material as more interactions occurred be-
tween the Py-Gd and the pyrenyl PEG pyrene groups at lower pH
values. The Py-Gd MNPs demonstrated their potential as MRI
agents for cancer diagnosis via the enhanced permeability and
retention effect in both in vitro and in vivo scenarios, as they
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Figure 12. A) Schematic illustration of the preparation of Py–Gd nanoparticles as pH-sensitive T1 MRI contrast agents. B) TEM image. C) T1-weighted
images. Reproduced with permission.[146] Copyright 2014, IOP Publishing Ltd.

were able to clearly enhance the images with high MRI signals
(Figure 12C).

5.1.2. T2-Contrast Agents for MRI

T2-weighted images are sequences in which structures with long
T2 relaxation times appear bright, while those with short T2 re-
laxation times appear dark. T2 agents shorten the T2 relaxation
time of nearby water protons, which causes a decrease in sig-
nal intensity and a decrease in the brightness of the correspond-
ing tissue on T2-weighted images. Therefore, T2 agents are re-
ferred to as negative contrast agents.[140] The presence of con-
trast agents containing SPIONs significantly affects the T2 re-
laxation. These contrast agents are considered negative contrast
agents because they selectively increase the tissue’s 1/T2 while
decreasing the signal intensity, which is particularly evident in
T2-weighted images.[147] SPIONs reduce the T2 relaxation time
of nearby water protons, leading to a decreased signal intensity
and darkening of images on T2-weighted images due to their
large size and magnetic moment, which cause efficient spin de-
phasing and transverse relaxation of nearby protons by an outer-
sphere mechanism. The protons experience this effect as they
diffuse through the microscopic magnetic field gradients around
such particles. These agents are commonly used in clinical prac-
tice for various imaging applications.[140,148] However, it has also
been claimed that a new generation of ultrasmall superparam-
agnetic iron oxide nanoparticles with diameters less than 10 nm
have excellent T1-enhancing characteristics suggesting that this
approach could be employed for creating dual/weighted contrast
agents.[140,141]

MNPs have been focused on intense research in this field. Mo-
hammadi et al. employed a coprecipitation method to synthesize
superparamagnetic CoFe2O4 nanoparticles.[149] An HRTEM im-
age of the synthesized CoFe2O4 MNPs showed a nonuniform
and heterogeneous morphology of the material with an average
size of 10.45 nm (Figure 13A). Also, the structural analysis ob-
tained from the XRD pattern indicated that the CoFe2O4 MNPs
had an inverse cubic spinel-type. The T1 and T2 relaxation times
of hydrogen protons in solutions of different concentrations of
CoFe2O4 MNPs in water were calculated using traditional MRI.
The calculated T1 and T2 relaxation rates (r1 and r2) were 1.15
and 58 mm−1 s−1, respectively. These results suggest that the syn-
thesized MNPs could be used as negative contrast agents at low
concentrations in a conventional MRI system due to the high
r2/r1 value (Figure 13B). The CoFe2O4 MNPs were also found to
be a suitable contrast agent for cell labeling, with the best per-
formance observed at a concentration of 0.154 mm, which falls
within the nontoxic concentration range. In vitro cell viability
tests showed that CoFe2O4 MNPs did not reduce cellular viability
up to a concentration of 0.75 mm (see Figure 13C). Therefore, the
authors suggest that CoFe2O4 MNPs can be considered a therag-
nostic agent.

5.2. MNPs for MPI

MPI is an imaging technique that employs MNPs as tracers to
create precise and highly sensitive tomographic images for a
wide range of areas, including neuroimaging, tumor imaging,
cardiovascular imaging, and cellular tracking.[150] In 2001, Gleich
and Weizenecker first reported the idea of MPI, and it was later
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Figure 13. A) HRTEM of CoFe2O4 MNPs. B) T2-weighted image of CoFe2O4 MNPs in a water medium obtained by a conventional spin-echo pulse
sequence on a 1.5 T MRI system. C) In vitro cytotoxicity of CoFe2O4 MNPs tested on a KYSE 30 cell line for 24 h by an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. The * sign indicates the significance of the statistical test. Reproduced with permission.[149] Copyright 2020,
The Institution of Engineering and Technology.

introduced to the public in 2005 as a possible way to quickly im-
age the small intestine and blood vessels.[151] MPI can be used
either together with other imaging methods like MRI or CT or in
its own.[152,153]

At the heart of MPI lies the interaction between MNPs and a
time-varying magnetic field.[154] The field of view defines the re-
gion of interest in the imaging process, while the field-free point
(FFP) represents a spatial location where the DC magnetic field is
zero. The field-free line (FFL) connects multiple FFPs and serves
as the pathway for spatial encoding during imaging. The gradi-
ent field is utilized to create the necessary spatial encoding within
the FFP/FFL, while the exception field supplements the system
by introducing an additional magnetic field to suppress the tracer
signals outside the FFP/FFL.[155] The receiver coil captures the
induced signals from the excited MNPs, enabling their detec-
tion and subsequent imaging. Within the FFP, MNPs are sub-
jected to a unique composite field consisting of a 0 DC field and
an excitation field. This field configuration is significant in the
context of MPI as it enables the detection and quantification of
the MNPs’ nonlinear magnetization responses. The presence of
the 0 DC field ensures the absence of an external static magnetic
field that could influence the MNPs, while the excitation field in-
duces the desired magnetization dynamics on the particles. The
resulting nonlinear magnetization responses arising from the in-
terplay between these two fields are recorded as the MPI signal.
The MPI signal acquired from MNPs located within the FFP pro-
vides valuable insights into their characteristics, including their
concentration and spatial distribution within the imaged region.
By contrast, MNPs positioned outside the FFP experience a dis-
tinct field environment. In this scenario, a DC selection/gradient
field is applied alongside an exception. The primary purpose of

the selection field is to fully saturate the magnetizations of the
MNPs, thereby rendering them immobile and devoid of any dy-
namic magnetizations. Consequently, when examining the MPI
signal, no discernible contributions from MNPs located outside
the FFP can be observed or quantified.[156] To summarize, the
provided description elucidates the divergent responses exhibited
by MNPs within and outside the FFP in the context of MPI. The
FFP configuration enables the detection of nonlinear magnetiza-
tion responses, culminating in the generation of the MPI signal.
Conversely, MNPs situated outside the FFP undergo magnetiza-
tion saturation due to the nonzero selection field, resulting in the
absence of dynamic magnetizations and hence their noncontri-
bution to the MPI signal.

Certain antibodies or peptide sequences can be added to the
surface of MNPs to enable accurate targeting of cancer cells. Du
et al. have utilized tumor targeting agents such as CREKA (Cys–
Arg–Glu–Lys–Ala amino acids) to functionalize PEG-coated IO
nanoparticles.[157] They introduced CREKA as a pentapeptide that
binds to fibrin–fibronectin complexes expressed by cancer cells.
By functionalizing MNPs with CREKA, the particles could selec-
tively accumulate within cancer cells after systemic administra-
tion, as shown in Figure 15A. In their study, they administered
50 μL of 0.5 mg mL−1 18 nm iron oxide NPs (IOs) or Vivotrax
(a SPION tracer) intratumorally, ensuring an equal Fe content.
To monitor the changes in the signal over time, they employed
MPI and MRI techniques. The results revealed that the synthe-
sized IOs exhibited a significantly higher MPI signal compared
to Vivotrax, ranging from 4 h to 14 days postinjection. Notably,
they observed that the MPI signal enhancement of the nonfunc-
tionalized IOs was limited to the injection site rather than being
uniformly distributed throughout the tumor. Figure 14A clearly
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Figure 14. Figure generated by combining MRI and MPI scans, which
shows the distribution of nanoparticles within a mouse model. A) En-
hancement of the MPI signal intensity utilizing CREKA functionalized IOs
nanoparticles. B) Comparison of the MPI signals over time for IOs-CREKA,
IOs, and Vivotrax groups. Reproduced with permission.[157] Copyright
2019, American Chemical Society.

demonstrates the MPI image highlighting the injection site with
minimal MNP distribution within the tumor. To enhance intra-
tumoral delivery, CREKA-conjugated MNPs were utilized, which
specifically target fibronectin—a highly expressed component in
the breast tumor microenvironment. Additionally, as presented
in Figure 14A, evidence of improved intratumoral distribution
was achieved using targeted IOs-CREKA MNPs. From as early
as 4 h postinjection, a higher and more uniform MPI signal
throughout the entire tumor region was observed, in contrast to
the nonconjugated IOs group. For instance, at day 14 postinjec-
tion, the MPI signal intensity of the functionalized IOs-CREKA
group was 1.526 ± 0.119-fold higher than the nontargeting IOs
group, and 5.700 ± 0.581-fold higher compared to the Vivotrax
group (Figure 14B).

5.3. MNPs for Hyperthermia Therapy

Less aggressive and more effective cancer treatments are needed
because the currently employed methods, such as chemother-
apy and radiotherapy, might harm the human body in unin-
tended ways.[158] Among the different types of therapies, in hy-
perthermia body tissue is exposed to high temperatures[159] in
order to harm and kill cancer cells or to make cancer cells
more susceptible to the effects of radiation and specific anti-
cancer drugs.[160] Two different heating techniques have been

used up to date: 1) hyperthermia at temperatures between 41
and 45 °C, and 2) thermoablation at temperatures higher than
45 °C for the local induction of tissue necrosis.[161] For hyper-
thermia applications, the heating sources are typically positioned
outside the body (e.g., antennas) to locally emit electromag-
netic waves into the tumor location (microwaves or radiowaves).
These methods need the tumor’s location in the relevant or-
gan to be identified beforehand by the appropriate imaging
techniques.

Whole-body heating is advised in contrast when carcinomas
with distant metastases are present.[162] These techniques have
serious limitations when it comes to precisely targeting tumors
or localizing heat energy. The entire body is heated over the
normal physiological temperature in whole-body hyperthermia,
while techniques using the remote delivery of electromagnetic
radiation are nonetheless tissue nonspecific. Its wavelength also
limits the accuracy, which causes substantial heating of the tis-
sues around the target tumors or insufficient heating.[162] Thus,
research has focused on magnetic fluid hyperthermia because
by utilizing MNPs, a strong energy focus can be achieved in
the tumor location. Utilizing MNPs in an external AC magnetic
field offers a promising approach in the treatment of cancer,
as it enables targeted delivery of heat exclusively to the cancer-
ous region while avoiding the surrounding healthy tissue.[161]

This is achieved through specific magnetization processes that
occur when the MNPs are exposed to alternating magnetic
fields, resulting in controlled heating. Magnetic hyperthermia,
as a result, emerges as a highly favorable technique for cancer
treatment.[158]

When MNPs with high Ms are used, heat will be generated
to increase the effectiveness of hyperthermia. MNPs can tech-
nically be administered locally or through the intravascular re-
gion near an external alternating current magnetic field.[163] An
essential factor that primarily determines the dosages that must
be administered to the tumor location to reliably inactivate tar-
get cells is the heating potential of the nanoparticles (i.e., the
specific absorption rate, SAR). The heating potential is deter-
mined by the amount of heat that results from the exposure of the
nanoparticles to an alternating magnetic field per unit of mass
and time.[161] In general, one of the three separate mechanisms,
hysteresis loss, Brownian relaxation, and Néel relaxation, can re-
sult in heating magnetic materials with high-frequency magnetic
fields.

The different heating delivery systems depend on the mor-
phological characteristics of the magnetic material (nanoparti-
cle size, shape, and microstructure),[161] the effective anisotropy
constant Keff, MS, as well as the medium viscosity (𝜂).[164] Heat-
ing is provided by displacements of the domain wall for mul-
tidomain MNPs (with sizes above 40 nm depending on the
material).[165] Superparamagnetic nanoparticles, by contrast, are
suspensions of nanoparticles with diameters less than ≈40 nm
(depending on the material). For these smaller particles, heat
is generated as a result of frictional losses when the nanopar-
ticle is able to rotate in the surrounding media (Brownian re-
laxation) or loss processes during the reorientation of the mag-
netization (Néel relaxation) in the magnetic field.[159,166] When
a material is exposed to an AC magnetic field with a field re-
versal time less than the material’s magnetic relaxation time,
both of these events take place.[159] Figure 15 illustrates the

Small 2024, 20, 2304848 © 2023 Wiley-VCH GmbH2304848 (21 of 34)

 16136829, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304848 by T
exas T

ech U
niversity L

ibraries, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 15. Heat generation mechanisms of hysteresis loss and Néel and Brownian relaxation.

three independent heat generation mechanisms in magnetic
hyperthermia.

5.4. MNPs for Drug Delivery

The controlled release of drugs from nanostructured functional
materials is becoming more and more attractive due to its po-
tential for cancer therapy and other diseases.[167] A variety of
materials with different structural shapes are being combined
with medications to produce nanodrug delivery systems that can
target specific areas of the body. Recent research has identified
nanoparticles (including polymeric, ceramic, and metallic), li-
posomes, micelles, dendrimers, and carbon nanostructures as
some of the most commonly used drug delivery vehicles[168] as
shown in Figure 16.

In order to achieve the desired properties for drug delivery, it
is important to carefully consider various factors of the system
such as the nature, size, drug conjugation method (attached, ad-
sorbed, encapsulated), surface chemistry/functionalization, hy-
drophilicity/hydrophobicity, biodegradability, and physical re-
sponse properties (temperature, pH, electric charge, light, sound,
magnetism). In this context, MNPs are of particular interest for
therapeutic drug targeting. These particles can be systematically
administered to a specific target in the human body guided by
an external magnetic field, ultimately localizing them to the de-
sired location.[175,176] Apart from their magnetic core properties,
MNPs have the capacity to carry drugs and possess biochemical
properties that can be improved by suitable coatings.[167] MNPs

are effective drug delivery systems as they increase cellular ab-
sorption at targeted sites and decrease the in vivo distribution of
cytotoxic agents. However, MNPs have a hydrophobic surface and
a high surface-area-to-volume ratio, leading to cluster formation
that increases the particle size and can cause embolization in the
bloodstream, hindering blood flow. Cluster formation also affects
the superparamagnetic properties of MNPs. Furthermore, when
these particles reach the liver, they can induce a cytotoxicity.[176]

To make MNPs compatible with therapeutic agents, their sur-
face must be modified to enable effective loading and release
of drugs at targeted sites. The most common methods for
drug loading involve direct encapsulation or adsorption of drugs
through physical interactions such as hydrophobic interactions
or electrostatic attraction between MNPs and drug molecules.
Alternatively, chemical reactions such as covalent bonding
through active groups between the surface functional groups
of MNPs and drug molecules can also be employed for drug
loading.[177]

Magnetic drug delivery involves attaching or encapsulating
therapeutic agents within MNPs. These particles can be com-
posed of porous polymers with MNPs precipitated inside the
pores, or they may have magnetic cores with polymer or
metal coatings that can be functionalized. Through function-
alization of the polymer or metal coating, it is possible to at-
tach cytotoxic drugs for targeted chemotherapy or therapeu-
tic DNA to correct a genetic defect.[178] Drug delivery sys-
tems based on the use of MNPs offer several benefits, includ-
ing the ability to target specific locations in the body, the re-
duction of the amount of drug required to achieve a specific
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Figure 16. Different drug delivery vehicles. Micelle, Reproduced under the terms of the CC BY 4.0 license.[169] Copyright 2019. Liposome, Reproduced
with permission.[170] Copyright 2019, American Chemical Society. Dendrimer, Reproduced with permission.[171] Copyright 2014, The Royal Society of
Chemistry. Nanocapsulate, Reproduced with permission.[172] Copyright 2021, Controlled Release Society. Nanosphere, Reproduced under the terms of
the CC BY 4.0 license.[173] Copyright 2019, Nature Research. Carbon nanotube, Reproduced with permission.[174] Copyright 2016, American Chemical
Society.

concentration at the target site, and the prevention of serious side
effects by decreasing the concentration of the drug at nontarget
sites.[167]

Surface chemistry, size (magnetic core, hydrodynamic volume,
and size distribution), and magnetic characteristics (magnetic
moment, remanence, and coercivity) are key factors that deter-
mine the behavior of MNPs in drug delivery. To prevent the retic-
uloendothelial system (RES) from clearing MNPs and to extend
their half-life in the bloodstream, it is essential to reduce par-
ticle size and modify surface chemistry by coating the MNPs
with neutral and hydrophilic substances such as PEG, polysac-
charides, and dysopsonins. However, complete avoidance of the
RES is not always achievable, and migration to unintended parts
of the body can cause toxicological issues. Therefore, the sur-
faces of MNPs are modified to promote robust bonding between
biomolecules and nanoparticles. To deliver negatively charged
drugs such as aspirin and ibuprofen, MNPs with a positively
charged surface are used. Various anticancer drugs, enzymes,
nonsteroidal anti-inflammatory drugs, folic acid, growth factors,
mitomycin, and genes have been delivered to targeted cells using
MNPs. MNPs and drugs are linked using linkers such as dextran,
polystyrene, and silica. Once the MNPs–drug complexes reach
the target site, drugs can be released into a medium containing
negatively charged substances such as phosphate and chloride
ions.[176]

In the study published by Pourjavadi et al., a novel class of mul-
tifunctional MNPs was synthesized. The TEM images of Fe3O4,
Fe3O4@SiO2, Fe3O4@SiO2@PNG (PNG: poly(N-isopropyl
acrylamide-co-glycidyl methacrylate)), and Fe3O4@SiO2@PNG-
Hy (Hy: hydrazine) MNPs are shown in Figure 17A. These
MNPs exhibited dual temperature and pH responsive behavior

and were intended to be used as a delivery system for the drug
doxorubicin (DOX).[179] The research findings showed that the
DOX release from DOX-loaded Fe3O4@SiO2@PNG-Hy MNPs
exhibited a good pH and temperature dependent release behav-
ior (see Figure 17B). Furthermore, the MTT assay indicated that
the DOX-loaded Fe3O4@SiO2@PNG-Hy MNPs had remarkable
cytotoxicity against cancer cells, while maintaining acceptable
biocompatibility. Based on these results, the dual responsive
nanocarriers are considered promising candidates for further
investigations in cancer treatment.

In a different work, Ayubi et al. utilized PEGylated curcumin
as the surface modification of MNPs (MNP@PEG-Cur) to take
advantage of the magnetic targeting property of the nanoparti-
cles and the PEG conjugated medication, as described in their
research.[180] The TEM images showed that the synthesized
MNPs were spherical (Figure 18A). The authors decorated the
surface of the MNPs with curcumin by physically coupling it to
the PEG hydroxyl functional groups. The results of a hemoly-
sis assay (which holds great importance in gaining insight into
the toxicity of samples in contact with human blood) demon-
strated that all nanocarriers exhibited less than 5% hemolysis,
thus showing a nonhemolytic response even at concentrations
as high as 5 mg mL−1. The MTT test results indicated that
MNP@PEG-Cur was biocompatible and safe, with no toxicity de-
tected up to a concentration of 100 μg mL−1. Additionally, acute
toxicity testing revealed a slight increase in the weight of mice
after 24 h and one week after exposure, suggesting normal ac-
tivity and behavior of all mice. The results of these tests illus-
trated the biocompatibility of MNP@PEG-Cur (see Figure 18B).
The findings of the drug loading and release study demonstrated
that, when comparing MNPs and free curcumin systems, the
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Figure 17. A) TEM images of MNPs with different coatings. B) In vitro cumulative DOX release profile of the pH- and thermosensitive nanocarrier
Fe3O4@SiO2@PNG-Hy. Reproduced with permission.[179] Copyright 2019, Elsevier B.V.

maximum concentration of the curcumin in the receiver was
achieved with the particulate system, which suggests the higher
solubility of curcumin in the nanoformulation. In addition, the
nanoparticles exhibited a pH-sensitive release of curcumin, with
a greater extent of drug release observed in acidic conditions.
The maximum drug release achievable for MNP@PEG-Cur in
both neutral and acidic media was 43.7% and 53.5%, respectively.
These results can be attributed to the higher rate of curcumin–
PEG linkage hydrolysis in the acidic environment and the im-
proved solubility of curcumin in the acidic pH compared to the
neutral pH (see Figure 18C).

5.5. MNPs for Magnetic Biosensors

Magnetic biosensors have received increasing attention due to
their exceptional advantages over other types of biosensors.[181]

One of the benefits of magnetic biosensors is their stability over
time in cell culture, allowing for long-term labeling assays while
fabricating tissues and organs. Unlike fluorescent tags, magnetic
nanotags do not lose their integrity over time. In addition, mag-
netic materials do not produce background noise effects, which
are common in fluorescently tagged samples due to the tissue’s
natural characteristics. Another advantage is the ability to moni-
tor and control the biological environment from a distance by ap-
plying regulated magnetic fields from the exterior surface. Fur-
thermore, magnetic assays have been shown to be more sensi-
tive than fluorescence tests, allowing for detection at much lower
protein concentrations.[182] Thus, one of the key benefits is the
increased sensitivity, allowing for detection at lower concentra-
tions of analytes. Additionally, the use of MNPs can result in a
low limit of detection (LOD), a high signal-to-noise ratio, and
faster analysis times, all of which are crucial in many applications
such as clinical diagnosis and environmental monitoring.[183] In
this area, MNPs have been extensively researched due to their
inherent characteristics of magnetism and peroxidase activity.

These properties are influenced by the size, shape, and surface
chemistry of the particles. In bioassays, MNPs are beneficial in
three ways: 1) they can be used for sample enrichment and sep-
aration based on their superparamagnetic behavior, 2) they can
amplify signals due to their large surface area and mass, and
high enzyme mimicking activity, and 3) they can be used for
signal detection based on their magnetic, optical, or electrical
properties.[181]

To enable biosensors, it is essential to immobilize biorecog-
nition molecules such as enzymes, antibodies, and other
biomolecules onto MNPs for target recognition. Different
biorecognition mechanisms, including antibody–antigen inter-
action, aptamer recognition, and molecularly imprinted poly-
mers, have been employed in biosensors. IO MNPs are com-
monly used as magnetic particles in biosensors due to their active
surface, fast response kinetics, good chemical stability, and ease
of surface modification. At the nanometer scale, these MNPs are
responsive to magnetic fields and can disperse once the magnet
is removed. With their potential for multiple uses and significant
biosensor applications, MNPs are a promising material for future
research.

5.5.1. MNPs for MPS-Based Biosensors

MPS is a technique that uses a search coil-based implementation
to detect the nonlinear magnetization response of MNPs. This
is shown in Figure 19B:B1. When a sinusoidal excitation field
is applied, the nonlinear M–H curve of MNPs results in a non-
linear time-domain magnetization response that includes higher
harmonics along with the base frequencies. This is illustrated
in Figure 19A:A1,A:A2 for single- and dual-frequency excitation
scenarios. MPS has been used for various applications, includ-
ing thermometry,[68,184–187] and viscometry,[69,188–192] to bioassay
implementations.[193–198] The idea of using MNPs for bioassay ap-
plications was first envisioned by Nikitin and Vetoshko in their
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Figure 18. A) TEM analysis of MNP@PEG-Cur. B) Effect of MNP@PEG-Cur nanoparticles on viability of MCF7 cells. C) Drug release from MNP@PEG-
Cur and curcumin at pH = 7.4, and pH = 5.4. Reproduced with permission.[180] Copyright 2019, Elsevier B.V.

2001 patent[199] and a dual-frequency based bioassay device was
independently reported by Krause et al.[200] and Nikitin et al.[201]

in 2007. There are two categories of MPS implementations: those
that use a single-frequency excitation field and those that use a
dual-frequency excitation field. Additionally, MPS-based bioas-
says are categorized based on the used MNP relaxation mecha-
nism, with volumetric and surface-based assay implementations
being the two main types.

Volumetric-MPS bioassays involve the use of MNPs domi-
nated by Brownian relaxation for the detection of analytes. The
Brownian relaxation of MNPs is influenced by factors such as
the viscosity of the surrounding media (𝜂), temperature (T), and
the hydrodynamic size of the nanoparticles (VH). As a result, the
zero-field Brownian relaxation time can be expressed as[202,203]

𝜏B =
3𝜂VH

kBT
(4)

The zero-field Brownian relaxation time is calculated using the
Boltzmann constant (kB) and the previously mentioned param-
eters. In a bioassay designed for detecting a particular antigen,
MNPs coated with the corresponding antibody are used. When
the antigen is added to these MNPs, it leads to the formation of
clusters, increasing the hydrodynamic size of the MNPs. This in-
crease in this physical parameter causes a higher Brownian relax-
ation time and phase lag, which results in a reduction in the har-
monic response of the MNPs. Figure 19B:B2 illustrates this volu-

metric bioassay process. The choice of the appropriate MNPs, ex-
citation scenario (single- vs dual-frequency), and the correspond-
ing field modulation parameters (frequency and amplitude of the
applied excitation field) play a crucial role in determining the
assay’s performance.[204] Another crucial parameter for optimal
clustering and thus, bioassay performance, is the relative concen-
tration of MNPs and antigens. The sensitivity dependence on the
MNP concentration for volumetric bioassays was first reported
by Zhong et al.[205] for a single-frequency MPS system where an
improvement in sensitivity was obtained with the utilization of
lower MNP concentration. Later, Chugh et al.[206] reported a lin-
ear dependence between the sensitivity of dual-frequency MPS
bioassays and the MNP concentration, i.e., a bioassay sensitivity
improvement of a factor of 2, 4, and 8 was observed when us-
ing 2-, 4-, and 8-fold diluted MNPs, respectively, for the bioassay
analysis.

Surface-based MPS bioassays depend on the Néel relaxation of
MNPs. The zero-field Néel relaxation time is defined by:[207]

𝜏N =
√
𝜋

2
√

KV
kBT

Ms

(
1 + 𝛼2

)
2K𝛾𝛼

exp
(

KV
kBT

)
= 𝜏0 exp

(
KV
kBT

)
(5)

where K is the magnetic anisotropy constant, V is the MNP
core volume, and 𝛼 and 𝛾 represent the material-specific Gilbert
damping coefficient and the gyromagnetic ratio of the electron,
respectively. It can be noted that a change in the physical state of
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Figure 19. A) Magnetization response of superparamagnetic nanoparticles under the application of (A:A1) single and (A:A2) dual-excitation fields along
with the higher harmonic decomposition after fast Fourier transform (FFT) implementation on the time-domain magnetization response. B) Schematic
depiction of a dual-frequency volumetric MPS bioassay. (B:B1) Successive steps involved in a volumetric bioassay depicting fluidic sample addition and
MPS readout. (B:B2) Changes in the harmonic spectra of MNPs resulting from cluster formation in volumetric MPS. C) Surface-based MPS bioassay
implementation utilizing a sandwich assay mechanism. A) Reproduced with permission.[208] Copyright 2019, IOP Publishing Ltd. B) Reproduced with
permission.[209] Copyright 2021, American Chemical Society. C) Reproduced with permission.[204] Copyright 2022, American Chemical Society.

the MNP does not cause any impact on the Néel relaxation time.
Thus, surface-based MPS schemes utilize the sandwich bioas-
say technique to capture MNPs through antibody–antigen reac-
tions to quantify the presence of an analyte. Figure 19C depicts a
schematic view of this surface-based MPS bioassay. In this type of
bioassay, the first step involves coating the reaction surface with
capture antibodies that are specific to the target analyte. Next,
a biofluidic sample is allowed to flow inside the system, lead-
ing to the conjugation of the analyte with the capture antibodies
on the surface. Any excess analyte is then washed away through
a washing step. Next, biotinylated detection antibodies are gen-
erally added to the surface, completing the sandwich bioassay
step for the recognition of the target analyte. After, streptavidin-

coated MNPs areinjected to magnetically tag the target analytes
for the MPS readout. The MPS reading provides a harmonic
readout that correlates with the presence of analytes in the test
sample.

5.5.2. MNPs for Magnetoresistive (MR) Biosensors

Aside from the MPS-based biosensors, MNPs are also indis-
pensable labels for MR biosensors. To date, MR biosensors
have been developed based on three major MR effects, which
are the anisotropic magnetoresistance (AMR),[210,211] giant mag-
netoresistance (GMR),[212,213] and tunneling magnetoresistance
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Figure 20. Schematic view of A) the general structures of AMR, GMR, and TMR sensors, B) Stray field generated by MNPs, C) MNP-based sandwich
immunoassay. A) Reproduced under the terms of the CC BY 4.0 license.[216] Copyright 2020, Wiley-VCH. C) Reproduced under the terms of the CC BY
4.0 license.[227] Copyright 2019, MDPI.

(TMR).[214,215] Although the mechanisms underlying these three
MR effects differ, they all refer to the change in the electrical
resistance observed in response to an applied magnetic field in
ferromagnetic material systems. The mathematical definition of
magnetoresistance is expressed as the MR ratio, which is equal to
the change in resistance (ΔR) divided by the reference resistance
(R0). Typically, the reference resistance is chosen as the lowest re-
sistance that occurs within the given range of applied magnetic
fields.

Figure 20A depicts the basic structures of these three MR
sensors.[216] Among them, AMR sensors have the simplest struc-
ture with only one layer of ferromagnetic (FM) metals, usually
Ni, Co, Fe, or their alloys.[217] The magnetization direction of the
FM layer can rotate when subjected to an external magnetic field
and is therefore called the free layer. In this structure, the elec-
trical resistance varies as the angle between the applied current
and the magnetization direction changes. Although AMR was the
first discovered MR effect, the concept of developing MR biosen-
sors was first proposed based on the GMR effect.[218]

The GMR effect was initially observed in alternating ferromag-
netic/nonmagnetic metal (FM/NM) multilayer structures, but
the spin–valve (SV) structure is the most studied GMR biosen-
sor. The SV structure consists of a free layer and a reference layer
made of ferromagnetic materials, with a nonmagnetic metal layer
as a barrier between them. When an external magnetic field is ap-
plied, the magnetization direction of the free layer rotates, while
the magnetization direction of the reference layer remains fixed
due to the underlying antiferromagnetic layer. As the magneti-
zation direction of the free layer rotates from being parallel to
the reference layer to being antiparallel, the resistance of the en-
tire structure increases. By replacing the barrier layer in a GMR
SV sensor with a nonmagnetic insulator, the structure becomes
a TMR sensor, also known as a magnetic tunnel junction (MTJ).
The resistance in an MTJ reaches its maximum state when the
magnetization directions of the two ferromagnetic layers are par-
allel, and its minimum state when the directions are antiparallel.

Despite the different mechanisms and geometries of the
aforementioned MR sensors, the basic working principle for
them being used as detection platforms is similar. As shown in
Figure 20B, when an external magnetic field is applied, the MNPs
located near the surface of an MR sensor generate a stray field,
which in turn affects the magnetization of the free layer. The MR
sensor experiences a change in the resistance as a result of this
change in magnetization. The impact of stray fields generated
by MNPs on MR sensors has been investigated using theoreti-
cal models, and the results have been compared with experimen-
tal findings.[219–222] In general, the strength of the stray field in-
creases as the number of MNPs near the surface of the MR sensor
increases. Consequently, the number of MNPs near the sensor
surface can be quantified by the change on the MR ratio.

In order to determine the effectiveness of MR sensors in de-
tecting biological analytes, it is important to establish a relation-
ship between their ability to quantify MNPs and their practical
utility. This is accomplished through the use of bioassays, such
as protein or DNA assays, depending on the specific type of an-
alyte being detected. An example of a commonly used bioassay
is the sandwich immunoassay for antigen detection, which in-
volves capturing MNPs on the surface of the sensor and measur-
ing their stray field to establish a quantitative correlation between
the MNPs and the target analytes. By measuring the change in the
MR ratio of the sensor, which indicates the number of MNPs, it
is possible to determine the number of target analytes present in
the sample. Figure 20C provides a visual representation of this
process.

Since detecting biological analytes using MR sensors involves
essentially detecting MNP labels, the choice of the MNPs is crit-
ical. To ensure the effective utilization of MNPs in MR biosen-
sors, two key parameters to be considered are the composition
and the geometry of the MNPs. In terms of composition, the
most used MNPs for MR biosensors are Fe3O4 for their stabil-
ity and biocompatibility.[223] Yet the relatively low Ms of Fe3O4
MNPs inhibits further optimization of their biosensing abilities.
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Therefore, high moment MNPs such as Fe and FeCo MNPs
have been developed to improve the sensitivity and LOD of MR
sensors.[224] For example, Srinivasan et al. reported a zeptomole
(10−21 mol) detection sensitivity of a GMR sensor by using high-
moment FeCo nanoparticles.[225] The influence of the MNPs ge-
ometry on the detection ability includes the particle size and
shape. Increasing the size of the MNPs can lead to a higher
magnetic moment. However, excessively large MNPs will lose
their superparamagnetic properties, and their magnetic response
will become more complex. Therefore, it is essential to strike a
balance between maximizing the magnetic moment and ensur-
ing that the MNPs remain in the superparamagnetic regime to
achieve an optimal performance in MR biosensors.[15] As for the
shape of the MNPs, although mostly used MNPs are spherical,
recent research indicates that cubic MNPs may have better perfor-
mance than nanospheres due to their stronger binding abilities
and enhanced magnetic properties.[226]

6. Conclusions and Future Remarks

In this review, we have provided a thorough overview of the MNP
design, synthesis, and functionalization, as well as the relevant
biomedical applications of these materials since MNP research
and development for biomedical applications have significantly
increased in recent years. Indeed, there has been extensive re-
search into prospective applications because of the MNPs’ capac-
ity to be synthesized with controlled size, monodispersity, shape,
and surface functioning. Additionally, MNPs can be precisely tar-
geted to a particular area of the body by using external magnetic
fields, which makes them useful in multiple applications as ther-
apeutic and diagnostic agents, as well as for imaging and drug
delivery systems.

Various approaches, including physical, chemical, and biolog-
ical, have been developed over the years for the reproducible pro-
duction of high-quality MNPs. The ability to obtain small par-
ticles with precise control over their size, shape, and size dis-
tribution makes chemical synthesis (including coprecipitation,
hydrothermal, sol–gel, microemulsion, thermal decomposition
and microwave assisted synthesis) the most preferred methods
for the MNP manufacture. However, most methods present sev-
eral drawbacks as well that must be taken into consideration for
the synthesis of MNPs employed in biomedical applications. Par-
ticularly, for the greatest outcomes in biological applications, re-
producible synthetic processes are still needed for producing bio-
compatible formulations in a single step that are chemically sta-
ble, uniform in size, and effectively distributed in aqueous media
with optimum surface coatings.

While significant progress has been done on magnetically in-
duced hyperthermia, drug delivery, imaging, and biosensing ap-
plications, the translation of this research into clinical trials pos-
sesses significant challenges for future investigations. To suc-
cessfully utilize MNPs in human applications, special attention
and effort are required. Both in vitro (laboratory) and in vivo (an-
imal) studies are necessary to assess the long-term stability and
potential toxicity of MNPs. It is crucial to thoroughly understand
how MNPs interact with human tissues and cells to ensure their
safety and efficacy. Another obstacle to overcome is the ecotoxi-
city of certain nanoparticles. Some MNPs may have adverse ef-
fects on the environment and ecosystems, which must not be

overlooked. Researchers need to address these concerns and de-
velop strategies to minimize any potential harm. However, de-
spite these challenges, we emphasize that further advancements
in comprehensive studies can make the effective clinical applica-
tion of MNPs a viable option soon. Continued research and de-
velopment are essential to enhance our understanding of MNPs
and maximize their potential benefits in medical applications.
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