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Magnetic nanoparticles are a class of nanoparticle that can be manipulated using magnetic
fields. Such particles commonly consist of two components, namely a magnetic material, often iron,
nickel, and cobalt, and a chemical component that has functionality, frequently with (bio)catalytic
or biorecognition properties. Magnetic nanoparticles, magnetic nanorods, and other magnetic
nanospecies have been prepared, and used in many important applications. Particularly, magnetic
nanospecies functionalized with biomolecular and catalytic entities have been synthesized and
extensively used for many biocatalytic, bioanalytical, and biomedical applications. Different biosensors,
including immunosensors and DNA sensors, have been developed using functionalized magnetic
nanoparticles for their operation in vitro and in vivo. Their use for magnetic targeting (drugs, genes,
radiopharmaceuticals), magnetic resonance imaging, diagnostics, immunoassays, RNA and DNA
purification, gene cloning, cell separation, and purification has been developed. Moreover, magnetic
nano-objects of complex topology, such as magnetic nanorods and nanotubes, have been produced to
serve as parts of various nanodevices, for example, tunable fluidic channels for tiny magnetic particles,
data storage devices in nanocircuits, and scanning tips for magnetic force microscopes.

The increasing number of scientific publications focusing on magnetic materials indicates
growing interest in the broader scientific community (Figure 1). This Book covers all research
areas related to magnetic nanoparticles, magnetic nanorods, and other magnetic nanospecies, as well
as their preparation, characterization, and various applications, specifically emphasizing biomedical
applications. The chapters written by the leading experts cover different subareas of the science
and technology related to various magnetic nanospecies—touching upon the multifaceted area and
its applications. The different topics addressed in this Special Issue will be of high interest to the
interdisciplinary community active in the fields of nanoscience and nanotechnology. It is hoped that
the collection of the different chapters will be important and beneficial for researchers and students
working in various areas related to bionanotechnology, materials science, biosensor applications,
medicine, and so on. Furthermore, the issue is aimed at attracting young scientists and introducing
them to the field, while providing newcomers with an enormous collection of literature references.

Magnetochemistry 2020, 6, 6; doi:10.3390/magnetochemistry6010006 1 www.mdpi.com/journal/magnetochemistry
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Figure 1. The number of published papers mentioning “magnetic nanoparticles” derived from statistics
provided by Web of Science. The search was performed for the key words “magnetic nanoparticles” in
the topic. Note the dramatic increase of the publications related to magnetic nanoparticles (the statistics
for 2019 was not complete).

The chapters in this book cover the following specific subareas of the research field:

1. General Information—Preparation, Characterization, Modification, and Usage of Various Magnetic
Nanoparticles and Nanorods

Advances in nanotechnology led to the development of nanoparticle systems with many
advantages due to their unique physicochemical properties. The review article by Katz [1] serves as
a brief introduction to the research area and overviews composition and synthetic preparations of
various magnetic nanoparticles and nanorods (Figure 2). Another review by Antone et al. [2] focuses
specifically on iron oxide nanoclusters and their preparation and use. A review by Socoliuc et al. [3]
describes the design and synthesis of single- and multi-core iron oxide nanoparticles and provides an
overview on the composition, structural features, surface, and magnetic characterization of the cores.
Biomolecular functionalization of magnetic nanoparticles has allowed their numerous applications.
Specifically, the modification of magnetic nanoparticles with cellulose enzyme is reviewed in the
chapter by Khoshnevisan et al. [4].
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Figure 2. Maghemite silica nanoparticle cluster (scanning electron microscopy (SEM) image): iron
oxide (y-Fe;O3) magnetic core and SiO; shell—an example of core-shell magnetic nanoparticles.
(Adopted from the Wikipedia public domain: https://commons.wikimedia.org/wiki/File:Maghemite

silica_nanoparticle_clusterjpg).

2. Biomedical Applications of Magnetic Nanoparticles

The comprehensive review by Hepel [5] provides a very broad view on the use of magnetic
nanoparticles for various applications in nanomedicine, (Figure 3). Another review by Pifieiro et
al. [6] concentrates on the use of magnetic nanoparticles in medical biosensing, theranostics, and tissue
engineering. The use of iron oxide magnetic nanoparticles in pharmaceutical areas has increased in
the last few decades. The chapter by Luciano Bruschi et al. [7] reviews conceptual information about
magnetic nanoparticles, methods of their synthesis, properties useful for pharmaceutical applications,
advantages and disadvantages, strategies for nanoparticle assemblies, and use in the production of
drug delivery, hyperthermia, theranostics, photodynamic therapy, and as antimicrobial substances.
Biocatalysis and biomedical perspectives of magnetic nanoparticles as versatile carriers are highlighted
in the review by Bilal et al. [8]. Another chapter article by Obaidat et al. [9] overviews the use of
magnetic nanoparticles for hyperthermia, which is a non-invasive method that uses heat for cancer
therapy where high temperature has a damaging effect on tumor cells. Magnetic hyperthermia
uses magnetic nanoparticles exposed to alternating magnetic fields to generate heat in local regions
(tissues or cells). While this therapeutic method is highly important for cancer treatment, the paper
is mostly focused on the physical properties of the magnetic nanoparticles, and the intrinsic and
extrinsic parameters required for the medical use of magnetic nanoparticles. The implication of
magnetic nanoparticles in cancer detection, screening, and treatment is reviewed in the chapter by
Hosu et al. [10]. This review summarizes studies about the implications of magnetic nanoparticles
in cancer diagnosis, treatment, and drug delivery as well as prospects for future development and
challenges of magnetic nanoparticles in the field of oncology. The chapter by Stergar et al. [11]
is concentrated on potential biomedical applications of NiCu magnetic nanoparticles. While the
most frequently used magnetic nanoparticles are composed of iron oxide (Fe304), NiCu magnetic
nanoparticles, which are not common for biomedical applications, demonstrate some advantages due
to their unique features. The chapter by Tada and Yang [12] is a review of iron oxide labeling and
tracking of extracellular vesicles. Extracellular vesicles are essential tools for conveying biological
information and modulating functions of recipient cells. Therefore, their visualization (imaging),
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particularly with magnetic nanoparticles, is highly important and the reviewed method is expected to
be applicable and useful in clinical analysis.
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Figure 3. Different biomedical applications of magnetic nanoparticles—schematic presentation.
(Adopted from RSC Adv. 2016, 6, 43989-44012 with permission.)

3. Biosensors Based on Magnetic Nanoparticles

Magnetic nanoparticles conjugated with various biomolecules offer a versatile approach to
biosensors, particularly in biomedical applications (Figure 4), as discussed in the chapter by Krishnan
and Yugender Goud [13]. Another comprehensive chapter by Uzek et al. [14] focuses on optical
biosensing systems based on magnetic nanoparticles. The optical biosensors on the platform of
biomolecular-functionalized magnetic nanoparticles are broadly categorized into four types—surface
plasmon resonance (SPR), surface-enhanced Raman spectroscopy (SERS), fluorescence spectroscopy
(FS), and near-infrared spectroscopy and imaging (NIRS)—that are commonly used in various
bioanalytical applications. The use of biosensors based on magnetic nanoparticles specifically for food
safety monitoring is highlighted in the chapter by Khan et al. [15]. Due to the expanding occurrence of
marine toxins, and their potential impact on human health, there is an increased need for tools for
their rapid and efficient detection. The use of magnetic nanoparticles in marine toxin detection is
explained in the chapter by Gaiani et al. [16]. Magnetic Janus nanoparticles bring together the ability
of Janus particles to perform two different functions at the same time in a single particle with magnetic
properties enabling their remote manipulation, which allows headed movement and orientation.
The chapter by Campuzano et al. [17] reviews the preparation procedures and applications in the
(bio)sensing field of static and self-propelled magnetic Janus nanoparticles. The main progress in the
fabrication procedures and the applicability of these nanoparticles are critically discussed, also giving
some clues on challenges to be dealt with and future prospects.
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Figure 4. Biomedical applications of magnetic nanoparticles—schematic presentation [18]. (Adopted
from Adv.Sci. 2019, 6, 1900471; open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution, and reproduction in any medium.)
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Abstract: Magnetic nanoparticles and magnetic nano-species of complex topology (e.g., nanorods,
nanowires, nanotubes, etc.) are overviewed briefly in the paper, mostly giving attention to the
synthetic details and particle composition (e.g., core-shell structures made of different materials).
Some aspects related to applications of magnetic nano-species are briefly discussed. While not being
a comprehensive review, the paper offers a large collection of references, particularly useful for
newcomers in the research area.

Keywords: magnetic nanoparticles; magnetic nanowires; magnetic nanotubes; core-shell
composition; biosensors

1. Magnetic Nanoparticles—Motivations and Applications

Magnetic particles of different size (nano- and micro-) and various composition resulting in
different magnetization (superparamagnetic and ferromagnetic) have found numerous applications in
biotechnology [1] and medicine [2-5]. Particularly, they are used for magneto-controlled targeting
(delivering drugs [6,7], genes [8], radiopharmaceuticals [9]), in magnetic resonance imaging [10],
in various diagnostic applications [11], for biosensing [12] (e.g., immunoassays [13]), RNA and DNA
purification [14], gene cloning, cell separation and purification [15]. Magnetic nano-species with
complex topology (e.g., nanorods, nanowires and nanotubes) [16] have been used in numerous
nano-technological devices, including tunable micro-fluidic channels with magnetic control [17],
data storage units in nano-circuits [18], and magnetized nano-tips for magnetic force microscopes [19].
Magnetic nano- and micro-particles have been modified with various organic and bioorganic molecules
(proteins [20], enzymes [21], antigens, antibodies [22], DNA [23], RNA [24], etc.) as well as with
biological cells and cellular components. These species demonstrating magnetic properties and
biocatalytic or biorecognition features are usually organized in “core-shell” structures, with the core
part made of inorganic magnetic material and the shell composed of biomolecular/biological species
chemically bound to the core with organic linkers [25,26]. The chemical (usually covalent) binding
of organic linkers to the magnetic core units has been studied and characterized using different
analytical methods (e.g., capillary electrophoresis with laser-induced fluorescence detection) [25].
Biomolecular-functionalized magnetic particles have found many applications in various biosensing
procedures [27], mostly for immunosensing and DNA analysis, as well as in environmental and
homeland security monitoring [28].

2. Core-Shell Structures

The present section is concentrated on the magnetic nanoparticles with a solid magnetic
core coated with an organic or bioorganic shell (the shell structures composed of solid materials,
e.g., metallic or silicon oxide are overviewed in the next sections). The easiest way of particle
modification, particularly with organic polymers, can be based on physical adsorption [29]. However,

Magnetochemistry 2019, 5, 61; doi:10.3390/magnetochemistry5040061 7 www.mdpi.com/journal/magnetochemistry
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covalent binding of (bio)organic molecules to the core parts is preferable since it provides more
stable immobilization. The core parts of functionalized magnetic particles are frequently made of
Fe304 or y-Fe;O3 [30] having many hydroxyl groups at their surfaces, thus allowing silanization
of particles followed by covalent binding of biomolecules to functional groups in the organosilane
film [31]. While biomolecules bound to the particles are important for biocatalytic or biorecognition
features, the core parts are responsible for magnetic properties. Magnetic nanoparticles with controlled
size, specific shape and magnetization have been synthesized according to various methods [32-37] and
then successfully used for various biotechnological [35] and biomedical applications [38]. For example,
a synthetic procedure was developed for size-controlled preparation of magnetite (Fe30,) nanoparticles
in organic solvents [39]. One of the most important characteristics of biocompatible magnetic
nanoparticles was their size dispersion characterized by atomic force microscopy and transmission
electron microscopy (TEM) [40]. Particular attention was given to the synthesis of monodisperse
and uniform nanoparticles [41]. Superparamagnetic iron oxide nanoparticles of controllable size
(<20 nm) were prepared in the presence of reduced polysaccharides [42]. Nanoparticles synthesized
by this method have an organic shell composed of polysaccharide, which increased the particle
stability and offered functional groups for additional modification with various biomolecules and
redox species. Biocompatible superparamagnetic Fe304 nanoparticles were extensively studied and
their structural and magnetic features were optimized for their use as labeling units in biomedical
applications [43]. Polymer-modified magnetic nanoparticles can be used for isolation and purification
of various biomolecules. For example, poly(2-hydroxypropylene imine)-functionalized Fe30, magnetic
nanoparticles were used for high-efficiency DNA isolation, higher than other studied materials at
same conditions, and had excellent specificity in presence of some proteins and metal ions [44].
Magnetic nanoparticles modified with a hydrophobic organic shell (e.g., composed of oleic acid) have
been tested for magneto-stimulated solvent extraction and demonstrated fast phase disengagement [45].

Highly crystalline iron oxide (Fe304) nanoparticles with a continuous size-spectrum of 6-13 nm
were prepared from monodispersed Fe nanoparticles used as precursors by their oxidation under
carefully controlled conditions [46]. Chemical stability of magnetic nanoparticles is an important
issue. In order to increase it, the organic shell components can be cross-linked, for example, in iron
oxide/polystyrene (core/shell) particles [47]. Cross-linking of polymeric chains in the organic shell
resulted in additionally stabilization of the shell structure, also protecting the magnetic core from
physical and chemical decomposition. Magnetic properties of nanoparticles can be tuned by varying
chemical composition and thickness of the coating materials, as it was reported for the composite
FePt-MFe;O, (M = Fe, Co) core-shell nanoparticles [48]. While iron oxide-based magnetic nanoparticles
are the most frequently used, some alternative magnetized materials have been suggested for various
biomedical and bioanalytical applications [49]. For example, ferromagnetic FeCo nanoparticles
demonstrated superior properties that make them promising candidates for magnetically assisted
bioseparation methods and analysis, as well as for various electrochemical and bioelectrochemical
applications. Magnetic and dielectric properties of magnetic nanoparticles functionalized with organic
polymers (a core-shell structure) have been modelled and then the parameters obtained theoretically
were compared with the experimental data showing good predictability of the nanoparticle properties
using the theoretical model [50].

3. Magnetic Nanoparticles Coated with Noble Metal Shells

Formation of a thin shell-film of noble metals (e.g., Au or Ag) around magnetic cores (e.g., Fe304 or
CoFe;0Oy) results in the enhanced chemical stability of the magnetic core [51-56] (Figure 1) also providing
high electrical conductivity in particle assemblies, which is an important feature for electrochemical
and electronic applications. The enhanced stability of magnetic nanoparticles coated with a Au shell
allowed their operation under conditions when non-protected particles degrade rapidly.
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a

Figure 1. Various magnetic nanoparticles coated with gold shells: (a-d) TEM images of Fe304-core/Au-shell
magnetic nanoparticles synthesized according to different experimental procedures: (a) [57], (b) [58],
(c) [57,58], (d) [59]; see more details in [54]. (e,f) TEM and STEM (scanning transmission electron
microscopy) images, respectively, of the y-Fe,O3-core/Au-shell magnetic nanoparticles [60] (parts of
this figure were adapted from [54] with permission).

For example, Au-coated iron nanoparticles with a specific magnetic moment of 145 emu g~! and a
coercivity of 1664 Oe were synthesized for biomedical applications [61]. Also, Au-coated nanoparticles
with magnetic Co cores were synthesized for biomedical applications with the controlled size (5-25 nm;
+1 nm) and morphologies (spheres, discs with specific aspect ratio of 5 X 20 nm) tailored for specific
applications [62]. Formation of a Au-shell around a magnetic core results in additional options for
modification of nanoparticles with (bio)organic molecules. Indeed, Au surfaces are well known
for self-assembling of thiolated molecules resulting in a monolayer formation. Au-coated magnetic
nanoparticles of different sizes (50 nm, 70 nm and 100 nm) were prepared by the reduction of AuCl,~
ions with hydroxylamine in the presence of Fe3O4 nanoparticles used as seeds [63]. Then, the gold-shell
surface was modified with antibodies (rabbit anti-HIVp24 IgG or goat anti-human IgG) through a
simple self-assembling of thiolated molecules. The synthesized antibody-functionalized Au-coated
magnetic nanoparticles were used in an enzyme-linked immunosorbent assay (ELISA) providing
easy separation and purification steps. Importantly for electrochemical and electronic applications,
Au-shell-magnetic nanoparticles can be cross-linked with dithiol molecular linkers to yield thin-films
with conducting properties [64].

4. Magnetic Nanoparticles Associated with Silicon Oxide Nanoparticles and Nanotubes

Magnetic nanoparticles can be encapsulated in porous silica particles, which were functionalized at
their external surfaces with proteins and used for biocatalysis [65,66]. The opposite way of modification
resulted in the particles with a magnetic core and a mesoporous silica shell where the pores were
filled with biomolecules or drugs [67]. These species allowed magneto-controlled transportation of
the molecules included in the porous material of the shells. This approach was successfully used
for modifying iron oxide magnetic nanoparticles (y-Fe;O3 20 nm or Fe3O4 6-7 nm) with a SiO; shell
(thickness of 2-5 nm) using wet chemical synthesis [68,69] (Figure 2).

Different approach was used to load magnetic nanoparticles on one-dimensional nano-objects
(nanotubes), thus allowing deposition of many particles with a large total magnetization on one
nanotube. 5O, nanotubes were prepared in an alumina template and then their inner surfaces were
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modified with Fe304 magnetic nanoparticles [70]. The resulting magnetic nanotubes were applied for
the magnetic-field-assisted bioseparation, biointeraction, and drug delivery, benefiting from a large
magnetization originating from the presence of many magnetic nanoparticles and a large external SiO,
nanotube surface area.

o
d

Figure 2. Various magnetic nanoparticles coated with silica shells: Backscattered electrons image (a)
and TEM image (b) of Fe3O4-core/SiO,-mesoporous-shell magnetic nanoparticles [67]. TEM image (c) of
Fe304-core/SiOp-mesoporous-shell magnetic nanoparticles [67]. TEM image (d) of Fe304-core/SiO;-shell
magnetic nanoparticles [71] (parts of this figure were adapted from [67,71] with permission).

5. Magnetic Nanoparticles with Fluorescent Features

Fe304 magnetic nanoparticles (5-15 nm) with unique optical properties were prepared with
an inorganic fluorescent shell composed of ytterbium and erbium co-doped sodium yttrium
fluoride (NaYF,/Y/Er), which provided infrared-to-visible up-conversion with the high efficiency [72].
The two-component hybrid core-shell magnetic nanoparticles with fluorescent properties were
furthercoated with a second shell made of SiO, allowing covalent immobilization of biomolecules
(e.g., streptavidin). The produced multi-functional nanoparticles demonstrated efficient magnetization,
fluorescence and bioaffinity features, thus allowing magneto-controlled separation of biomolecules,
their fluorescent analysis and formation of affinity complexes with complementary biotinylated
molecules. Many different approaches have been studied for combining magnetic properties and
fluorescent features in one hybrid bi-functional nano-object. For example, magnetic Fe304 nanoparticles
(8.5 nm) were modified with polyelectrolyte films using layer-by-layer deposition of differently
charged polyelectrolytes, positively charged polyallylamine and the negatively charged polystyrene
sulfonate [73]. The thickness of the polymer-shell around the magnetic core and the charge of the external
layer were controlled by the number of deposited layers. The electrical charge of the external layer
allowed electrostatic binding of secondary fluorescent nanoparticles. Negatively charged thioglycolic
acid-capped CdTe nanoparticles were electrostatically bound to the positively charged polyallylamine
exterior layer in the polyelectrolyte shell of the magnetic nanoparticles. The distance between the
secondary satellite fluorescent CdTe nanoparticles and the magnetic Fe3Oy4 core was controlled by
the number of the deposited polyelectrolyte layers. The developed method allowed further system
sophistication by depositing additional layers of polyelectrolytes above the CdTe nanoparticles followed
by deposition of another layer of the satellite CdTe nanoparticles. The distance between the primary
and secondary fluorescent CdTe nanoparticles was controlled by the number of the polyelectrolyte
layers between them, thus allowing tuning of the fluorescent properties of the multi-functional
nano-system. Many other magnetic-fluorescent assemblies with different compositions have been
reported for different applications. One more example is Co-CdSe core-shell magnetic-fluorescent
assembly prepared by deposition of fluorescent CdSe layer on the pre-formed magnetic Co core.
The deposition process was performed in a non-aqueous solution using dimethyl cadmium as an
organic precursor [74]. Many different magnetic nano-species functionalized with fluorescent labels
have been used as versatile labels for biomolecules, demonstrating advantages of both fluorescent
reporting part and magnetic separating/transporting part of the assembly. It should be noted that
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careful optimization of the distance separating the magnetic core and fluorescent species (organic dyes
or inorganic quantum dots) should be done to minimize quenching of the photo-excited species by the
core part.

6. Magnetic Nanoparticles Combined with Metallic Nano-Species or Quantum Dots

Combining two different nanoparticles (e.g., magnetic and metal or semiconductor) in one
nano-assembly where the particles are bound to each other results in unique multi-functional species.
In these species two nanoparticles composed of different materials with different properties can
be organized as Siamese twins (dumbbell-like bifunctional particles) [75-77]. There are different
procedures for binding two nanoparticles in one composite assembly, some of the procedures are
based on the controlled growth of the second particle next to the primary particle. For example,
magnetic nanoparticles, Fe3Oy4 or FePt, (8 nm) with a protecting/stabilizing organic shell composed of
a surfactant were dispersed in an organic solvent (e.g., dichlorobenzene) and added to an aqueous
solution of Ag* salt [75]. The bi-phase aqueous/organic system was ultrasonicated to yield micelles with
the magnetic nanoparticles self-assembled on the liquid/liquid interface. Then, Ag* ions penetrated
through defects in the surfactant shell being then catalytically reduced by Fe?* sites to yield the seeding
of a Ag nanoparticle. Further reduction of Ag* ions on the Ag seed resulted in the grows of the seed
and formation of a Ag nanoparticle at a side of the magnetic nanoparticle yielding a twin-particles
shown in the transmission electron microscopy (TEM) image (Figure 3a). Another Ag nanoparticle
was produced at a side of an FePt magnetic nanoparticle in a similar process (Figure 3b). The size of
the produced Ag nanoparticle was controlled by the time allowed for the growing process.

5

Figure 3. (a,b) TEM images of Fe304-Ag and FePt-Ag hetero-dimers composed of the magnetic
nanoparticle and connected Ag nanoparticle [75]. (c) Directed functionalization of the Fe304 nanoparticle
and Ag nanoparticle with different functional units, such as dopamine-derivatized and thiol-derivatized
species, respectively. X and Y might be represented by different molecular and biomolecular species
(part of this figure was adapted with permission from [75], American Chemical Society, 2005).

The two parts of the synthesized hetero-dimeric nanoparticles can be conveniently modified
with different molecules using the difference of the surface properties of the two parts of the dimer.
For example, the Ag nanoparticle in the dimeric hybrid was functionalized with self-assembled
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thiolated molecules, while the Fe3O4 magnetic nanoparticle was modified using dopamine units as
anchor groups bound to Fe?*3* sites of the iron oxide surface (Figure 3c). In a different synthetic
approach hetero-dimeric species were produced from FePt two-metal alloy nanoparticles coated
by an amorphous CdS shell. The metastable amorphous CdS layer had tendency of changing to a
crystalized form upon temperature increase. When the multi-component core-shell nanoparticles were
heated, FePt and CdS components were transformed into hetero-dimers due to incompatibility of the
FePt and CdS lattices, thus resulting in their separation and formation of individual FePt and CdS
nanoparticles (less than 10 nm size) connected to each other [76]. Importantly, the hetero-dimeric
species demonstrated superparamagnetism characteristic of the FePt part and fluorescence produced
by the CdS quantum dot, providing excellent means for labeling of biomaterials. In a different approach,
separately synthesized superparamagnetic y-Fe,O3 nanoparticles (ca. 11.8 nm) and fluorescent CdSe
quantum dots (ca. 3.5 nm) were mixed and encapsulated together in a silicon oxide shell yielding a
complex multifunctional assembly that demonstrated a unique combination of the magnetic property of
v-Fe;O3 and fluorescent features of CdSe [78]. The silicon oxide shell served as a matrix keeping together
the functional nano-components, preserving their individual properties, and providing accessibility
of the two-component hybrid system for additional chemical modification of both components with
different molecules.

7. Modification of Magnetic Nanoparticles with Various Biomolecules

Various organic shells exhibiting different chemical functional groups (e.g., aminosiloxane,
dextran or dimercaptosuccinic acid) were prepared around magnetic nanoparticles [71,79,80].
Organic functional groups available at the outer-layer of the organic shell have been used
for numerous chemical coupling reactions resulting in covalent immobilization of different
(bio)molecules [81,82] to allow various biochemical, bioanalytical and biomedical applications [83].
For example, covalent immobilization of a polyclonal IgG anti-horseradish peroxidase antibody
bound to dextran-coated magnetic particles allowed the use of the functionalized particles for the
capturing and separation of horseradish peroxidase enzyme from a crude protein extract from
Escherichia coli [83]. In another example, magnetic core of Fe3O4 nanoparticles was silanized and then
covalently modified with polyamidoamine (PAMAM) dendrimer [84]. The amino groups added to the
nanoparticles upon their modification with PAMAM were used for covalent binding of streptavidin
with the load 3.4-fold greater comparing to the direct binding of streptavidin to the silanized magnetite
nanoparticles. The increased streptavidin load originated from the increase of the organic shell diameter
and the increased number of the amino groups available for the covalent binding of streptavidin.
While silanization of metal-oxide magnetic nanoparticles is the most frequently used technique for their
primary modification [22], dopamine was also suggested as a robust anchor group to bind biomolecules
to magnetic Fe30, particles [85]. Dopamine ligands bind to iron oxide magnetic nanoparticles
through coordination of the dihydroxyphenyl units with Fe*? surface sites of the particles providing
amino groups for further covalent attachment of various biomolecules, usually through carbodiimide
coupling reactions.

Immobilization of proteins (e.g., bovine serum albumin) [31,86,87] or enzymes (e.g., horseradish
peroxidase (HRP) or lipase) [88-91] upon their binding to organic shells of magnetic nanoparticles has been
extensively studied and reported for many applications. Immobilization of various enzymes on magnetic
nanoparticles preserves the enzyme catalytic activity and, sometimes, results in the enzyme stabilization
comparing with the soluble state. For example, alcohol dehydrogenase covalently immobilized on Fe3O,
magnetic particles demonstrated excellent biocatalytic activity [92,93]. In many experimentally studied
systems magnetic nanoparticles functionalized with redox enzymes demonstrated bioelectrocatalytic
activities upon direct contacting with electrode surfaces [91].

While covalent binding or any other permanent immobilization of enzymes on magnetic nanoparticles
is beneficial for many applications (e.g., in magneto-controlled biosensors), reversible binding of
enzymes might be important for other special applications. Reversible binding of positively charged



Magnetochemistry 2019, 5, 61

proteins/enzymes to negatively charged polyacrylic-shell/Fe3O4-core magnetic nanoparticles has been
reported as an example of electrostatically controlled reversible immobilization [94]. The protein
molecules, positively charged at low pH values (pH < pl, isoelectric point), were electrostatically
attracted and bound to the negatively charged organic shells, while at higher pH values (pH > pI)
the negatively charged protein molecules were electrostatically repulsed and removed from the
core-shell magnetic nanoparticles. The demonstrated reversible attraction/repulsion of the proteins
controlled by pH values was applied for collecting, purification, and transportation of the proteins
with the help of magnetic nanoparticles in the presence of an external magnetic field. Many other
applications are feasible, for example, magnetic particles functionalized with carbohydrate oligomers
yielding multivalent binding of the magnetic labels to proteins or cells via specific carbohydrate-protein
interactions have been used in imaging procedures [95].

DNA molecules have been used as templates for formation of magnetic nanoparticles. A mixture
of Fe?*/Fe>* ions was deposited electrostatically on the negatively charged single-stranded DNA
molecules [96]. Then, the iron ions associated with DNA were used as seeds to produce Fe3Oy
magnetic particles associated with the DNA molecules. The magneto-labeled single-stranded DNA
was hybridized with complementary oligonucleotides yielding the double-stranded DNA complex with
the bound magnetic nanoparticles. This allowed magneto-induced separation of the oligonucleotide,
which can be later dissociated from the magneto-labeled DNA by the temperature increase.

8. Controlled Aggregation of Magnetic Nanoparticles and Formation of Magnetic Nanowires

The controlled assembling of magnetic nanoparticles using different kinds of cross-linking
species or organic matrices has been studied for preparing novel materials with unique properties.
Different mechanisms and interactions can be responsible for the nanoparticle assembling. For example,
assembling of magnetic nanoparticles in the presence of amino acid-based polymers resulted in
the controlled organization of these components due to electrostatic interactions between the block
co-polypeptides and nanoparticles [97]. Depending on the kind of the added polypeptide the results
of their interaction with magnetic nanoparticles can be different. The addition of polyaspartic acid
initiated the aggregation of maghemite (y-Fe;O3) nanoparticles into clusters, without their precipitation.
On the other hand, the addition of the block co-polypeptide poly(EG;-Lys)100-b-poly(Asp)sp resulted
in the assembling of the magnetic nanoparticles in more sophisticated structures composed of micelles
with cores consisting of the nanoparticles electrostatically bound to the polyaspartic acid end of the
block co-polypeptide. The micelle shell stabilizing the core clusters and controlling their size was
composed of the poly(EG;,-Lys) ends of the copolymers. The size and stability of the nanoparticle
assembly can be tuned by changing the composition of the block co-polypeptide, thus adjusting the
composite structures for their use in different applications.

Magnetic nanowires of different types, sizes and materials have been created for various
applications, mostly using alumina membrane template method [98,99]. This method is based
on the formation of nanowires inside the pores of the ordered aluminum oxide membrane, usually with
electrochemical deposition of the material selected for the nanowires formation, Figure 4. Variation and
optimization of the electrochemical deposition parameters allows the control of the nanowires length
and structure, while the nanowires diameter depends on the membrane pores. The magnetic properties
as well as some other features of the one-dimensional nanowires are unique and allow their use in
the fabrication of magnetic nanodevices with high performance and controllability. For example,
an ordered hexagonal array of highly aligned strontium ferrite nanowires was produced by dip coating
in alumina templates, with magnetic properties dependent on the nanowire diameter and length [100].
The diameter of nanowires, synthesized with high aspect ratios, was changed from 30 to 60 nm while
maintaining the same center-to-center distance between the wires. Nickel nanowires (98 nm diameter
and 17 um length) were fabricated by electrodeposition in anodic aluminum oxide membranes [101].
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Figure 4. (A) Scanning electron micrograph, SEM, (top view) of a typical hexagonally ordered nanoporous
alumina template with a pore diameter of 70 nm and an interpore distance of 100 nm. (B) SEM
cross-sectional view of alumina membranes filled with Fe nanowires deposited from electrolytes
containing: (a) 0.1 M FeSOy, (b) 1 M FeSO, and (c) 0.5 M FeSOy + 0.4 M H3BO3. (C) Schematic description
of the membrane-template electrochemical preparation of multifunctional nanowires. (Parts A and B
were adapted from [102] with permission; part C was adopted from [103] with permission).

The synthetic method based on the alumina template can be applied to formation of multi-segment
nanowires [104], which include magneto-responsive domains (usually represented by metallic Ni
or Fe) and domains made of other materials (e.g., Au for deposition of thiolated redox species
and biomolecules). The multi-segment nanowires can demonstrate multi-functional behavior with
the magnetic properties combined with biocatalytic or biorecognition features depending on the
biomolecule species bound to the non-magnetic segments. It is particularly easy to fabricate nanowires
made of different metals, each with different properties. For example, Ni-Cu-Co composite magnetic
nanowires have been successfully synthesized by electrochemical deposition inside the alumina
template [105]. A few examples of magnetic nanowires are shown in Figures 5 and 6.
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Figure 5. Field emission scanning electron microscope (FESEM) images of released strontium ferrite
magnetic nanowires with diameter of (a) 60, (b) 50, (c) 40 and (d) 30 nm, after removal of alumina
templates (figure adapted from [100] with permission).
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Figure 6. Scanning electron micrographs (SEM) of Ni nanowires with average diameter of 98 nm and
length of 17 um after removal of alumina templates. (The figure was adapted from ref. [101] with
permission.). Images (a-d) show various examples of Ni nanowires prepared in alumina templates.

9. Conclusions and Perspectives

The state-of-the-art in the synthesis, functionalization, characterization, and application of
(bio)molecule-functionalized magnetic particles and other related micro-/nano-objects, such as
nanowires or nanotubes, allows efficient performance of various in vitro and in vivo biosensors
and bioelectronic devices. Many of these devices are aimed for biomedical and biotechnological
applications. For example, CoFe;O4-core/Au-shell nanoparticles have been successfully used to
design a biosensor for foot-and-mouth viral disease biomarkers [53]. In this example a system
with biomimetic oligo peptide-nucleic acid (PNA) was assembled on a gold shell of the magnetic
nanoparticles and then hybridized with the complementary DNA sequence which is the disease
biomarker. The biosensing was performed upon intercalation of the double-stranded PNA/DNA
with a fluorescence probe, Rhodamine 6G. The magnetic features of the nano-species allowed
easy separation of the analyzed species from a multi-component biofluid. The present example
demonstrates powerful applicability of the biomolecule-functionalized magnetic nanoparticles in
biomedical biosensors. Many other applications are feasible using various types of magneto-active
nanospecies. Discussion on biological issues related to the biocompatibility, toxicity, etc. are outside
the scope of this short review and can be found elsewhere [106-111]. While the present review
offers a brief introduction to the topic, interested readers can find comprehensive reviews published
recently [112-117].
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Abstract: Magnetic iron oxide nanoclusters, which refers to a group of individual nanoparticles,
have recently attracted much attention because of their distinctive behaviors compared to individual
nanoparticles. In this review, we discuss preparation methods for creating iron oxide nanoclusters,
focusing on synthetic procedures, formation mechanisms, and the quality of the products. Then, we
discuss the emerging applications for iron oxide nanoclusters in various fields, covering traditional and
novel applications in magnetic separation, bioimaging, drug delivery, and magnetically responsive
photonic crystals.

Keywords: iron oxide nanoclusters; superparticles; magnetically responsive photonic crystals;
collective behaviors; magnetic separation; bioimaging

1. Introduction

Magnetic iron oxide nanoclusters, which refers to a group of individual nanoparticles, have
recently attracted much attention because of their distinctive behaviors compared to individual
nanoparticles [1-3]. The magnetic properties of iron oxide nanoparticles are strongly dependent on size,
yielding single-domain regimes and a superparamagnetic limit [4]. Because of the superparamagnetic
limit, iron oxide nanoparticles with grain sizes above 25 nm (depending on crystal phases (magnetite
or maghemite)) are generally ferromagnetic at room temperature. The magnetic interactions between
nanoparticles lead to aggregation in solution, which limits their uses in certain applications, such
as drug delivery. The superparamagnetic limit also sets a threshold for the maximum moment to
be reached. The formation of nanoclusters by assembling individual iron oxide nanoparticles has
the potential to overcome this limitation by increasing magnetic moments while at the same time
maintaining superparamagnetic behaviors [5].

Magnetic iron oxide nanoclusters combine the properties of individual nanoparticles and
exhibit collective behaviors due to interactions between individual nanoparticles [3]. In addition,
the collective behaviors of these nanoclusters can be controlled by tuning the size and shape of
individual nanoparticles, the interspacing between nanoparticles, and the properties of the capping
molecules of individual nanoparticles [2,3,6]. Particularly, magnetic nanoclusters can be manipulated
with applied magnetic fields, leading to novel functional materials. Iron oxide nanoclusters have great
potential to improve the performance of individual nanoparticles and develop advanced materials
with novel functions.

This review will discuss the preparation methods of iron oxide nanoclusters and their applications
in various areas. For preparation methods, the discussion will focus on synthetic procedures, formation
mechanisms, and the quality of nanoclusters in terms of size distribution, size control, and scalability.
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On the other hand, the application discussion will cover the use of improved magnetic properties and
novel applications that have been recently developed, such as cell membrane-encapsulated iron oxide
nanoclusters for drug screening, drug delivery, and tumor targeting.

2. Preparation of Iron Oxide Nanoclusters

Magnetic iron oxide nanoclusters can be produced either through controlled aggregation of
small iron oxide nanoparticles during synthesis (e.g., the polyol method [5]) or the assembly of
ligand-capped nanoparticles after synthesis (e.g., solvophobic interactions [7]). Each of these methods
has its advantages and disadvantages, which will be discussed in the following section.

2.1. Controlled Aggregation of Nanoparticles during Synthesis

For controlled aggregation methods, small-sized iron oxide nanoparticles (<10 nm) are first
formed in a supersaturated solution of iron precursors through nucleation and growth, and then
these small-sized nanoparticles spontaneously aggregate into larger nanoclusters (50-300 nm) in
a single step. The grain (small nanoparticle) size and final nanocluster size can be controlled by
adjusting reaction conditions. Several controlled aggregation methods have been developed to produce
iron oxide nanoclusters in a single step, such as the polyol method, solvothermal synthesis, thermal
decomposition, and microwave methods.

2.1.1. Polyol Method

The polyol method developed by Yin et al. involves the injection of iron salts (e.g., iron chloride)
into a polyol solution (e.g., diethylene glycol) at a high temperature (>200 °C) in the presence of
capping molecules (e.g., polyacrylic acid) under basic conditions [5,8]. This method produces highly
water-soluble and monodisperse iron oxide nanoclusters (30-200 nm) in a single step [2,5,8,9]. The grain
size and nanocluster size are controlled by the amounts of base injected into the reaction [5].

Figure 1a—d shows representative transmission electron microscopy (TEM) images of differently
sized iron oxide nanoclusters from the polyol method, where the nanocluster sizes were controlled
by the amounts of sodium hydroxide ethylene glycol solution. These nanoclusters consisted of a
number of small-sized iron oxide nanoparticles (<10 nm) yielding superparamagnetic behaviors at
room temperature but with enhanced saturation magnetization (Figure 1le). In a similar study, control
of both the grain size and nanocluster size was achieved by adjusting the concentration and injection
speed of the base solution [6]. Because of the polyacrylic acid coatings, iron oxide nanoclusters from
this method are highly negatively charged and well dispersed in aqueous solution. These nanoclusters
can be directly used for various applications, such as magnetically responsive photonic crystals [6,9].
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Figure 1. Iron oxide nanoclusters produced with the polyol method: (a-d) representative TEM images
demonstrating size control, scale bar 200 nm; (e) magnetization versus applied field curves, suggesting
superparamagnetic behaviors but with increased magnetic moments for larger nanoclusters. (Adapted
with permission from Reference [5]).

2.1.2. Solvothermal Synthesis

Solvothermal synthesis involves first mixing reactants (e.g., iron chloride, sodium acetate, capping
molecules) in reducing solvents (e.g., ethylene glycol or diethylene glycol) under stirring: Then the
mixture reacts in a sealed Teflon-lined stainless steel hydrothermal reactor at a high temperature
(>200 °C) to induce iron oxide nanocluster formation [10-14]. This method is highly attractive for
several reasons: first, the capping molecules can be selected from a variety of organic acids for different
surface chemistries, such as sodium citrate [14], polyacrylic acids [15], and 5-sulfosalicylic acid [13]; and
second, the grain and nanocluster size can be controlled easily by adjusting the ratios and concentrations
of the reactants [10]. In addition, porous iron oxide nanoclusters can be generated by simply using
gas-forming reactants, such as ammonium acetate [16]. Most importantly, the scalable production of
the synthetic process (up to 200 g per batch) has been demonstrated without the quality of the iron
oxide nanoclusters being affected [14]. Figure 2 shows synthetic procedure, formation mechanism,
representative scanning electron microscopy (SEM), and TEM images of iron oxide nanoclusters from
gram-scale solvothermal synthesis.
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Figure 2. Gram-scale solvothermal synthesis of iron oxide nanoclusters: (a) schematic illustration of
the procedure; (b) proposed mechanism of the nanocluster formation; (c,d) SEM and TEM images
indicating the quality of the nanoclusters (adapted from Reference [14] with permission; copyright
American Chemical Society, 2018).

The nanoclusters generated from the solvothermal synthesis are highly soluble in aqueous solution
and can be directly used for various applications [14]. Porous iron oxide nanoclusters can also be
produced through slight modifications of the process by adding gas forming reagents, and these porous
nanoclusters have been explored for magnetically responsive drug delivery with high drug loading
capacity [16].

In addition to the polyol method and solvothermal synthesis, other synthetic methods have
been explored for the production of iron oxide nanoclusters in a single step, such as thermal
decomposition [17] and microwave irritation [18]. However, the quality of the nanoclusters has
not been comparable to these two methods. In particular, the size distribution of the nanoclusters from
these two methods is much wider.

2.2. Controlled Assembly of Ligand-Capped Nanoparticles

The formation of nanoclusters from the controlled assembly of ligand-capped nanoparticles
involves two steps: the synthesis of monodisperse ligand-capped iron oxide nanoparticles (10-20 nm)
and the controlled assembly of nanoparticles under specific processing conditions. The processing
conditions trigger the assembly process and affect the quality of the final products, such as ligand
etching [19] and solvophobic interaction [7,20].

2.2.1. Ligand Etching

Nanoparticles are generally coated with a layer of ligands to prevent them from aggregation.
The ligand etching process involves replacing the original capping molecules with weakly bound
ligands, which causes the destabilization of nanoparticles and subsequent aggregation and nanocluster
formation (Figure 3a). The size and shape of the assembled secondary structures are dependent on the
ligands used for the striping process. For example, the addition of diol molecules into the solution of
oleic acid-coated iron oxide nanoparticles (~13 nm) led to nanoparticle destabilization and subsequent
secondary structure formation [19]. Depending on the types of diol molecules, dimers, oligomers, and
nanoclusters were formed during the ligand stripping process. Figure 3b—e shows representative TEM
images of the secondary structures with the addition of different diol molecules.
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Figure 3. Nanocluster formation via the ligand stripping method: (a) illustration of the ligand stripping
method process, (b) spherical nanoparticles with no diol addition, (c) dimer formation induced by the
addition of polyethylene glycol 400, (d) oligomer induced by the addition of triethylene glycol, and (e)
nanocluster induced by the addition of diethylene glycol (adapted from Reference [19]; reproduced
with permission from the Royal Society of Chemistry).

In a similar study, magnetic iron oxide nanoclusters were prepared using competitive stabilizer
desorption, where oleic acid-coated iron oxide nanoparticles were mixed with cyanopropyl-modified
silica nanoparticles. The silica particles competed for capping ligands on the iron oxide nanoparticle
surfaces, which caused the destabilization of iron oxide nanoparticles and the subsequent formation of
magnetic nanoclusters [21]. Compared to the single-step aggregation methods, the nanocluster sizes
from ligand stripping are smaller and mainly soluble in organic solvents because of the presence of
hydrophobic ligands.

2.2.2. Solvophobic Interactions

The solvophobic interaction method involves mixing hydrophobic ligand-coated (e.g., oleic acid)
iron oxide nanoparticles with surfactants (e.g., dodecyltrimethylammonium bromide, DTAB) to form
micelle structures. After evaporating away the organic solvent, a group of iron oxide nanoparticles
are combined within the micelles. Subsequently, the micelle solution goes through an annealing
process in ethylene glycol in the presence of capping molecules at an elevated temperature (e.g., 80 °C),
leading to nanocluster formation [7,20]. Figure 4a illustrates the preparation process via solvophobic
interactions. The size of the nanoclusters can be controlled by the relative ratios of nanoparticles
to surfactants, and the stability of the nanoclusters is affected by the structures of surfactants and
capping molecules. Figure 4b,c shows representative TEM and SEM images of iron oxide nanoclusters
formed from 6-nm oleic acid—iron oxide nanoparticles using DTAB as a micelle-forming agent and
poly(vinylpyrrolidone) as capping molecules. The main advantage of this method is that it is not
limited to iron oxide nanoparticles, but can be easily applied to any other type of nanoparticle with a
hydrophobic surface coating.
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Figure 4. Iron oxide nanoclusters via solvophobic interactions: (a) scheme of the formation process,
(b) TEM image, and (c) SEM image, scale bar 500 nm (adapted from Reference [20], with permission;
copyright American Chemical Society, 2007).

2.3. Matrix Encapsulation of Nanoparticles

For the matrix encapsulation method, nanocluster formation is assisted by the matrices, where
iron oxide nanoparticles are mixed with the selected matrix and the induced matrix crosslinking leads
to the formation of nanoclusters. Several types of matrices have been reported to fabricate iron oxide
nanoclusters, such as proteins [22], polymers [23-25], silica [26], etc. The control of the aggregation
process and the quality of the nanoclusters are highly specific to the choice of matrices. For example,
protein encapsulation of iron oxide nanoparticles is normally induced by ethanol addition followed by
surface crosslinking with glutaraldehyde [22]. In contrast, polydopamine encapsulation can be easily
triggered by changing the pH of the solution [23]. In addition, the salt concentration, amount and
addition speed of ethanol, and protein concentration all affect the quality of bovine serum albumin
(BSA) encapsulated in ultrasmall iron oxide nanoparticles [22].

Figure 5 shows representative TEM images of iron oxide nanoclusters that were produced with
different matrices, where the polymer shells can be clearly seen (Figure 5a), but the silica and protein
encapsulation formed matrix—iron oxide composite materials (Figure 5b,c). The matrix-assisted method
has several distinctive advantages: first, drug molecules can be simultaneously encapsulated into the
nanoclusters during the aggregation process, creating magnetic resonance imaging (MRI)-visible drug
delivery vehicles; second, biocompatibility and water solubility can be easily achieved based on the
choices of the matrices; and finally, by tuning the nanocluster sizes, other functionality can be achieved,
such as ultrasound response [27].

Lo o 0%

.

Figure 5. TEM images of matrix-encapsulated iron oxide nanoparticles: (a) hydrogel, (b) silica, and
(c) bovine serum albumin protein ((a) is adapted from Reference [24] (with permission), copyright
American Chemical Society, 2011; (b) is adapted from Reference [26] (with permission), copyright
American Chemical Society, 2008; (c) is adapted from Reference [22], reproduced with permission from
the Royal Society of Chemistry).
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3. Applications of Iron Oxide Nanoclusters

Iron oxide nanoclusters have been explored for numerous applications [3,28], including rapid
magnetic separation [29], MRI contract agents with enhanced sensitivity [30], nanocarriers with high
drug loading capacity [16], and magnetically responsive photonic crystals [6,9,31]. The following
section will discuss these applications of magnetic nanoclusters in detail to present their potentials as
functional materials with improved performance.

3.1. Iron Oxide Nanoclusters for Magnetic Separation

Magnetic separation is the most traditional use for magnetic nanoparticles and utilizes the large
surface areas of nanoparticles to enhance adsorption capacity. Subsequently, magnetic fields are
applied to extract, enrich, or separate compounds of interest [32-34]. During magnetic separation,
the nanoparticles have to overcome the drag forces in solution: therefore, the higher the magnetic
moments of nanoparticles, the faster the separation processes. The formation of magnetic nanoclusters
increases the magnetic moments, leading to the fast response of separation processes. However, the
size increase of nanoclusters causes decreases in the total surface area of nanoclusters per given mass.
Therefore, an optimal size range of nanoclusters for magnetic separation needs to be considered for
efficient separation and large adsorption capacity. Several nanocluster systems have been designed
for the separation, enrichment, and detection of biomolecules [35-37], organisms [38,39], or inorganic
ions [40,41].

For example, antibody-functionalized iron oxide nanospheres (~400 nm) (through the assembly
of iron oxide nanoparticles onto copolymers) have been used for the quick enrichment of bacteria [38].
The nanospheres showed a fast magnetic response of less than one minute and an over-96% capture
efficiency of bacteria at ultralow concentrations (<50 colony-forming unit (CFU)/mL) [38]. Kim et al.
have shown the highly selective detection and rapid separation of pathogenic organisms using
magnetic iron oxide nanoclusters [39]. In that study, the iron oxide nanoclusters were prepared through
solvophobic interactions using polysorbate 80 as a micelle surfactant (Figure 6a). Then, a monoclonal
antibody was conjugated on the nanocluster surface for pathogen binding. The magnetic properties of
iron oxide nanoclusters were optimized theoretically by calculating size-dependent magnetic forces
and Brownian forces of nanoclusters, suggesting that nanoclusters of about 200 nm provided efficient
separation and large separation capacity (Figure 6b) [39]. Figure 6¢ shows the detection principle and
the nanoclusters binding to the pathogens via two different binding sites (H and O antigens).

Most recently, we [42] and others [43,44] have developed a new type of magnetic separation
method based on cell membrane-encapsulated iron oxide nanoclusters. Compared to traditional
magnetic separation techniques using immobilized ligands on nanocluster surfaces to bind the targets,
the new technique uses functional transmembrane receptors as binding sites to identify the targets.
The complete embedment of iron oxide nanoclusters inside cell membranes overcame the nonspecific
binding problems because magnetic nanoclusters were not in direct contact with the analyte solution.
Figure 7a illustrates the design of the cell membrane-encapsulated nanoclusters. The choice of the cell
membrane depends on the specific targets to be extracted.
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Figure 6. Selective detention of pathogens using iron oxide nanoclusters: (a) TEM images of nanoclusters,
(b) relationship between magnetic separation time (black line) and magnetic force under specific field
gradients (blue line), (c) H-antigen-specific binding of nanoclusters to flagella, and (d) O-antigen-specific
binding of the nanoclusters on the surface of the cell body (adapted from Reference [39], with permission;
copyright American Chemical Society, 2016).

For example, in order to extract nicotine molecules from tobacco smoke condensates, we created
cell membrane-encapsulated nanoclusters using human cell line overexpressing «3(4 receptors,
which bind to nicotine molecules specifically. Figure 7b shows representative TEM images of the
iron oxide nanoclusters prepared using cell membranes with o334 nicotinic receptors. Even though
the cell receptors were not visible on the TEM images of the cell membrane-encapsulated iron
oxide nanoclusters, the fishing experiments clearly demonstrated binding specificity and efficiency.
The nicotine receptors on the surfaces were able to fish out the nicotine molecules from tobacco
smoke condensates, and all other compounds without specific binding to the nicotine receptors were
washed out, as shown in the washing and elution chromatograms of the high-performance liquid
chromatography (HPLC) (Figure 7c). In addition, iron oxide nanoclusters coated with cell membranes
without nicotine receptors showed no binding to nicotine in the smoke condensates, suggesting specific
binding between nicotine and «3[34 receptors. This new magnetic separation will greatly benefit the
discovery of new drug candidate targeting transmembrane receptors. Most importantly, this technique
can be easily applied to any other transmembrane receptors.
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Figure 7. Cell membrane-encapsulated iron oxide nanoclusters: (a) design concept, (b) TEM image,
(c) HPLC washing and elution chromatograms of fishing experiments using o334 receptors from
smoke condensates, (d) comparison of elution profiles with and without &34 receptors (adapted from
Reference [42]; reproduced with permission from the Royal Society of Chemistry).
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In a similar study, iron oxide nanoparticles were encapsulated inside red blood cell membranes
for virus targeting and isolation [45]. The cell membranes were modified with sialic acid molecules,
which formed stable clusters with influenza viruses. The encapsulated superparamagnetic iron oxide
nanoparticles enabled the quick enrichment of the influenza virus via magnetic extraction. The enriched
viral samples significantly enhanced virus detection through multiple viral quantification methods,
such as the immunochromatographic strip test and cell-based tittering assays.

Additionally, iron oxide nanoclusters have been applied to the enhanced removal of molybdate
from surface water [40], the reduction of arsenic concentrations below the World Health Organization
(WHO) permissible safety limit for drinking water [41], enrichments of chemical molecules for
analysis [46], and protein adsorption [37,47].

3.2. Biomedical Applications of Iron Oxide Nanoclusters

The biomedical applications of iron oxide nanoclusters have been focused on magnetically triggered
drug release [48-51] and MRI contrast agents with high sensitivity [30,52-54]. For magnetically triggered
drug release, either iron oxide nanoparticles (>10 nm) and drugs were colocalized in nanocarriers [55]
or porous iron oxide nanoclusters were created to increase drug loading by surface adsorption [16].
Under alternating magnetic fields (AMFs), local heat was generated from iron oxide nanoparticles,
which elevated the local temperatures and subsequently caused drug release.

For example, iron oxide nanoparticle-loaded microcapsules were prepared through layer-by-layer
deposition of positively and negatively charged polyelectrolytes onto a calcium carbonate template.
By replacing the negatively charged electrolyte with negatively charged nanoparticles, the nanoparticles
were incorporated inside the shell, as shown in Figure 8a. Figure 8b shows a representative TEM
image of a capsule, where the darkness of the shell indicates the successful encapsulation of iron oxide
nanoparticles. The drug molecules were loaded inside the capsule after leaking out of the template.
Under AMFs, local heat was generated from the nanoparticles inside the shell, which triggered drug
release. Compared to samples without applying AMFs, the drug release was significantly enhanced
after applying 90 min of AMFs (300 kHz and 24 kAm™!), as shown in Figure 8c. Compared to
drug release triggered by photothermal stimulation, magnetic fields have better tissue penetration.
In addition, the localization of iron oxide nanoparticles inside the shells decreased the permeability of
microcapsules, preventing premature drug release before applying external stimuli [27].

Without matrix assistance, iron oxide nanoclusters are generally made into porous structures
for drug delivery applications. The high surface area and cavities of the porous structures increase
surface drug adsorption, leading to enhanced drug loading [16,56]. For example, porous iron oxide
nanoclusters were prepared using solvothermal synthesis, where sodium acetate was used to create
the porous structure because of ammonia gas bubble formation during synthesis [16]. Figure 8d shows
an illustration of porous nanoclusters, and Figure 8e shows a representative TEM image of porous iron
oxide nanoparticles. These as-prepared porous iron oxide nanoclusters served as great nanocarriers
for hydrophobic drugs, with a demonstrated loading capacity as high as 35.0 wt % for paclitaxel
(Figure 8f). The antitumor efficacy of paclitaxel-loaded nanoclusters under AFMs was significantly
enhanced compared to free drugs.
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Figure 8. Iron oxide nanoclusters for drug delivery: (a—c) design, TEM image, and magnetically triggered
drug release profile of iron oxide-decorated microcapsules; and (d—f) illustration, TEM image, and
thermogravimetric analysis plots representing the drug loading capacity of porous iron oxide nanoclusters
(a—c) are adapted from Reference [55], reproduced with permission from the Royal Society of Chemistry;
(d—f) are adapted from Reference [16] (with permission), copyright American Chemical Society, 2011).

Recently, cell membrane-coated iron oxide nanoparticles have been created for tumor targeting and
drug delivery [57-60]. For example, macrophage membrane-coated iron oxide nanoparticles have been
shown to be effective nanocarriers for tumor targeting and therapy [58]. In that study, the functional
transmembrane receptors were able to recognize cancer cells via cell-cell adhesion between macrophage
and cancer cell surfaces for effective cell targeting. The encapsulated iron oxide nanoparticles were used
as photoabsorbing agents for photothermal therapy. Similar concepts have also been demonstrated for
myeloid-derived suppressor cell membrane-coated magnetic nanoparticles, which performed well in
immune evasion, active tumor targeting, and photothermal therapy-induced tumor killing [59].

For MRI applications, iron oxide nanoclusters have been explored as both T; (positive) and T,
(negative) contrast agents. The iron oxide-based T; contrast agents were mainly either ultrasmall
(<4 nm) nanoparticles [22,61,62] or ultrathin (diameter <4 nm) nanowires [63,64]. Nanocluster
formation was mainly to overcome the short blood circulation time of these nanostructures due to their
small dimensions [22]. For instance, tannic acid-coated ultrasmall iron oxide nanoparticles (3~4 nm)
only had about 15 min of blood circulation time and were quickly cleared by the renal system [22].
Encapsulating these ultrasmall iron oxide nanoparticles inside BSA nanoclusters exhibited enhanced
T; permanence with higher r; relaxivity and increased blood circulation times [22]. Figure 9a shows
a comparison between phantom MRI images of free nanoparticles and BSA ultrasmall iron oxide
nanoclusters, suggesting great T brightening of the nanoclusters. Figure 9b shows MRI images of mice
before and 2 h post-injection with BSA ultrasmall iron oxide nanoclusters, where the brain and kidney
regions were significantly brightened, suggesting the nanoclusters remained in the blood stream even
2 h after injection. Similarly, ultrasmall iron oxide nanoparticles sandwiched between polymer layers
of layer-by-layer assembled microcapsules showed not only increased blood circulation time, but also
served as great drug nanocarriers for ultrasound-triggered drug release [27]. Figure 9c shows MRI
images of a control mouse and a mouse 48 h post-injection, where the bright region near the heart
suggested the long blood circulation time of these nanoparticle-loaded capsules. Because of their larger
sizes, these capsules were sensitive to ultrasound, which enhanced drug localization at the tumor site
with ultrasound treatment (Figure 9d).
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Figure 9. (a) Phantom MRI images of free ultrasmall nanoparticles and bovine serum albumin (BSA)
ultrasmall iron oxide nanoclusters, (b) MRI images of mice before and 2 h post-injection with BSA
ultrasmall iron oxide nanoclusters, (c) MRI images of a mouse 48 h after injection with ultrasmall iron
oxide nanoparticle-loaded capsules (right) and a control (left), and (d) iron quantification showing the
increased accumulation of an ultrasound-treated tumor after capsule injection ((a,b) are adapted from
Reference [22], reproduced with permission from the Royal Society of Chemistry; (c,d) are adapted
from Reference [27]).

T, MRI contrast agents are mainly superparamagnetic nanoparticles, and nanocluster formation
increases the magnetic signal and subsequently enhances the imaging sensitivity or cell labeling
efficiency [24,30,52,53,56,65-67]. For example, differently sized iron oxide nanoclusters via solvothermal
synthesis showed higher r; relaxivity for nanocluster sizes of around 50-60 nm. The r; relaxivity of
63-nm iron oxide nanoclusters was more than three times higher than that of commercial products
(Resovist) [30]. In addition, the cellular take efficiency of 63-nm iron oxide nanoclusters by macrophage
cells was 10 times higher than that of Resovist [30]. Enhanced MRI sensitivity and increased cellular
uptake make iron oxide nanoclusters great candidates for cellular MRI.

3.3. Optical Applications of Iron Oxide Nanoclusters

Iron oxide nanoclusters synthesized by the polyol method are negatively charged and highly
water soluble. Under magnetic fields, these nanoclusters assemble into chain-like structures and
diffract visible light. Therefore, these nanoclusters are used as building blocks to develop magnetically
controlled photonic crystals [6,9,31]. The color of diffracted light can be tuned through adjustments to
nanocluster size, interspacing between nanoclusters, and the strength of the applied magnetic fields.
Using superparamagnetic polyacrylic acid-coated iron oxide nanoclusters of 120 nm as an example
(Figure 10a—c), it was demonstrated that the color of the diffracted lights shifted from blue to red
when the applied magnetic fields increased (Figure 10d). The reflection spectra clearly showed the
dependence of the refracted light wavelength on the strength of the applied magnetic field, where the
field strength was tuned by changing the distance between the magnet and the nanoparticle solution
(Figure 10e) [5]. In addition, the optical response of the colloidal photonic crystals to the changes in the
external magnetic field was fully reversible.
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Figure 10. Iron oxide nanoclusters as building blocks for photonic crystals: (a) TEM image of iron

oxide nanoclusters, scale bar 100 nm; (b) schematic illustration of polyacrylate coating on nanocluster

surfaces; (c) superparamagnetic behavior of nanoclusters at room temperature; (d) photographs of

photonic crystals formed in response to an external magnetic field; and (e) UV-Vis reflectance spectra

(adapted with permission from Reference [9]).

In a similar study [6], iron oxide nanoclusters of different cluster and grain sizes were tested for
optical response. It was discovered that a critical nanocluster size (~40 nm) existed, below which no
changes were observed in light diffraction with applied magnetic fields. In addition, larger nanoclusters
(>160 nm) preferably diffracted red light in relatively low magnetic fields, while the smaller nanoclusters
(<100 nm) diffracted blue light in stronger magnetic fields.

4. Summary and Outlook

In summary, we have discussed the preparation methods and emerging applications of iron
oxide nanoclusters. Compared to individual iron oxide nanoparticles, these nanoclusters are much
larger in size (hundreds nm), but remain superparamagnetic. Several synthetic methods have been
developed by either directly preparing nanoclusters in a single step (e.g., the polyol method, thermal
decomposition, and solvothermal synthesis) or assembling presynthesized ligand-capped nanoparticles
under controlled conditions (e.g., solvophobic interaction, ligand etching, and matrix-assisted
aggregation). Among the various synthetic methods, solvothermal synthesis is highly attractive, as it
produces water-soluble, monodisperse superparamagnetic nanoclusters in a single step. In particular,
large-scale production (up to 200 g per batch) has been demonstrated without scarifying the quality of
the product. The enhanced magnetic properties and collective behaviors of these nanoclusters have
led to a number of emerging applications, such as rapid magnetic separation and magnetically
triggered drug delivery. Of all of these discussed applications, cell membrane-encapsulated
nanoclusters are particularly attractive because of their enhanced performance. For example, cell
membrane-encapsulated nanoclusters for magnetic separation can overcome the nonspecific binding
problems associated with current magnetic bead technologies. The functional transmembrane receptors
allow for the specific identification and extraction of targets binding to cell receptors. Depending
on the choices of cell membranes, cell membrane-encapsulated nanoclusters are also used for drug
delivery and tumor targeting. These biomimetic nanocarriers exhibit much better efficiency compared
to traditional nanocarriers.
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Abstract: Iron oxide nanoparticles are the basic components of the most promising magneto-responsive
systems for nanomedicine, ranging from drug delivery and imaging to hyperthermia cancer
treatment, as well as to rapid point-of-care diagnostic systems with magnetic nanoparticles.
Advanced synthesis procedures of single- and multi-core iron-oxide nanoparticles with high
magnetic moment and well-defined size and shape, being designed to simultaneously fulfill
multiple biomedical functionalities, have been thoroughly evaluated. The review summarizes
recent results in manufacturing novel magnetic nanoparticle systems, as well as the use of proper
characterization methods that are relevant to the magneto-responsive nature, size range, surface
chemistry, structuring behavior, and exploitation conditions of magnetic nanosystems. These refer to
particle size, size distribution and aggregation characteristics, zeta potential/surface charge, surface
coating, functionalization and catalytic activity, morphology (shape, surface area, surface topology,
crystallinity), solubility and stability (e.g., solubility in biological fluids, stability on storage), as well
as to DC and AC magnetic properties, particle agglomerates formation, and flow behavior under
applied magnetic field (magnetorheology).
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1. Magnetism at Nanoscale and Bio-Ferrofluids—A Brief Introduction

Magnetic nanoparticle systems that are relevant for nanomedicine applications [1,2], such as
biomedical imaging, magnetically targeted drug delivery, magneto-mechanical actuation of cell surface
receptors, magnetic hyperthermia, triggered drug release, and biomarker/cell separation, have some
particular features concerning composition, size, morphology, structure, and magnetic behavior,
which highly motivated the synthesis, characterization, and post-synthesis application-specific
modification of magnetic iron oxide and substituted ferrite nanoparticles [3-10]. These multi-functional
magnetoresponsive particles are highly promising in imaging and treating a lesion, simultaneously
providing a theranostic approach [11-13]. Microscopic phenomena that are associated with the surface
coordination environment, such as canted surface spins, intra- and interparticle interactions (dipolar
or exchange, involving surface spins among different particles), and even increased surface anisotropy,
which are relevant in improving magnetic field controlled driving and heating, as well as magnetic
resonance imaging (MRI) detection, may affect the magnetic behavior of magnetic nanoparticle
systems [14,15]. In the case ferrofluids designed for biomedical applications, the magnetic particles
dispersed in aqueous carrier involve both single-core and multi-core iron oxide (mainly magnetite and
maghemite) nanoparticles (IONPs), consequently bio-ferrofluids [16] widely extend the conventional
domain of ferrofluids referring only to single core high colloidal stability magnetic nanofluids [17,18].

The interaction of a magnetic nanoparticle (MNP) with an external magnetic field [10] is governed
by minimization of the dipole-field interaction energy achieved by the orientation of the particle’s
magnetic moment parallel to the applied magnetic field [3] and, in case of a non-uniform field,
the interaction involves the translation of the particle in the direction of the field gradient, i.e.,
magnetophoresis [19]. The rotation of the magnetic moment of a particle that is suspended in a liquid
carrier can occur either free with respect to the particle (Néel rotation) or together with the particle
(Brown rotation) [4,20,21]. The orientation of MNP’s magnetic moment in alternating current (AC)
magnetic fields shows hysteresis, except for particular situations. The phenomenon of AC magnetic
hysteresis is the basis of magnetic particle hyperthermia [21,22] and susceptometric granulometry of
single and multicore MNPs [23]. In direct current (DC) magnetic fields, the magnetization of diluted
single core particle dispersions follows the Langevin equation, which gives the theoretical framework
for the magnetogranulometry of single core particles, due to the permanent magnetic moment of
subdomain MNPs [24]. Depending on size, magnetic nanoparticles are subject of various contributions
to their anisotropy energy [25-27], influencing the overall magnetic behaviour of the MNP system.
The main forms of anisotropy specific to magnetic nanoparticles are summarized in what follows:
(a) Magnetocrystalline Anisotropy: this property is related to the crystal symmetry and the arrangement of
atoms in the crystal lattice. Magneto-crystalline anisotropy can show various symmetries, but uniaxial
and cubic forms cover the majority of cases [28,29]. (b) Magnetostatic anisotropy (shape anisotropy):
this contribution is due to the presence of free magnetic poles on the surface creating a magnetic
field inside the system (i.e., demagnetizing field) which is responsible for the magnetostatic energy.
Subsequently, for a particle with finite magnetization and non-spherical shape, the magnetostatic
energy will be larger for some orientations of the magnetic moments than for others. Thus, the shape
determines the magnitude of magnetostatic energy and this type of anisotropy is often called as shape
anisotropy [28,30,31]. (c) Surface anisotropy: Surface anisotropy, which increases with the increase in
surface-to-volume ratio (i.e., a decrease in particle size), gives rise to the lower symmetry of surface
atoms with respect to the atoms located within the particle [26,31]. Surface anisotropy is also strictly
related to the chemical and/or physical interactions between surface atoms and other chemical species.
The coating and functionalization of the nanoparticle surface can induce important modifications in its
magnetic properties, referring to the so-called “magnetic dead layer” due to spin-canting [32-34].

Multicore particles have no permanent magnetic moment, provided that the constituent particles
are small enough, such that the magnetic dipole-dipole interactions are negligible. The induced
(resultant) magnetic moment of multicore particles is parallel to the external magnetic field and it
follows the Langevin equation. The multicore particles show magnetic coercivity and remanence due
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to dipole-dipole interactions if the constituent particles are large, i.e., the anisotropy energy overcomes
the thermal energy. The induced magnetic moment of multicore particles at saturation is the sum
of the constituent particles’ magnetic moments [35]. Many applications of magnetic nanoparticles
and nanocomposites in medicine rely on their ability to be manipulated while using magnetic fields.
This ability depends on the effectiveness of the magnetophoretic force, being determined by the particle
magnetic moment and the field gradient, to fix or to move the particles [19,36,37]. The magnetophoretic
force exerted upon single core superparamagnetic nanoparticles is less effective due to their small
diameter and magnetic moment implicitly, but, in the case of multicore composites, the resultant field
induced magnetic moment is high enough in order to allow magnetic targeting already for moderate
values of field intensity and gradient. Multi-core particles with relatively large overall sizes manifest
strong magnetic response and, also, preserve the superparamagnetic behavior. Indeed, these multicore
composites of sizes well above 20 nm show superparamagnetic properties at room temperature (300 K),
while at very low temperature (~2 K) clusters of similar sizes would exhibit typical ferromagnetic
hysteresis loops [38]. The particles” magnetic moment is more relevant than mass magnetization in
order to assess the magnetic targeting/fixing applicability of magnetic particles [19,39,40].

In this review, we aim to focus on the latest trends in magnetic nanosystem research for
nanomedicine applications, involving synthesis, structural, colloidal, magnetic and magnetorheological
characterization, as well as demonstrating efficient progress and still existing weaknesses.

2. Designed Synthesis of the Magnetic Core

The preparation of superparamagnetic iron oxide nanoparticles (SPION) dispersions can be approached
from two directions [41]: (i) from heterogeneous phases via dispersion (grinding and dispersing solid
phase) of iron or iron oxides into aqueous solution and (ii) from homogeneous phases via condensation
of precursors from either liquid or gaseous phase [42]. These have recently been called as the top down
(mechanical attrition) and bottom up (chemical synthesis) methods of nanoparticle fabrication [43].

The bottom-up synthesis procedures [43-46], for example the coprecipitation of Fe(Il) and
Fe(III) salts, sol-gel processes, polyol methods, sonolysis [45], thermal decomposition, solvothermal
reaction [47], hydrolytic and non-hydrolytic wet chemistry methods [3], liquid phase, polyols,
thermal decomposition, microemulsion, and laser evaporation syntheses, biomineralization, [22],
are considered to be the most effective ways of fabricating SPIONs. In a recent review [9], referring
to the synthesis of shape-controlled magnetic iron oxide nanoparticles, it was emphasized that the
nucleation and growth/agglomeration are the main stages in any colloidal or wet chemistry synthesis
route. If monodisperse nanoparticles are aimed to be synthesized, the stages should be pulled apart
in temperature and time, otherwise the polydisperse system and diverse particle morphology are
obtained. For anisometric nanoparticles, like cubes, rods, disks, flowers, and many others, such as
hollow spheres, worms, stars, or tetrapods, the growth is the crucial step and the specifically adsorbing
ligands are responsible for the final morphology of nanoparticles. Uniform-sized nanoparticles from
3—4 up to 20 nm have been obtained through a seeded growth mechanism. The decomposition of
iron stearate at high temperature in the presence of different surfactants allows to synthetize mixed
crystals of magnetite and maghemite with sizes between 4 and 28 nm [48]. The synthesis parameters
(precursors, additives, and their ratio) and experimental conditions (reaction time, temperature) were
changed, and monodisperse, single core (this term was not used in the paper) crystals with different
classes of size (e.g., 7-8, 10-11 nm) were made.

The thermal decomposition of organic precursors takes place in the presence of surfactant
stabilizers. Nucleation events for the formation of the nanocrystals are controlled and, thus, the size
and the use of surfactants allow for monodispersity. In this process, surfactant stabilized hydrophobic
particles form that needs further treatments to transfer them into aqueous media. The latter can be
achieved by using surfactants (e.g., Na-oleate), forming an oppositely oriented second layer due to
hydrophobic interaction with the alkyl chains of first layer chemisorbed on the surface of IONPs [49].
The long-term stability of aqueous magnetic colloids under the effect of magnetic field in biorelevant
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media has not been evidenced yet [17]. If oleic acid is used in the synthesis, the double bonds of
chemisorbed oleate can be oxidized by strong oxidant (e.g., KMnO4 under acidic or alkaline conditions).
Azelaic acid forms in an oxidization reaction on the IONPs’ surface, and the carboxylated product
has good dispersibility in aqueous media [50]. The surfactants with hydrophobic alkyl chains can be
replaced by hydrophilic molecules having functional groups (e.g., carboxylic acid, phosphonic acid,
aromatic molecules with OH groups in ortho position) that have a higher affinity to =Fe-OH sites on
IONPs’ surface in a ligand-exchange process often used lately [51].

While keeping the superparamagnetic behavior, the synthesis of multicore particles proved to be a
promising solution for magnetics based imaging, therapeutics, and sensing to improve the manifold
magnetic response of particles [40,52-56]. Magnetic nanoparticle clusters embedded in a polymer
shell, to sum the magnetic moments of each nanoparticle, were made applying in situ coprecipitation
by using gels as microreactors [57,58], and also by strongly polar solvent induced destabilization
of a ferrofluid [59]. The miniemulsion technique is also well-established to control clusterization
of magnetic nanoparticles [60]. The densely packed magnetic clusters are encapsulated in a polymer
shell [61,62]. High magnetization spherical particles in thermoresponsive polymer shell were produced in
a ferrofluid miniemulsion procedure [63,64]. Hydrophobic oleic acid coated SPIONS of a light organic
carrier (hexane, toluene, tetrahydrofurane) based ferrofluid may also be incorporated into chitosan
amphiphile nanoparticles by the ultrasonic emulsification procedure and evaporation of the volatile
carrier [65]. The magnetic behavior of nanoparticle assemblies is strongly dependent on interparticle
interactions, in particular on dipole-dipole interactions and exchange coupling between surface atoms,
with the size and molecular coating of magnetic nanoparticles controlling the resulting arrangements [66].

Various magnetoresponsive nanocomposite particles with adjustable properties (e.g., size,
magnetic moment, surface charge, morphology, shell thickness) were synthesized during the last
period of time. Figure 1 collects some of these multi-core particles to illustrate the results in the design
and manufacture of these magnetic carriers that have to respond to requirements of colloidal stability
in aqueous dispersion media, as well as of achievable values of magnetic field strength and gradient.
It is essential to ensure high values of the magnetic moment, which is one of the most important
requirements, for successful applications in biomedicine of functionalized nanocomposite carriers, in
particular in magnetic targeting [19,67,68]. In this respect there are different approaches to distribute a
certain amount of magnetic nanoparticles, such as onto the surface of a non-magnetic core [69], or on
layered silicate (e.g., montmorillonite) support with high surface area [70], enclosed in a thin vesicle
bilayer [71], or close packed to form a magnetic core, the magnetic core-organic shell nanocomposites
being favored by their high magnetic response [72]. MNP clusters that are prepared from aqueous [73]
and organic [74] ferrofluids can be used to obtain magnetoliposomes [75] with high magnetic response
and MRI contrast for in vivo drug and gene delivery into cancer cells. IONPs and anticancer drugs
were enclosed into nanocapsules that were designed to be responsive to remote radio frequency (RF)
field for ON-OFF switchable drug release [76]. Ferrofluids, as primary materials, provide hydrophobic
IONPs to be encapsulated together with camptothecin anticancer drug into PPO (polypropylene oxide)
block of Pluronic vesicles. The developed continuous manufacturing procedure is scalable and it
provides multi-core theranostic drug delivery vehicles [77].

The usually spherical morphology resulting in oil (ferrofluid)-in-water miniemulsion procedure
is modified when the hydrophobic oleic acid coating of MNPs is incomplete and the hydrophobic
character of particles significantly reduces. As a consequence, the MNPs accumulate at the ferrofluid
drop-water interface, resulting in strongly non-spherical shape nanocomposite particles [39]. Magnetic
field guided evaporation of ferrofluid droplets [78,79], making use of specific Rosensweig instabilities
and tuning the concentration of ferrofluid, allows for preparing various shaped nanocomposites
(so-called “supraparticles”) and also preserving superparamagnetic behavior. The high evaporation
rate organic ferrofluids having oleic acid monolayer coated magnetite NPs were used to fabricate
magnetoactive fibrous nanocomposites and multi-responsive co-networks [80,81], which exhibit promising
characteristics for magnetothermally or pH triggered drug delivery.
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More recently nanoflower type composites came into the play [82], whose formation is due to
exchange interactions between the cores favoring cooperative behavior and a crystal continuity at
the core interfaces. The magnetic nanoflowers manifest enhanced susceptibility while maintaining
superparamagnetic behavior; their structure (e.g., the contact between cores within a particle, having
a strong impact on the collective magnetic properties [83]) critically depends on the synthesis
process. Two routes of the latter can be differentiated: the polyol method and thermal decomposition.
For example, the 1:2 mixture of Fe(Il) and Fe(Ill) salts was hydrolyzed in organic solvent mixture
(diethylene glycol and N-methyldiethanolamine) at high temperature; the clustering and coalescence
of seeds took place during the longer period [84]. In this single step process, a big mixture of
coalesced flower-like maghemite nanoparticles formed, which was fractionated by increasing salt
content of aqueous system at low pH, taking advantage of electrostatic colloidal stability. Figure 2
shows the nanoflowers formed in the one pot synthesis and two fractions selected as examples to
distinguish the single and multicore IONPs. Different routes based on the partial oxidation of Fe(OH),,
polyol-mediated synthesis, or the reduction of iron acetylacetonate were used to obtain multicore
iron oxide nanoflowers in the size range 25-100 nm [82]. The nanoparticles were either stabilized
with well-known agents, such as dextran and citric acid, or, as an alternative, IONPs were embedded
in polystyrene to ensure long-term colloidal stability. The first steps toward the standardization of
the synthesis and characterization of nanoflowers have been attempted. By now, better quality of
magnetite nanoflowers can be also synthesized by thermal decomposition in organic media [25].

Figure 1. Magnetic multi-core particles obtained by different synthesis procedures: (1) encapsulation of
magnetic nanoparticles (MNPs) into liposomes, polymersome: left—TEM (b) and cryo-TEM (c) micrographs
of Ultra Magnetic Liposomes (UMLs) prepared by reverse phase evaporation process (REV) process.
MNPs are trapped inside unilamellar vesicles (c) and dipole—dipole interaction can occur as exemplified
by magnification (b) ([73]); right—Cryo-TEM image showing iron oxide nanoparticles incorporated in
the polymersome membrane with 4.1% iron oxide (left), and 17.4% iron oxide (right) ([77]). (2) thermal
decomposition: left—TEM images of polymer encapsulated colloidal ordered assemblies (polymer-COA)
at higher (A) and lower (B) resolution. The dark pattern (A) results from the ordering of the closed
packed assemblies within the nanobeads, while the brighter gray ring is caused by the polymer shell
(lower electron density) of around 20 nm thickness ([59]); right—High Resolution TEM of multi-core
MNP showing the continuity of the crystal lattice at the grain interfaces. The Fourier transform of this
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high resolution image (see inset) shows the monocrystalline fcc structure of the multi-core nanoparticles,
oriented along the [001] zone axis ([84]). (3) miniemulsion: left—TEM images of magnetic
microgel with magnetite nanoparticles cluster as a core coated with two layers of cross linked
polymer shells poly-N-isopropylacrylamide-polyacrylic acid ([63]); center—TEM image of magnetic
clusters encapsulated in a copolymer hydrogel poly(N-isopropylacrylamide-acrylic acid). Scale bar:
100 nm ([62]); right—TEM image of cross section of superparamagnetic microparticles produced with
ferrofluid nanoparticle concentrations of 1 g/L using oil-in water emulsion-templated assembly ([39]).
Reprinted with permission from Reference [41].

Figure 2. TEM images of the polydisperse mixture of iron oxide nanoparticles (IONPs) (as prepared left
side) and its fractions containing multicore (MC1 middle) and single core (SC right side) nanoparticles.

Reprinted with permission from Reference [84].

3. Magnetic Nanoparticles in Aqueous Carrier

3.1. Ferrofluids vs. Bioferrofluids

The main distinctive feature of ferrofluids among the larger class of magnetic colloids is their
long-term colloidal stability, even in strong and non-uniform magnetic fields specific to most of
applications. In the carrier liquid, the overall particle interaction potential should be repulsive, i.e.,
the attractive van der Waals and magnetic forces have to be balanced by Coulombic, steric or other
interactions, in order to keep particles apart from each other [17]. The stabilization of magnetic
fluids impeding aggregate formation is more challenging for aqueous than for organic carriers.
The necessary increase of magnetic particle concentration also involves an increase of the hydrodynamic
volume fraction of surface coated particles determined by the stabilization procedure, electrostatic
or electro-steric, which differentiate water-based ferrofluids, to attain high values of saturation
magnetization. The steric stabilizing layer (usually a chemisorbed primary and a physisorbed
secondary layer of surfactant molecules) has a much greater thickness than the electrostatic one,
therefore the hydrodynamic volume fraction at the same magnetic volume fraction is much higher
(approx. 7-8 times) for electro-steric (e.g., oleic acid double layer) than for electrostatic stabilized
aqueous ferrofluids [85]. The significantly reduced interparticle distance produces colloidal stability
issues that involve nanoparticle size and magnetic moment, dipolar interactions, excess surfactant, and
agglomerate formation. Ferrofluids designed for biomedical applications—bio-ferrofluids [16]—involve
beside single-core particles, a large fraction of multi-core magnetic nanoparticles coated with single or
multiple biocompatible surface layers [41], to be discussed in what follows.

3.2. Surface Coating of Magnetic Cores

The surface coating of magnetic iron oxide nanoparticles (IONPs) is inevitable to protect iron
leaching, to optimize long term and in-use colloidal stability, to ensure biocompatibility, and to provide
specific sites to graft biological functions as well. Therefore, the coating of magnetic nanoparticles
should be carefully designed.

The different synthesis methods commonly produce IONP particles that are coated with a protective
shell. The preparation of naked IONDPs is relatively rare in the literature, probably for the reason that
the surface properties of naked IONPs definitely depend on pH and nanoparticles strongly aggregate at
neutral pHs, as discussed above [86,87]. The colloidal stability of IONPs under biorelevant conditions,
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e.g., in blood, at pH~7.4 in physiological salts and protein concentration is the minimum requirement
for biomedical applications [71,88]. Therefore, the aggregation of IONPs has to be prevented by
protective coating, which can be created either during or after their synthesis. In the literature, in situ
coating, post-synthesis adsorption, or post-synthesis grafting are distinguished [68]. In the latter, the
functional groups of brush-like polymer chains are anchored to the IONP’s surface. Covalently bound
molecules can more improve colloidal stability than adsorbed ones, as demonstrated, for example, in the
work of Rinaldi and co-authors [89,90]. However, a great disadvantage of the former is the expensive
purification process to remove impurities from organic synthesis to reduce the chemical hazard of
the formulation. The multipoint adsorption of polyelectrolytes, especially natural polysaccharides,
such as chondroitin-sulfate-A (CSA) bound chemically to =Fe-OH surface sites of IONPs, is suitable
for fabricating biocompatible magnetic fluid (MF) and magnetoresponsive nanocomposites [91-94].
Biopolymer coated magnetite nanoparticles fulfill all assumption of biomedical application, as shown
in Figure 3.
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Figure 3. Adsorption isotherm of chondroitin-sulfate-A (CSA) on magnetite nanoparticles (MNP) at
pH ~6.3 in aqueous NaCl solution (left side). With increasing CSA concentration, the colloidal state of
samples changes characteristically from aggregated to stable, as seen in the vials. The inserted larger
photos clearly show the difference between the well stabilized and aggregated magnetic fluids (the
amount of CSA is expressed through the number of repeating units in mmol.) Some assumptions of
biomedical application are listed in the right side of figure. Reprinted from Reference [94] under the
terms of CC by 4.0.

In the literature, the biomedical use of citric acid stabilized IONPs is favored (e.g., the famous
VSOP-C184 product) in [45,95,96] or of the multi-core samples in [97]). However, the citrated IONPs
coagulate, even at low salt concentration and, moreover, their iron leaching is very high because
citric acid has a reducing effect, and it forms complexes with the surface Fe ions [98]; the dissolved
iron ions may cause oxidative stress besides the danger of particle aggregation in vivo. Amstad and
coworkers [71] reported a similar iron dissolution effect of catechol derivatives (e.g., mimosine) grafted
to Fe3Oy surfaces, causing the gradual dissolution of Fe304 nanoparticles through complexation.
The other key point is the formation of protein corona of MNPs in biological fluids [99]. Up to now,
the coating IONPs with hydrophilic agents is the most widely accepted method for overcoming this
problem. Polyethylene oxides or glycols (PEG) and carbohydrates like dextran [3,71] or carbohydrate
derivatives (such as mannose, ribose, and rhamnose) [84,100] are the most common of many coating
agents, which are chemically bound to the =Fe-OH surface sites or by multiple H-bonds, and make
IONPs super hydrophilic, inhibiting the adsorption of proteins. However, the formation of protein
corona on MNPs covered with dextran and its derivatives has been perceived [101]. Other types of PEG
coating on IONPs (grafting with poly(ethylene glycol)-silane [90] or in situ forming in the poly(ethylene
glycol) and poly(ethylene imine) mixture [102]), i.e., the PEGylation can generally improve the drug
delivery, enhance the drug accumulation, and might improve the blood-brain barrier transport of
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IONPs [68]. A new design of PEGylated coating (P(PEGMA-co-AA)@MNPs) provides a non-fouling
outer surface that helps the nanoparticles to remain “invisible” for the phagocytic mechanisms, while
its free carboxylate moieties can be exploited for grafting specific biologically active molecules or
proteins for theranostic applications [103].

Using the synthesis procedure of carboxylic (lauric, myristic or oleic) acid stabilized aqueous
ferrofluids [49,104], bovine serum albumin (BSA) coating was applied to rise the colloidal
stability of lauric acid-coated IONPs in biological media [105]. The coating greatly reduced the
toxicity of nanoparticles and enhanced therapeutic potential of mitoxantrone drug-loaded system.
Further cross-linking of BSA coating was performed in order to improve colloidal stability [106], and
monoclonal antibodies were covalently bound to BSA coated IONPs promising MRI contrast agents
for glioma visualization in brain.

Nanoparticles interact with biological entities in a biological environment, and nano-bio interfaces
form [107]. Only the particle surface can be modified to improve in vivo biocompatibility of
nanoparticles. Seeing this issue, the size, the sign, and magnitude of surface charge (as manifested in
the measurable zeta potential) and dispersibility in aqueous media (hydrophilic/hydrophobic feature)
are the main options for change. Experiments have already shown that positively charged particles are
probably more toxic than the larger hydrophobic ones clearing rapidly in the reticuloendothelial (RES)
system. In biological systems, medium-sized particles with a neutral or weakly negatively charged
surface generally tend to promote enhanced permeation and retention (EPR) [107].

A new generation of coating agents P(PEGMA-co-AA), which combine charged functional groups
(i.e., carboxyl groups that are capable of anchoring both nanoparticles and bioactive molecules) and
superhydrophilic uncharged segments (i.e., PEG chains in comb-like arrangement) has been reported
last year [103]. In a post-coating process, these multifunctional molecules are able to spontaneously
bind to MNPs’ surface sites =Fe-OH; stabilize the particles electrostatically via the carboxylate moieties
and sterically via the PEG moieties; provide high protein repellency via the structured PEG layer;
and, anchor bioactive molecules via chemical bond formation with the free carboxylate groups.
The electrosteric (i.e., combined electrostatic and steric) stabilization is efficient down to pH 4 and it
tolerates saline media.

In biomedical applications, an optimized coating on SPION surface is required, via which IONPs
can interact with different biological entities (proteins, cell membranes, etc.). Only the coating on the
engineered NPs can be freely varied at the nanobio interface. The core of nanoparticles has almost all
of the desired properties, such as chemical composition, shape and curvature, porosity and surface
crystallinity, heterogeneity, and roughness, as listed by Nel and coworkers [107]. The coating layer
of core-shell nanosystems provides optimal hydrophobicity/hydrophilicity in a given medium and
active sites for anchoring biofunctions. In the same article, the other quantifiable properties of NPs’
interactions (dissolution, hydration, zeta potential, aggregation/dispersion, etc.), which are crucially
influenced by the ionic strength, pH, temperature, and the presence of large organic molecules (e.g.,
proteins), or specifically adsorbing molecules or ions (e.g., detergents generally or phosphate ions)
of the suspending media, are separately discussed. The composition and structure of interfacial
layer on coated NPs, as well as its changes on the nanoscale, definitely affect the microscale and
more the macroscale behavior of engineered nanoparticles. The quality of coating interrelates with
colloidal stability under biorelevant conditions, as described in [108]. Sedimentation, freezing, and
hemocompatibility tests (smears) are recommended for the qualification of good and bad SPION
manufacturing for intravenous administration. Besides the colloidal stability of nanosystems, coatings
also largely affect the functionality and biological fate of IONPs. Several different functions of NPs’
coating can be identified, namely: (i) colloidal stabilization under physiological conditions (protecting
against aggregation at biological pHs and salty medium), (ii) inhibiting the corrosion and oxidation of
magnetic core (passivation reducing the iron leakage), (iii) hindering non-specific protein adsorption
in biological milieu, (iv) providing reactive groups for anchoring drugs and targeting molecules, and
(v) controlling nano-bio interfacial interactions (bio/hemocompatibility, reticuloendothelial system

46



Magnetochemistry 2020, 6, 2

(RES) uptake, blood circulation time, IONP’s internalization efficiency, toxicity, targeting efficiency,
in vivo fate, etc., as discussed in detail [3,41,68,71,107]). These functions of coating largely overlap
with the general concerns of EMA (European Medicines Agency) [109] that should be considered in
the development of nanomedicine products.

3.3. Stabilization Mechanisms

The dispersed nanoparticles move freely (thermal motion) in the carrier medium. The colloidal
stability of dispersion is the question, whether nanoparticles can retain their separateness during
collisions; i.e., whether the particle-particle interactions that are controlled by the frequency and
efficiency of collision result in aggregate or not. The latter depends on the extent of attractive and
repulsive contributions to the total interaction. The classical DLVO theory of colloidal stability describes
the attractive (van der Waals) and repulsive (electrostatic) forces. In addition to these, the hydration,
the hydrophobic interactions, and the steric hindrance should be also assessed [110,111]. In the case of
magnetic particles, besides the short range exchange interaction especially relevant to formation of
multi-core particles, such as nanoflowers [83], the magnetic dipole attraction having a fundamental
effect on the collective magnetic properties must also be taken into account [112] to obtain reasonable
theoretical stability predictions [90]. In these papers particle aggregation is used as a generic term for
coagulation and flocculation independently of the inner structure of aggregates and the reversibility
of their formation. Another term, agglomeration, has appeared in the relevant literature, with the
same or different meanings as aggregation. Gutiérrez and coworkers [83] reviewed the aggregation of
magnetic iron oxide colloids and definitely stated that “nanoparticles tend to form assemblies, either
aggregates, if the union is permanent, or agglomerates, if it is reversible”, recalling a bit industrial
terminology or that used in nanotechnology nowadays. However, there are certain inconsistencies
with the classical colloid nomenclature (e.g., in refs. [110,111]), where aggregation involves coagulation
and flocculation giving rise to compact and loose structures, respectively. Their reversibility depends
on the magnitude of mechanical force against they should exist. For example, coagulum, the aggregate
that forms in the coagulation process, is irreversible against thermal motion; however, it disintegrates
when subjected to stronger shaking, stirring, or even mild ultrasonication, and, after this, coagulation
restarts at rest, so its formation is reversible [111].

In [113], it was emphasized that nanomaterials should be characterized in the relevant medium,
and not simply in water, especially in what concerns aggregation (agglomeration) processes. Referring
to coagulation kinetics, IONPs’ colloidal stability should be acceptable under biorelevant conditions, i.e.,
at biological pH values, in the presence of salt and proteins, and also in cell culture media. In classical
colloid science, coagulation kinetics can correctly characterize colloidal stability, also allowing for
predicting the stability of SPIONs’ products both on storage and in use. However, the measurements
require advanced instrumentation and a lot of time, thus a simpler method would be needed to test
SPION preparations [108]. Particle aggregation tests (size evolution, filtration, sedimentation, etc.)
under arbitrary conditions are often used [71]. Coagulation kinetics is useful for testing the salt tolerance
of IONPs and predicting their resistance against aggregation under physiological condition [87].
A straightforward route of physicochemical (iron dissolution) and colloidal (pH-dependent charging
and particle size, salt tolerance from coagulation kinetics) measurements was suggested for assessing
the eligibility of IONPs for in vitro and in vivo tests [98].

4. Physical-Chemical Characterization

4.1. Chemical Composition of Magnetic Nanoparticles

X-ray Photoelectron Spectroscopy (XPS) is a very sensitive surface analysis method for the
materials chemical composition. The method allows for the determination of the atomic concentrations,
the chemical state of the emitting atoms (oxidation degree, valence states, chemical ligands, etc.).
This information results from the areas delimited by the photoelectron peaks and from the chemical
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shifts of the peaks with respect to the elemental state, as induced by the chemical surrounding of
the atoms. The electrostatic interaction between the nucleus and the electrons determine the core
binding energies of the electrons. The electrostatic shielding of the nuclear charge from all other
electrons in the atom reduces this interaction. The removal or addition of electronic charge will alter
the shielding: withdrawal of valence electron charge (oxidation) increase in binding energy; addition
of valence electron charge decrease in binding energy. Chemical changes can be identified in the
photoelectron spectra.

In the case of magnetic nanoparticles, surface properties strongly influence their magnetic
performance and their behavior in biological media. The core-shell type magnetic nanoparticle
systems consist of the magnetic core and a shell around the core, usually a biocompatible polymer
and additionally molecules fulfilling the roles of anchors, spacers, and various functionalities. XPS
provides information regarding the chemical composition of the coating layers and, on the other hand,
allow for determining the oxidation state of the metal in the magnetic core [63,114-117]. XPS allows for
determining the oxidation states of iron and to quantify Fe?* and Fe* ions in iron oxide nanoparticles.
These oxidation states of iron can be determined by Fe2p spectrum employing chemical shift and
multiplet splitting and the characteristic satellites [85,118-122].

The organic coating layers of magnetic nanoparticles have major importance for biomedical
applications of these nanomaterials. Coating layers ensures the chemical and colloidal stability of
magnetic nanoparticles and allow for further functionalization [122-124]. Surface functionalization of
magnetic nanoparticles for biomedical applications remains a major challenge. XPS is one of the most
appropriate methods for the analysis of the functionalized organic coating of magnetic nanoparticles.
The optimization of the required properties for applications requires understanding the nature of the
interface between the magnetic core and the shell and the influence of the surface complex formation
on the nanoparticle’s magnetic properties.

Mazur and coworkers reported a good strategy for surface functionalization of magnetic
nanoparticles allowing for the simultaneous attachment of dopamine anchors bearing azide, maleimide,
and alkyne terminal groups [125] (Figure 4). This functionalization strategy of nanoparticles by using
dopamine derivatives shells has the advantage that, besides the protection of the iron oxide core
offering the possibility to integrate in a one-step reaction several reactive sites onto the nanoparticles,
making these functionalized nanoparticles very promising for biomedical applications.

XPS allows for a detailed analysis of surface chemical composition of iron oxide nanoparticles
before and after functionalization with dopamine derivatives (Figures 5 and 6).

The ratio Fe/O = 0.73 was calculated from XPS spectra, which is in-between that of Fe3O4 (0.75)
and Fe;O3 (0.66). This fact and the peak position and satellite peaks in Fe2p spectrum indicate
that the magnetic core contains Fe304 and Fe;Os. The presence of dopamine derivatives shells on
the magnetic core was evidenced in the high resolution spectra of N1s and Cls core level spectra.
The deconvoluted N1s spectra of Fe3O4 that were coated with dopamine derivatives (Figure 6) evidence
the characteristic groups of the organic shells. The calculated atomic ratio C/N is a good estimation for
the success of the organic coating on magnetic nanoparticles. The XPS spectra and the calculated atomic
concentrations for the elements C, O, N, and Fe evidence the coating of the magnetic nanoparticles
with dopamine derivatives.

The coating layers largely influence the colloidal stability of magnetic nanoparticles under
physiological conditions [3,68,71,107]. The protein corona’s effect differs significantly, depending on
the surface chemistry of the nanoparticles. The surface chemistry strongly influences the formation of
protein corona and the cellular uptake of the nanoparticles. Differences in protein corona formation
have been observed for magnetic nanoparticles coated by different organic layers [126,127]. Szekeres et
al. undertook a comparative study of the effect of protein corona formation on the colloidal stability of
magnetic nanoparticles coated by polyelectrolyte shells, citrate (CA@MNP), and poly(acrylic-co-maleic
acid) (PAM@MNP) [128]. PAM coating of MNP ensures a better stability at higher human plasma
concentrations as compared with CA coated MNP. XPS determined the chemical composition (atomic
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concentrations), as well as the chemical state of the atoms at the surface magnetic nanoparticles
CA@MNP and PAM@MNP. The relevant differences between the nanoparticles CA@MNP and
PAM@MNP can be observed in the XPS spectra for Cls core levels (Figure 7). Both spectra of Cls
contain the carboxylic groups and in the case of CA@MNP the C-OH group appears according to the

characteristic coating shells.
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Figure 4. Schematic illustration of the formation of magnetic fluid-multifunctional magnetic
nanoparticles (MF-MPs) based on the use of differently functionalized dopamine derivatives. Reprinted

with permission from Reference [125].
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Figure 5. (A) X-ray Photoelectron Spectroscopy (XPS) survey spectra of as prepared magnetic particles
before (a, black) and after modification with dopamine (b, grey), dopamine-N3 (c, blue), dopamine-MA
(d, green), and of ME-MP (e, red). (B) High resolution Fe2p spectrum of as-synthesized magnetic
particles. Reprinted with permission from Reference [125].
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Figure 6. XPS Nls high resolution spectrum of magnetic particles modified with dopamine (a),
dopamine-N3 (b), dopamine-MA (c), and MF-MPs (d). Reprinted with permission from Reference [125].
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Figure 7. Cls spectra of the core-shell MNPs and the schemes of Fe-O-C(O)-R binding between MNP
iron sites and organic carboxylates. Peak positions for CA and PAM coated MNPs: C-C, CH 284.91 and
285.27 eV; O-C=0 289.05 and 288.9 eV, respectively, and C-OH 285.75 eV for CA@MNP. Reprinted with
permission from Reference [128].

4.2. Colloidal Stability. Zeta Potential and Hydrodynamic Size

The electrosteric (electrostatic+steric) stabilization has been shown to be quite effective; for
example, polyelectrolyte (polyacrylic or polylactic acid, polyethylenimine, etc.) coating on IONPs
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provides excellent stability [108]. However, outstanding salt tolerance can be achieved through
hydrophilic polymer coating, such as dextran, a polysaccharide, which is used commonly in aqueous
magnetic fluids [68,95,129]. Silica materials [130], organic molecules (e.g., carboxylates, phosphates,
phosphonate, sulfates, amines, alcohols, thiols, etc. [68,88,95]) are often applied as coating agents to
ensure colloidal stability. The functional groups of organic agents are mostly chemically bound to
the reactive (both charged and uncharged) sites on IONPs’ surface. For example, citrate through its
OH and COOH groups are chemically linked to =Fe-OH sites in the citrated-electrostatic stabilized-
magnetic fluids [98] or dopamine by two phenolic OH groups in the favored core-shell products [71,95]).
The effect of surface coverage is hardly studied. IONP dispersions coagulate at a pH below PZC (point
of zero charge), if polyacids, such as polyacrylic acid, are present in trace amounts, while their higher
loading covers completely IONPs’ surface and improves the stability and salt tolerance of colloidal iron
oxide dispersions [68,131]. Macromolecules adsorb at multiple sites of surface, the so-called multi-site
bonding makes the coating layer resistant against dilution and the purification of equilibrium medium
easy [110,132].

To illustrate the significance of the stabilization mechanism applied-electrostatic or electrosteric-the
zeta potentials and hydrodynamic sizes were measured for citrate and oleate stabilized aqueous
ferrofluid samples and are given in Figure 8 to show the characteristic pH-dependence due to the
different dissociation behaviors of the acidic groups on the coating molecules [85].
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Figure 8. (a) pH dependence of the Z-average particle diameter (blue) and the zeta potential (red) for
the citrated (MF/CA) sample. (b) pH dependence of the Z-average particle diameter (blue) and the zeta
potential (red) for the oleic acid double layer stabilized (MF/OA) sample. Reprinted with permission
from Reference [85].
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The MF/CA sample loses colloidal stability below pH6 (Figure 8a) due to the difference in the
charged state of citrated and oleic acid double layer coated MNPs, while the MF/OA ferrofluid
below pH5 (Figure 8). This behavior is explained by the different dissociability values for citric acid
(pKal = 3.13, pKa2 = 4.76, and pKa3 = 6.40) and oleic acid (pKa = 5.02). Additionally, from Figure 8a,b,
it follows that over a broad range of pH values, where both type of samples are stable, the citrate
covered particles have a smaller Z-average diameter than the oleic acid covered nanoparticles.

4.3. Magnetic Properties

The magnetic field dependence of the magnetization, i.e., the magnetization curve, provides
information regarding the magnetic properties of single and multicore magnetic nanoparticle systems.
The magnetization of single and multicore magnetic nanoparticle systems is conditioned by the
magnetic relaxation processes that are specific to the composition, dimension, morphology, etc., as well
as external conditions, like temperature.

The direct current (DC) magnetometry is the most frequently used magnetic characterization
method. The DC magnetization can be measured by means of vibrating sample magnetometry (VSM),
alternative gradient magnetometry (AGM), and superconducting quantum interference device (SQUID).
Important characteristics of the sample can be directly obtained from the magnetization curve: initial
susceptibility (x;), saturation magnetization (M), coercive field (Hc), and remanent magnetization (My).
In the case of superparamagnetic systems, the DC first magnetization curve can be used to determine
the statistic of the nanoparticles’ magnetic diameter by means of magnetogranulometry [133]. Figure 9
presents the DC magnetization curve and the theoretical fit [24] for a sample of dried magnetic microgels
with magnetite nanoparticles [35]. The inset of Figure 9 shows the nanoparticle size distributions that
were obtained from magnetogranulometry and TEM.
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Figure 9. Direct current (DC) magnetization curve and the theoretical fit for a sample of dried magnetic
microgels with magnetite nanoparticles. Reprinted with permission from Reference [35].

Several groups recently developed AC magnetometry [134,135] with the aim of determining the
hysteresis loss in magnetic nanoparticles used in magnetic hyperthermia applications. The method is
generally useful for characterizing the magnetic dynamic response of single and multicore magnetic
nanoparticle systems at low and high frequencies in the range 1 kHz-1 MHz. Figure 10 presents
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the frequency dependent dynamic response for 9 nm (Sample I—Figure 10a) and 21 nm (Sample
II—Figure 10b) iron oxide nanoparticles, respectively [134]. The hysteretic loss is significantly larger in
the bigger diameter nanoparticle sample.
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Figure 10. Dynamic hysteresis at different magnetic field frequencies for two iron oxide nanoparticle
diameters: (a) Sample I 9 nm and (b) Sample II 21 nm. Reprinted with permission from Reference [134].

AC susceptometry measures the frequency dependence of the real and imaginary part of the
magnetic susceptibility [133]. AC susceptometry is sensitive to the colloidal state of the magnetic
nanoparticle dispersion, apart from being useful for the characterization of the relaxation mechanisms
of the magnetic moment at the nanoscale. Figure 11a presents the frequency dependence of the
normalized components of the complex susceptibility of a ferrofluid sample at different moments
of the phase separation process [136]. Figure 11b shows the phase separation in a 10 mT DC field.
Thus, it is shown the nontrivial influence of the magnetically induced phase separation on the complex
susceptibility spectrum of ferrofluids.
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Figure 11. (a) Frequency dependence of the normalized components of the complex susceptibility
of a ferrofluid sample and (b) optical microscopy image of magnetically induced phase separation.
Reprinted with permission from Reference [136].

ZFC-FC measurements can characterize the superparamagnetic state of magnetic nanoparticles
either isolated or in multi core environments [133]. The sample is cooled down from the
superparamagnetic state to the lowest achievable temperature and the magnetization is measured
while heating up the sample in an ~100 Oe applied field (ZFC) and afterwards the magnetization is
measured while cooling the sample down again under the same applied field (FC).
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4.4. Structural Characterization of Magnetic Colloids by Scattering Techniques

4.4.1. Neutron and X-ray Scattering

Scattering methods (neutron or X-rays) are powerful techniques for structural characterization at
the nanoscale and contribute much to the development of nanomaterials. It is well known that the
properties of the systems containing nanoparticles, such as liquid dispersions, are strongly related to
the shape and size of the nanoparticle. Thus, systematic studies of these structural and morphological
characteristics are required. Nowadays, small-angle scattering (SAS) and reflectometry are widely
applied for nanostructure characterization in bulk and at interfaces, respectively. The main difference
between neutron and X-ray scattering is the sensitivity to various chemical elements and their spatial
distributions. The sensitivity to magnetic structures in the objects under study is an additional
possibility for neutron scattering.

In the course of the SAS experiment, the widening of the neutron or X-ray beam that passed
through the sample is analyzed in terms of the differential scattering cross-section per sample volume
as a function of scattering vector module. Such dependence is quite sensitive to structural features
of the studied systems at the scale interval of 1-300 nm [137], which makes SAS an ideal tool for the
structural characterization of ferrofluids [138-140], since the size of particles in them are mostly in this
dimensional range. Specific techniques, such as contrast variation and scattering of polarized neutrons,
are used in small-angle neutron scattering investigations. From small-angle neutron (SANS) and X-ray
(SAXS) scattering, it is possible to derive information regarding particle structure (size, polydispersity,
stabilizing shell thickness, composition of particle’s core and shell, solvent rate penetration in surfactant
layer, structure of possible micelles in solutions), magnetic structure (magnetic size and composition),
particle interaction (interparticle potential, magnetic moment correlation, phase separation), and cluster
formation (developed aggregation and chain formation). The main task of the SAS experiment is to
find out the distribution of scattering length density (SLD), which is defined as a specific sum of the
coherent scattering lengths of atoms in a sufficiently small volume and it is usually represented in
units of 101 cm~2.

Studying the reflectivity of the radiation (neutrons or X-rays) from planar surfaces is the basic
idea of the reflectometry method [141]. The classical analysis of specular reflectivity allows one to
determine an SLD profile (thickness, density, and roughness of each layer at interfaces) for the studied
object in a direction perpendicular to the interface for a thickness up to hundreds nm with a resolution
of 1 nm. The analysis of off-specular (diffuse) neutron scattering makes it possible to characterize
lateral correlations on the surface and interlayer boundaries. It should be noted that the active use of
the reflectometry method for investigations of ferrofluid structures at interfaces was started about a
decade ago (e.g., [142]).

The structural features of several kinds of aqueous magnetic fluids [143-146], as well as
surfactant/polymer solutions [147-149], which are used for magnetic nanoparticle stabilization in
water, were investigated in detail by SANS (Figures 12 and 13). Additionally, magnetic nanoparticles
with bio-macromolecules were successfully studied by SANS and SAXS [150,151] (Figure 14). Thus,
investigations of magnetic fluid stability at various amounts of surfactants and aggregation of
MNPs were undertaken by SAS for ferrofluids based on non-polar and polar (aqueous) carriers.
For water-based ferrofluids with sterical/charge stabilization (double-layer coating of magnetite
nanoparticles by sodium oleate (SO) or dodecylbenzene sulfonic acid (DBSA)), the fraction of micelles
of formed by non-adsorbed surfactant molecules was found by SANS (Figure 12). It was shown
that the different rate of surfactant adsorption on the particle surface depends on the surfactant
type. The aggregate reorganization and growth in ferrofluids after PEGylation” [145] were observed
(Figure 13). The SANS study was performed on mixed SO/polyethylene glycol (PEG) aqueous solutions
in order to check the influence of a polymer additive on the surfactants behavior. SANS results revealed
drastic morphological and interacting changes of micelles, due to the addition of PEG.
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Figure 12. Complex structure of water-based ferrofluids with surfactant excess in its. Reprinted with

permission from Reference [152].
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Figure 14. Behavior of magnetic nanoparticles in complex solutions of MNPs with amyloids (left) and
with native (not aggregated) protein (right) according to small-angle X-ray scattering (SAXS) data.
It’s also shown formation of some rod-like aggregates in solutions of MNPs with amyloids and there is
no any change in MNPs solutions with native protein at various MNPs concentrations. Sketch of the
found adsorption of MNPs on amyloids surface with increase of MNPs concentration according to TEM,
SAXS and optical (Faraday rotation) results (bottom). Reprinted with permission from Reference [151].

Neutron reflectometry used to obtain the SLD depth profiles investigated the assembly of
magnetite nanoparticles in aqueous magnetic fluids close to a solid (silicon) surface under different
external conditions (shear, magnetic field, etc.) [153-156]. The adsorption of surfactant coated magnetic
nanoparticles from highly stable magnetic fluids on crystalline functionalized silicon was revealed
from the specular reflectivity curves (Figure 15). The detailed analysis of the polarized neutron
reflectometry data, together with SANS data, made it possible to obtain the magnetization depth profile
and dependence of the resultant magnetic structure on the applied fields, including the distribution
of NPs within the adsorption layer. Additionally, the impact of the solvent polarity, as well as bulk
structure of ferrofluids, including particle concentration and particle geometry on the structural
characteristics of the adsorption layer from magnetic fluids, was considered (Figure 15). The width
of the adsorption layer is consistent with the size of single particles, thus showing the preferable
adsorption of non-aggregated particles, in spite of the existing aggregate fraction in aqueous magnetic
fluids. In the case of PEG-modified ferrofluids, the reorganization of MNP aggregates was observed,
which correlates with the changes in the neutron reflectivity. It follows that the single adsorption layer
of individual nanoparticles on the oxidized silicon surface for the initial magnetic fluids disappears
after PEG modification. Consequently, in case of PEG modified magnetic fluid, all of the particles are
in aggregates that are not adsorbed by silicon (Figure 15).

A comprehensive comparative study by small-angle neutron and X-ray scattering (SAXS and
SANS) of water-based magnetic fluids with two different stabilization mechanisms—electrostatic (with
citric acid (CA) Figure 16) and electro-steric (with oleic acid (OA) double layer; Figure 17)-over a large
concentration range up to 30% hydrodynamic volume fraction, identified important differences on
the microscopic level for these colloidal systems, as evidenced by the scattering curves in Figures 16
and 17. The electrostatic stabilization ensured high colloidal stability up to the highest magnetization
78.20 kA/m, while the electro-steric stabilized samples already show relatively large agglomerates at
reduced volume fraction values [85].
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just buffer (D20) at interface with solid (Si). It could be seen that reflectivity curves for PEG-modified
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at interface. (b) Correlation between bulk structure of ferrofluids according to SANS and at interface
ferrofluids/solid according to neutron reflectometry investigations. It is shown that there is no any
adsorption of MNPs on solid in case of fractal branched aggregates in ferrofluids bulk. Reprinted with

permission from Reference [153].
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Reproduced from Reference [85] with permission from The Royal Society of Chemistry.
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Figure 17. SANS data for the Fe30,4/OA aqueous MF at different concentrations (left). Plot of the
“apparent” structure factor (right). The SANS data have been divided by the data for a low-concentration
sample (1%), without any further scaling. Reproduced from Reference [85] with permission from
The Royal Society of Chemistry.

4.4.2. Light Scattering

Light scattering based structural characterization of magnetic colloids are an affordable laboratory
table top alternative to SANS and SAXS. Therefore, a wide spectrum of equipment is already available
on the market to help researchers with the fast and accurate characterization of magnetic colloids at
nano and mesoscale, both spontaneous and magnetically induced.

Dynamic Light Scattering (DLS) uses the photon correlation spectroscopy to determine the
colloidal particle hydrodynamic diameter from the time fluctuations of the light scattered by the
colloid sample [157]. Static Light Scattering (SLS) uses the angle dependence of the scattered light
intensity to determine the colloidal particle diameter via the Lorentz-Mie light scattering theory [158].
The spontaneous aggregation state of the nanoparticles in the colloid can be assessed while using DLS
and SLS together with TEM and/or magnetogranulometry data.

Light scattering is also useful for the characterization of magnetically induced aggregation in
magnetic colloids (Figure 18a). An ensemble of parallel prolate objects will scatter light in the plane
perpendicular to their shape anisotropy axis, i.e., the scattering plane [158]. The polar angular
dependence of the scattered light, i.e., the scattering pattern, can be measured on a projection plane
perpendicular to the light propagation direction. 5 s interval scattering patterns from the application of
20 kA/m and 40 kA/m magnetic field, respectively, to a aqueous magnetic nanogel colloid are presented
in Figure 17a top and Figure 18a bottom [35]. The scattering patterns themselves and their time
evolution show the formation and growth of magnetically induced spindle-like (Figure 18b) aggregates
in the colloid. The stronger the magnetic field, the more intense the scattering pattern, and, thus, the
more voluminous the aggregated phase. Magnetically induced aggregation in magnetic colloids is of
primary concern for practical application due to the potential catastrophic loss of specific surface and/or
blood vessels clogging during in vivo experiments. Mesoscale aggregation in magnetic colloids leads
to the formation of magnetic field oriented spindle like clusters (Figure 18b), with thickness in the order
of microns and lengths in the order of tens to hundreds microns [35,63]. Recently, it was discovered
that large scale structuring could be induced by high frequency magnetic fields with amplitude as low
as 40 Oe, in suspensions of magnetic multicore-shell nanoparticles (MMCS) [159].
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Figure 18. (a) Light scattering patterns at 5 s intervals after field onset for 20 kA/m (top) and 40 kA/m
(bottom) and (b) Optical microscopy image of magnetically induced spindle like aggregates (the scale
bar is 25 microns). Reprinted with permission from Reference [35].

Although this large scale structuring can be observed with optical microscopy, light scattering
offers the advantage of determining the magnetic supersaturation of the colloid, i.e., the magnetic field
dependence of the weight of nanoparticles contained in the aggregates [35].

Figure 19 presents the magnetic field dependence of the supersaturation in three types of MMCS
dispersions. The 40 kA/m DC field supersaturation for aqueous dispersions of 60 nm MMCS hardly
reaches 0.1% (Figure 19a), while, for 100 nm, MMCSs reach almost 50% (Figure 19b). A 10 kA/m
amplitude 100 kHz AC field induces almost 80% supersaturation in 250 nm MMCS dispersion
(Figure 19c). Thus, the shear magnitude of the aggregation phenomena should be a priority concern
for any practical applications, depending on the composite size and magnetic field intensity.
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Figure 19. Magnetic field dependence of supersaturation for: (a) 60 nm magnetic multicore-shell
nanoparticles (MMCS) in DC field. Reprinted with permission from Reference [35], (b) 100 nm MMCS
in DC field. Reprinted with permission from Reference [63], and (c) 250 nm MMCS in AC field [159].

4.5. Rheology and Magnetorheology of Aqueous Ferrofluids

In the case of aqueous bio-ferrofluids usually the multi-core particles in the 50-100 nm size range
are predominant. Additionally, while bio-ferrofluids are highly diluted, vector magnetometry and
SANS data indicate field dependent “colloidal” anisotropies that arise from the competition between
steric repulsion and magnetostatic attraction between particles, having a significant influence on the
magnetorheology of these colloids [160].

In the case of concentrated ferrofluids, achieving a high saturation magnetization value requires
the increase of physical volume fraction and, thus, a corresponding increase of the hydrodynamic
volume fraction, however to different extents, depending on the stabilization mechanism, electrostatic
or electro-steric [161]. The electrostatically stabilized ferrofluids have the advantage of reducing the
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total suspended material at constant magnetic volume fraction when compared with a surfactant
stabilized fluid [162], due to the much greater thickness of the steric stabilizing layer.

Vasilescu and colab. made an in-depth analysis on two basic types of water based magnetic fluids
(MFs), containing magnetite nanoparticles with electrostatic and with electro-steric stabilization, both
being obtained by chemical coprecipitation synthesis under atmospheric conditions [85]. The two sets
of magnetic fluid samples, one with citric acid (MF/CA) and the other with oleic acid (MF/OA) coated
magnetic nanoparticles, respectively, achieved saturation magnetization values Mg = 78.20 kA/m for
the electrostatically and Mg = 48.73 kA/m for the electro-sterically stabilized aqueous ferrofluids, which
are among the highest reported to date. These fluids show both similarities and important differences
in their microscopic and macroscopic properties.

The two types of ferrofluids manifest different structuring behavior, as evidenced by small angle
scattering investigations (Figures 16 and 17); therefore, significant differences are expected in their
magnetorheology, in particular concerning the magnitude of the magnetoviscous effect (expressed as
the relative field-induced change of viscosity in the presence of a magnetic field, (ng — Nr=0)/MH=0)-

The most concentrated electro-steric stabilized (oleic acid) magnetic fluid sample (MF/OA9) shows
shear-thinning (pseudoplastic), both in zero and non-zero magnetic fields—Figure 20, due to particle
agglomerates that are progressively destroyed at increasing shear rate values. The applied field induces
the formation of new agglomerates, besides those already existing in zero field, as evidenced by the
observed magnetoviscous effect (MVE). After demagnetization, the viscosity values remain slightly
increased with respect to the initial values, which shows that the agglomerates that formed in the
applied field do not fall apart when the field is switched off (are irreversible at the characteristic
timescale of measurements).
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Figure 20. Viscosity curves at different magnetic flux densities for the highest concentration samples:
MF/CA12 (physical vol fraction 20%) and MF/OA9 (physical vol fraction 14%). Reproduced from
Reference [85] with permission from The Royal Society of Chemistry.

The electrostatic stabilized (citric acid) highest concentration magnetic fluid sample (MF/CA12) has
an approximately Newtonian behavior in zero and non-zero magnetic field—Figure 20. From viscosity
curves, the MVE is relatively reduced and almost independent of the shear rate. Furthermore, the
magnetic field induced agglomeration of particles is partly irreversible; after demagnetization, the
viscosities are somewhat higher than the initial values. Moreover, at B = 337 mT, the sample becomes
slightly pseudoplastic.

Representing MVE vs. shear rate and vs. magnetic field induction (Figure 21a,b), it was observed
that, for small shear rates, the magnetoviscous effect is considerably higher for the MF/OA9 sample.
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At shear rates y > 102:s71, the situation changes and the MVE is somewhat greater for the MF/CA12
sample, which indicates the existence of loosely bound agglomerates in the OA stabilized sample,
which are disrupted by increasing the shear rate. Abrupt and irreversible changes of the effective
viscosity in magnetic fields, which would reflect magnetic field induced phase separation, were not
observed. The MVE of the citric acid stabilized magnetic fluid sample is mainly determined by
the physical particle volume fraction, which is approx. two times higher than that of the oleic acid
stabilized sample.

54 A
t=20°C 5-[t=20°C : e MY
B= OmT: ® MF/ICA12, 0 MF/OA9 sample: MFica1z  1(0)
An/n(0) 4+ B=18mT: o MF/CA12, o MFOA9 | AV 1 g _ 405" a=003n=066
[ B=30mT: A MFICAI2, & MFIOAS (141 o ,=10°s a=002.n=067
3l B= 75mT: v MFICA12, MF/OAS Sample: MF/OA9
B=163mT: @ MF/CA12, © MF/QOA9 34 w +=10s"a=0.07.n=059
, [B=337mT % MFICA12, = MFIOA9 o ,=10"s"2=002 n =054
21 — 2
2203
1 nggz:gg:;;;:*, 1]
¢omy YV S22 2 %2
b4 AalZa 2EE
of 88f8GCRCRGAARELY g
10' : 10° 50 0 50 100 150 200 250 300 350

1(e] B [mT]
(a) (b)

Figure 21. (a) Magnetoviscous effect (MVE) dependence on the shear rate at different magnetic flux
densities; (b) MVE dependence on the magnetic flux density at two shear rate values. Reproduced
from Reference [85] with permission from The Royal Society of Chemistry.

In good correlation with the results of small-angle scattering, the MVE values at low shear rates
were found to be more pronounced for the MF/OA9 sample than for the MF/CA12 sample, which
denotes the presence of agglomerates (the existence of correlations) already at small volume fraction
values in the case of MF/OA magnetic fluids. However, the observed viscosity increase is moderate
when compared to the more than an order of magnitude increase of the effective viscosity in the case of
bio-ferrofluids [16].

Bio-ferrofluids having multi-core particles [40,52,53,163-166] demonstrated an increasing interest
for the biomedical area during the last years. The higher particle diameter, still guaranteeing a stable
suspension, but without magnetized clumps of particles that are caused by remanence, allows for a
more effective collection of the particles by the liver. Ferrofluids with multicore particles manifest
a rather strong magnetorheological effect, despite the comparatively low concentration of magnetic
nanoparticles specific to nanomedicine applications [167,168]. As the concentration of MNPs in blood
flow is rather low, for the simulation of the rheological behavior the investigation of dilute ferrofluids
is a first step [164,168], including MVE measurements. Nowak and Odenbach developed a capillary
viscometer [167], providing a flow situation comparable to the flow in a blood vessel, and having
the range of the shear rates adapted to what is expected in the human organism due to the very low
zero field viscosity and for a realistic evaluation of MVE. The special capillary viscometer proved
to be suitable for measuring the magnetoviscous effect in bio-ferrofluids and the results show good
correlation with data measured by rotational rheometry—Figure 22.
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Figure 22. Comparison of MVE data obtained with the capillary viscometer (for three capillaries A, B,

C) and with cone-plate setup by rotational rheometry (SR) at the magnetic field strength H = 30 kA/m.
Reprinted with permission from Reference [167].

The data from Figure 22 refer to a stable bio-ferrofluid fluidMAG-D-100 nm manufactured
by Chemicell GmbH (Berlin, Germany) composed of magnetite as a core material, with starch as
surfactant (hydrodynamic diameter was 100 nm, mean single particle diameter was 15.9 nm), and have
a concentration in suspension of 25 mg mL~!, a sample also previously investigated in [16].

There are several parameters of the suspended nanoparticles that influence the MVE: the core
diameter of the particles, the thickness of the surfactant layer, and the spontaneous magnetization M.
Regarding the influence of these parameters, in [167] the MVE was compared for three biocompatible
ferrofluids with identical composition, except in relation to their hydrodynamic diameter and core
composition: the fluidMAG-D-50 nm contains single core particles (hydrodynamic diameter 50 nm),
while the other two feature multicore particles: fluidMAG-D-100 nm and fluidMAG-D-200 nm
(hydrodynamic diameter 100 nm and 200 nm).

No manifestation of any MV effect was observed for the fluid with single core particles,
fluidMAG-D-50 nm. Indeed, the interaction parameter for this ferrofluid

wM2Pr( g\ )
© 144kgT (d+25) @

was very small: A* = 0.09, and a particle interaction (and implicitly for MVE) is only expected for
values of the interaction parameter A* > 1. Here, M is the spontaneous magnetization, pg—the
vacuum permeability, kg—the Boltzmann constant, T—the temperature, d—the core diameter, and
s—the surfactant thickness.

For the other two ferrofluids that consist of multicore particles, the interaction parameter was
calculated with [169]:

up = UF
up + 2uf

@

. pourf(d/2)°H2m (g
Me = 2ksT d+2s

3
) , wheref =

in which up represents the relative permeability of the fluid, up—the particles’ relative permeability,
p—the magnetic contrast factor, and Hy—the magnetic field strength. The interaction parameter
at H=10kA/m has the values: Ayc = 1.08 for fluidMAG-D-100 nm and Ayc = 20.1 for
fluidMAG-D-200 nm, which ensures a great MVE—Figure 23.
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Figure 23. The shear rate dependence of the MVE of three ferrofluid samples at H = 30 kA/m.
The commercial fluidMAG-DX-100 nm, investigated in previous studies [167,168], has multicore
particles with hydrodynamic diameter 100 nm and stabilized with dextran. Reprinted with permission
from Reference [164].

It can be observed from Figure 23 that MVE strongly increases with increasing hydrodynamic
diameter, which proves the strong influence of the microscopic makeup of the fluid on this effect.
The difference of approx. 20% for MVE for samples fluidMAG-DX-100 nm and fluidMAG-D-100 nm
is most likely due to different surfactants (dextran, respective starch) and to different thicknesses
of surfactant layers. In addition, MVE increases with intensifying of the magnetic field, due to
increasing magnetic interactions between the particles, according to the previously mentioned
interaction parameter Ayjc, favoring particle agglomeration—Figure 24—and the MVE decreases
with increasing shear rate—Figures 23 and 24—due to the rupturing of chain-like structures induced

by the magnetic field.
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Figure 24. The MVE of the ferrofluid fluidMAG-D-200 nm for three magnetic field strengths depending
on the shear rate. Reprinted with permission from Reference [164].

Nowak et al. [167] have comparatively investigated a dilution series starting from two
bio-ferrofluids to determine direct connections between the microscopic make-up and the actual
rheological behavior as well to establish a condition comparable with the concentration of the
fluids in blood flow during the biomedical application: fluidMAG-DX-100 nm (GmbH, Berlin,
Germany) and FF054L (provided by the research group of Prof. Alexiou, Erlangen, Germany).
Both ferrofluids are based on multi-core magnetite/maghemite particles with 100 nm mean particle
diameter. Both ferrofluids have Newtonian behavior in the absence of a magnetic field—Figure 25.
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Figure 25. Newtonian viscosity of fluidMAG-DX-100 nm and FF054L samples without the influence of
a magnetic field. Reprinted with permission from Reference [16].

The measurements revealed that the magnetorheology of these samples is quite similar; their
behavior becomes shear-thinning and MVE is great and strongly dependent on magnetic field
intensity—Figure 26.
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Figure 26. The MVE in the fluidMAG-DX-100 nm in comparison with the FF054L for two values of
intensity of magnetic field. Reprinted with permission from Reference [16].

At H = 10 kA/m It is observed from Figure 26 that the MVE is higher for FF054L, despite its
lower concentration of suspended magnetic material (0.12% vs. 0.28% in fluidMAG-DX-100 nm).
For H > 10 kA/m, the effect is higher for the commercial fluid MAG-DX, as shown in Figure 26 for
H =30 kA/m. This change in the strength of the MVE for the two fluids can be understood while
referring to the particle size distribution (a slightly higher fraction of larger particles in the FF054L fluid)
as well as to the parameters of the investigated ferrofluids (saturation magnetization: Mg = 1275.5 A/m
for fluidMAG-DX-100 nm and Mg = 520.77 A/m for FF054L, volume fraction of magnetic material:
@ = 0.28% for fluidMAG-DX-100 nm and @ = 0.12% for FF054L), and to the size dependence of the
interparticle interaction. The stronger MVE of the FF054L at low field strength is related to the slightly
wider particle size distribution involving comparatively larger particles that can contribute to the
formation of chains at a H = 10 kA/m. On the contrary, at H > 10 kA/m, the higher volume fraction of
magnetic material in fluidMAG-DX-100 nm leads to a stronger MVE in this fluid.
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For most biomedical applications, the ferrofluids are supposed to a dilution after injection
into the blood flow; therefore, both samples investigated in [16] were diluted with distilled water.
Measurements for the dilution series revealed that there is still a strong MVE for a dilution factor
K<5 (K = (VFF + Viituting ugem) / Vpp)—when magnetoviscous effect exceeds about 300%, but, if K > 10,
the MVE is hardly detectable. For diluted ferrofluids, the shear dependency of the MVE is still
manifestly present.

5. Concluding Remarks and Theranostic Prospects

The development of various nanoparticle systems for nanomedicine is a challenging task of present
day’s material science. In this context, iron oxide nanoparticle systems are among of the most promising
nanomaterials in clinical diagnostic and therapeutic applications (theranostics); therefore, the review
was focused on efficient manufacturing procedures and manifold characterization methods of these
magneto-responsive systems. The recent progress in designed synthesis and multiple functional coating
of single- and multicore magnetic nanocomposite particles for imaging, drug delivery, hyperthermia,
or point-of-care diagnostics was thoroughly evaluated in correlation with the results of advanced
physical-chemical characterization methods, among them X-ray photoelectron spectroscopy, AC
susceptometry, small-angle neutron and X-ray scattering, neutron reflectometry, and magnetorheology,
beside the more frequently used techniques, such as high resolution transmission electron microscopy,
dynamic and static light scattering, or zeta potential measurements. The reviewed manifold physical,
chemical, and colloidal characterization is undoubtedly required in order to ensure the desired outcome
in the near future of standardized manufacturing of magnetic nanoparticle systems for nanomedicine
applications before the translation of novel laboratory creation into the viable clinical product including
safety, regulatory, and ethical requirements.
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Abstract: Cellulosic enzymes, including cellulase, play an important role in biotechnological processes
in the fields of food, cosmetics, detergents, pulp, paper, and related industries. Low thermal and
storage stability of cellulase, presence of impurities, enzyme leakage, and reusability pose great
challenges in all these processes. These challenges can be overcome via enzyme immobilization
methods. In recent years, cellulase immobilization onto nanomaterials became the focus of research
attention owing to the surface features of these materials. However, the application of these
nanomaterials is limited due to the efficacy of their recovery process. The application of magnetic
nanoparticles (MNPs) was suggested as a solution to this problem since they can be easily removed
from the reaction mixture by applying an external magnet. Recently, MNPs were extensively employed
for enzyme immobilization owing to their low toxicity and various practical advantages. In the
present review, recent advances in cellulase immobilization onto functionalized MNPs is summarized.
Finally, we discuss enhanced enzyme reusability, activity, and stability, as well as improved enzyme
recovery. Enzyme immobilization techniques offer promising potential for industrial applications.

Keywords: cellulase immobilization; magnetic nanoparticles; stability; functionalized nanoparticles

1. Introduction

The environmental pollution produced by fossil fuels, the increasing growth of population, and the
expensive costs of traditional energy sources compel researchers to develop novel approaches toward
ecofriendly and biodegradable energy sources. Biomass, specifically cellulose, nature’s most abundant
biopolymer, is a low-cost energy source which can be degraded as biomaterials to yield chemical
products applicable in many industrial applications [1,2].

Cellulosic enzymes such as cellulases are catalysts which convert cellulose to glucose, and are
widely used in different industries, including food, pulp and paper, laundry, beverages, textile,
agriculture, pharmaceutics, medicine, and especially in biofuel production [3]. Glucose is the main
product of cellulose conversion, which is applied as a precursor for the production of various valuable
products. Cellulase, which is synthesized by microorganisms including bacteria and fungi [4,5], is the
most powerful hydrolyzing enzyme and can be easily employed [6].

Chemical, physical, and biological methods were employed for cellulosic hydrolysis, from which
the enzymatic conversion gained much attention because of its mild reaction conditions. Therefore,
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these methods provide high yield with no inhibitory by-products and are considered environmentally
friendly. Cellulases are highly selective catalysts and the degradation process is naturally carried out
in pH 4.5-5.5 at 40-50 °C [7-9].

Cellulases are responsible for biochemical conversion processes and convert the lignocellulosic
biomass (hemicellulose and cellulose) into an intermediate sugar, which further acts as the substrate for
ethanol production [10-14]. Biocatalysts have limitations such as limited availability, substrate scope,
and operational stability [15]. Recent findings can help scientists overcome these limitations. The main
challenge in the application of biocatalysts is their high cost; therefore, reusability and recovery of
the enzymes are two significant factors that should be considered for industrial applications [16,17].
In industrial processes, enzymatic reactions are generally performed in high-temperature conditions
which can lead to changes in the natural structure of cellulase [18,19]. For this reason, enzyme properties
must be greatly improved. Immobilization is a powerful tool to increase the stability and reusability
of enzymes.

Enzyme immobilization on support materials is a well-established approach for enhancement of
enzyme features such as activity, stability, reusability, purification, reduction of inhibition, and selectivity.
Enzyme immobilization on a solid support provides good distribution of the catalysts with less
aggregation. On the other hand, covalent binding between the support and the enzyme results in
increased enzymatic stability, which in turn leads to enhanced enzymatic activity [1,20,21].

Different methods for enzyme immobilization exist, including covalent binding, adsorption,
ionic bonding, entrapment, and encapsulation [22-27]. There are also numerous approaches to
facilitate enzyme immobilization on nanomaterials, including enzymatic modifications, enzymatic
immobilization and biosensor development [28,29], enzymatic degradation, enzyme nanoparticles,
and enzyme mimics of nanomaterials [30-33]. Among several available nanoparticles, magnetic
nanoparticles (MNPs) received more attention owing to their advantageous features including low
toxicity and high surface area, which allows a large number of enzyme molecules to be loaded to their
surface [30,34,35].

In recent decades, most research studies on cellulase immobilization illustrated that the
enzyme structure was improved, and bound cellulase maintains high activity for a long time.
Furthermore, the immobilized cellulase is more resistant to structural alterations induced by increased
temperature [36-39]. The activity of bounded cellulase was shown to be higher at most pH values than
the free form due to enhanced stability [40-42].

Fe304 MNPs obtained great attention due to their low toxicity, simple preparation, unique size,
strong magnetic properties, and proper physical properties, as well as simple recovery from the media
with an external magnetic field [43,44]. Although, magnetite nanoparticles tend to agglomerate and
be easily oxidized upon air exposure, it is very important to functionalize its surface in order to
avoid oxidization.

The enzymes can bind to the surface of MNPs through van der Waals and electrostatic forces,
hydrophobic, or 7—m stacking connections by means of non-covalent binding. However, the main
challenge of non-covalent immobilization is protein leakage from the surface of the MNPs. Thus,
the covalent binding using cross-linkers is widely applied to resolve this problem. Among the
cross-linkers, glutaraldehyde is commonly employed as the coupling agent for covalent cellulase
immobilization to the support since it is soluble in aqueous solvents and provides firm inter- and
intra-covalent bonds [45-49].

A summary of different methods used for MNP functionalization for cellulase immobilization is
presented in Figure 1. These functionalization methods are further described and their advantageous
features are thoroughly discussed. The current review is focused on recent findings on immobilized
cellulases on MNP supports with various functionalized groups and their advantages.
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Figure 1. An overview of magnetic nanoparticles (MNPs) functionalized by different methods.
2. Cellulase Immobilization on Silica-Functionalized MNPs

Silica functionalized MNPs provide suitable supports with low aggregation in solutions. Silica
functionalization enhances biocompatibility, as well as thermal and chemical stability, of the MNP
surface [34,50]. Co-immobilization of tri-enzymes consisting of cellulase, pectinase, and xylanase was
investigated for industrial applications. The results revealed that kinetic parameters (i.e., Vinax and
Km) of the tri-enzyme were not affected by the immobilization process. It can be concluded that the
immobilization process significantly enhances thermal and chemical stability [18].

Zhang et al. reported an enzymatic catalysis with chemocatalysis in an iPrOH/water solvent
mixture by employing a novel approach for green conversion of ionic liquid (IL) while pretreating
cellulose with 5-hydroxymethylfurfural (HMF). This pretreatment of media converted cellulose to
glucose and glucose to HMF, while HMF and glucose yields were 43.6% and 86.2%, respectively
(Scheme 1). The results obtained from enzymatic cascades and reaction systems prove that this method
can be applied as an operative route for biomass energy maintenance [51].

Water (Enzyme) system iPrOH/water mixture
system 5

il . - “\ A
(t“ P EOH J/ Hydrolysis L Isomerization HO OH
NS0 BT ydroly sl ) {
] 0 0’

ege
0%

uoneAPAYa(

Glucose yield & HO’\;/O\/“‘O
86.2%) L/
(86-2%0)  Celtulase-Fe,0,@SBA-15 2 ML-SZa$BA-15 HMFyield
(43.6%)

Scheme 1. Schematic representation of the cascaded enzymatic and chemical steps for ionic liquid (IL)
pretreated cellulose into 5-hydroxymethylfurfural (HMF) in water (enzyme) and iPrOH/water solvent
mixtures with enzyme and SBA-15 grafted sulfated zirconium dioxide (SZ) conformed monolayers,
respectively. Reproduced with permission from Reference [51].
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In another study, Trichoderma reesei cellulase was immobilized on two different
nanomatrices (MNPs and silica nanoparticles (SNPs)) to improve enzymatic efficiency. Then,
1-ethyl-3-methylimidazoliumacetate [EMIM][Ac] was applied as an IL for cellulase immobilization
and was used for pretreatment of sugarcane bagasse and wheat straw. The results obtained from this
study revealed a great hydrolysis yield (89%). This process, due to IL reusability and the enhanced
stability of the immobilized enzyme, can be potentially used for biorefineries [52].

The immobilization and characterization of holocellulase from Aspergillus niger on five different
nanoparticles (NPs) via available methods was reported by Kuma et al. Enzyme molecules were
covalently immobilized on magnetic enzyme-nanoparticle complexes (MENC), and the results obtained
from this study revealed that the immobilization of indigenous enzymes and their consumption can be
used for saccharification of paddy straw [53].

Jia et al. established and applied novel MNP cross-linked cellulase aggregates (Figure 2) in order
to improve enzyme reusability and stability for biomass bioconversion. The immobilized cellulase
further represented suitable activity and stability following reusability in biomass applications [54].

Figure 2. Scanning electron microscopy (SEM) images of (a) Fe3O4; (b) 3-aminopropy! triethoxysilane
(APTES)-Fe30y; (c) cellulase cross-linked enzyme aggregates (CLEAs); (d) magnetic cellulase CLEAs.
Reproduced from Reference [54].

The key parameters of enzyme immobilization such as pH, temperature, efficiency, reusability,
and coupling agents, as well as supports and substrates, are presented in Table 1. As mentioned before,
glutaraldehyde is the most commonly used cross-linker for enzyme immobilization. Our findings
suggest that biocompatible, biodegradable, and nontoxic polymers such as polyethylene glycol (PEG)
can also be used as an alternative cross-linker for this process.
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3. Carrier Free Cellulase Immobilization Strategy

In recent years, MNPs were commonly applied as a solid support for recovery systems [55].
Carrier-free immobilization approaches like co-immobilization by cross-linked enzyme crystals
(CLECs) and cross-linking enzyme aggregates (CLEAs) are conceivable methods to boost the enzyme
stability [56-59]. Tri-enzyme was co-immobilized on MNPs to improve reusability by cross-linking
with glutaraldehyde. In this study, co-immobilized MNPs remained stable for more than a month at
5 °C and also retained activity for up to four cycles. It was suggested that this platform can be effectively
applied for the extraction of different plants [19]. In another similar study, enzymes including xylenes,
cellulases, and amylases were derived from bacteria and applied for cellulase immobilization on MNPs
to enhance stability and facilitate reusability (Figure 3). The results obtained demonstrated that the
enzyme-coupled MNPs exhibited excellent stability and recovery. Tri-enzyme immobilized MNPs can
be potentially applied in plant biomass production [60].
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Figure 3. Functional characterization of immobilized enzyme-carrying magnetic nanoparticles (MNPs)
and untreated (control) nanoparticles where fitting. The text insets describe individual plots or
photographs relating to nanoparticles carrying BSX, RMCel12A, or PfuAmyGT, or all the tri-enzymes
(multipotent). (a) Effect of pH; (b) variations in stability upon storage; (c) reusability of immobilized
enzyme preparations; (d) visual evidence for degradation of biomass (corn cob or rice husk) by
RMCel12A or BSX. Reproduced with permission from Reference [60].
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[-:]
o

Different MNPs were prepared and characterized, while the significance of MNP characterization
was exclusively discussed by Schwaminger and his colleagues (Scheme 2). Moreover, electrostatic
and hydrophobic interactions between the enzyme molecules and MNPs were also investigated.
Results from infrared (IR) spectroscopy revealed a high affinity for 3-sheet formation in the tertiary
structure content of enzyme molecules. In this study, cellulase loading on different MNPs was studied,

and the results showed that higher loading efficiencies would be achieved by using a higher «-helical
section [61].
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Scheme 2. Schematic representation of cellulase immobilization onto three types of MNPs. Reproduced

Magnetite

with permission from Reference [61].

In another study, fungus cell filtrate was applied to synthesize MNPs, which was further
characterized. The results obtained from this study revealed that the free enzyme was more efficient
than the immobilized form and that cellulase molecules retained high activity following immobilization.
The authors suggested that cellulase immobilization on MNPs provides good reusability, making
the process more efficient for sustainable bioethanol production [62]. As summarized in Table 2,
the significant parameters of cellulase immobilization such as pH, temperature, reusability, and coupling
agents, as well as supports and substrates, are presented for carrier-free immobilization approach.
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4. Cellulase Immobilization on Amino-Functionalized MNPs

Functionalization of MNPs is a commonly used strategy for tri-enzyme immobilization via covalent
bonding. Amines are among the most common functionalized groups that can be linked to proteins via
cross-linking agents. Cellulase (from Trichoderma reesei) and pectinase (from Aspergillus aculeatus) were
simultaneously immobilized on amino-functionalized MNPs (AMNPs) for antioxidant extraction from
waste fruit peels. This immobilization method led to increased thermal stability, half-life, and Vpayx for
both enzymes; however, it caused a slight decrease in their activity. Immobilized enzymes on MNPs show
increased reusability of the biocatalyst. Results showed that glutaraldehyde’s concertation is an important
factor affecting the activity of immobilized enzyme [63]. In a similar study, pectinase and cellulase were
immobilized on AMNPs and utilized in the extraction of tomato peel lycopene. The immobilization
process decreased enzyme activity while increasing its stability. Ultrasonic irradiation is used to highly
activate immobilized cellulase, as well as increase the efficiency of biocatalyst. Results also showed
that the biocatalyst decreased extraction time in comparison to free enzyme forms [64]. Hyperactivity
of immobilized cellulase on AMNPs was investigated in another study. Application of ultrasound
irradiation enhanced cellulase activity up to 3.6-fold. Sonication also increased Vmax and decreased Km
of cellulase. The results obtained from this study showed that MNP/enzyme ratio, concentration of
cross-linking agent, and cross-linking time affected the enzyme activity [65].

Co-immobilization of cellulase and lysozyme on AMNPs was performed for extraction of lipids
from microalgae (Scheme 3). Their findings showed that enzyme stability and catalytic efficiency
were increased; however, the activity and kinetic parameters of both enzymes decreased following
immobilization [66].
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Scheme 3. Co-immobilization of cellulase and lysozyme on amino-functionalized MNPs (AMNPs) for
extraction of lipid. Reproduced with permission from Reference [66].

It is believed that co-immobilization of cellulose is greatly influenced by the enzyme concentration
on the MNP surface. In addition, the immobilization process increases the efficiency of biocatalyst via
multiple enzymes; however, applicable enzyme concertation is limited and enzyme activity is reduced
due to low availability of surface area. As summarized in Table 3, enzyme immobilization on AMNPs
via covalent bonding can increase thermal and chemical stability while generally reducing enzyme
activity. MNPs provide biocatalyst reusability, while sonication hyperactivates immobilized cellulase
which can compensate for the enzyme activity. It can be concluded that enzyme immobilization on
AMNPs can be used for industrial applications.
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In a recent study, AMNPs in combination with copper (Cu) (as an affinity ligand) were employed
for immobilization of A. niger-derived cellulase. Metal affinity ligands are commonly used due to
their high chemical stability, low cost, and modifying capability. Loading concentration and cellulase
activity were investigated by full factorial design, considering pH, and Cu/MNP and enzyme/MNP
ratios as independent variables. Obtained data revealed that Cu improved the immobilized enzyme’s
activity, storage stability, and loading capacity (i.e., 164 mg/g MNPs). The biocatalyst remained stable
under a wide range of pHs and temperatures [67].

5. Cellulase Immobilization on Composite-Functionalized MNPs

MNPs used as enzyme immobilization supports can be coated with various nanomaterials. MNP
coating prevents nanoparticles oxidation, improves enzyme immobilization efficacy, and may decrease
toxicity of the support materials. The coating process should not alter the magnetic properties of
nanoparticles, which are essential for the biocatalyst’s reusability through a magnetic field. Different
composite coatings were prepared for cellulase immobilization, and the effects of coating on enzyme
activity and stability were studied.

In recent years, metallic, metallic oxide, and carbon-related materials were widely applied
and blended with different polymers to prepare novel nanocomposites for enzyme immobilization.
Specifically, gold, MgO, and graphene oxide (GO) were blended with different polymers such as PEG,
glutamic acid, and poly(methyl methacrylate) for enhancing the enzyme stability.

Immobilized cellulase on MNPs coated with layered double hydroxide (LDH) nanosheets were
used to reduce the magneto-induced effect on the enzyme. Results showed that utilizing nanocomposite
materials could increase specific enzyme activity and loading efficiency, but could reduce enzyme
reusability. Immobilized cellulase also demonstrated higher stability in a wide range of temperatures
and pH values [68]. MgO-coated MNPs were used as a support for covalent immobilization of cellulase
from Chlorella sp. CYB2. MgO played a significant role for improvement of immobilization yield,
activity recovery, and hydrolysis of the substrate [69].

In another study, poly(methyl methacrylate)-coated MNPs were used for cellulase immobilization
as shown in Scheme 4. Enzyme stability and activity were affected by the immobilization process as
detailed in Table 4. The results obtained revealed that poly(methyl methacrylate) as a coating polymer
did not have any significant effect on the particles’ magnetic properties (Figure 4) [70].
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Scheme 4. Overview of hydrolysis of cellulose by poly(methyl methacrylate)-coated MNPs applied for
enzyme immobilization and enzyme reusability. Reproduced with permission from Reference [70].
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Figure 4. Magnetic behavior of poly(methyl methacrylate)-coated MNPs before (a) and after (b) separation.
Reproduced with permission from Reference [70].

Four-arm dendritic polymers composed of PEG-NH, (Scheme 5) were used as coating materials
for immobilization of cellulase derived from Trichoderma viride onto MNPs. The enzyme was covalently
bonded to the dendrimer via coupling agents. The dendrimer improved the thermal stability and
activity of cellulase [45]. GO-decorated four-arm PEG-NH, was applied as a coating composite of
MNPs in another study (Scheme 6). The obtained results showed that polymers with higher molecular
weights can increase loading capacity, enzymatic activity, and storage stability of cellulase [71].
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’*
Scheme 5. Preparation process of four-arm dendritic polymers comprising polyethylene glycol
(PEG)-NH,;. Reproduced with permission from Reference [45].

Core-shell magnetic gold mesoporous silica was exploited as a support for cellulase immobilization
(Scheme 7). Thermal and chemical stabilities were considerably augmented in a wide range of pH
values and temperatures. Vibrating-sample magnetometer (VSM) study results showed that the
magnetic behavior of MNPs was not altered following the coating process [72].
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Scheme 6. Graphene oxide (GO)-decorated four-arm PEG-NH, coating composite of MNPs.
Reproduced with permission from Reference [71].
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As presented in Table 4, cellulase was immobilized on MNP surfaces via different coating
materials. Polymers are extensively applied as preferred coating materials for cellulase immobilization.
The immobilization of cellulase on MNPs via covalent binding improves biocatalyst activity and
stability, regardless of coating type.

6. Cellulase Immobilization on Chitosan-Functionalized MNPs

Chitosan, a biocompatible and biodegradable polymer, is exclusively used as a coating agent
in enzyme immobilization processes. Chitosan can provide a positively charged coating, while
acting as a toxicity reducing agent or adhesive enhancer for simple immobilization processes or
in vivo applications.

Cellulase enzyme was covalently immobilized on chitosan-coated MNPs (Ch-MNPs) using
coupling agents. The immobilization of cellulase decreased enzyme activity compared to free enzyme,
while thermal stability and reusability of the enzyme was improved. The immobilization process
significantly increased the Ky, value and the biocatalyst efficiently hydrolyzed lignocellulosic materials
from Agave atrovirens leaves with acceptable yield [37]. In a similar study, cellulase was immobilized on
MNPs using a cross-linking agent (Scheme 8), and the optimal enzyme loading efficiency and standard
recovery ratio were studied [46].

NH,

, NE,
Chitosan OHC(CH,),CHO h
' [ ) [ ) —N=CH(CH,);,CHO
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F e’o,‘ .\—H -

D

(Cellulase
— N=CH(CH;);CH=N —Cellulase)

Immobilized cellulase

Scheme 8. Immobilization of cellulase on chitosan-coated (Ch)-MNPs using glutaraldehyde as a
cross-linking agent. Reproduced with permission from Reference [46].

Maximizing the rate of cellulase and xylanase immobilization onto Ch-MNP was studied, and
the obtained data showed that 12 mg of protein was cross-linked per gram of MNPs. The results also
showed that size distribution, shape, and surface chemistry of MNPs affected the coating process
and immobilization efficiency [73]. In the case of enzymatic saccharification, laccase from Trametes
versicolor was immobilized onto Ch-MNPs (Scheme 9). It was concluded that the catalytic activity,
thermal and chemical stability, and the Ky, value were improved significantly following enzyme
immobilization [74].

Chitosan as a coating material for MNPs was utilized for enzyme cross-linking in order to enhance
the stability parameters (Table 5). Chitosan-coated MNPs are prepared in a one-step process which can
be a simple and cost-effective method for enzyme immobilization.
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Scheme 9. Enzymatic saccharification and reusability of immobilized laccase onto Ch-MNPs.

Reproduced with permission from Reference [74].
7. An Overview of Principal Factors Affecting Cellulase Immobilization onto MNPs

Among the different methods available for cellulase immobilization on functionalized MNPs,
covalent binding by applying glutaraldehyde as the coupling agent is the most efficient process.
Different types of functionalized MNPs were studied for cellulase immobilization [39,75-77].
Gold magnetic silica nanoparticles were used as a promising platform for cellulase immobilization.
Graphene oxide is another candidate which retains high enzymatic activity. In addition to functionalized
groups, chitosan- and silica-coated MNPs could be used as efficient solid supports for biomaterials
hydrolysis. The application of ultrasound is another approach for improving the properties of
immobilized enzyme. Different functionalization methods of MNPs for the cellulase immobilization
approach and the attributes of each approach are outlined in Table 6.

Table 6. Recent advances in immobilizing cellulase onto MNPs.

Different Functionalized MNPs Applied in Cellulase Immobilization Approaches

Immobilization Approach Attributes Ref.
Silica-based surface Enhanced chemical stability while avoiding
. L . . [51-54]
functionalization the aggregation of nanoparticles

Providing unique physical and electronic

Composite-based surface properties and also providing a large [69-72]

f ionalizati .
unctionalization surface area for biomolecules to anchor
Amino-based surface Novel strategies to enhance the enzyme’s [63-67]
functionalization thermal and chemical stability
Chitosan-based surface Providing an appropriate surface for
SAnHASES ! [46,74]
functionalization biomolecules to anchor
Carrier-free immobilization Novel strategies to improve enzyme activity [60-62]

8. Summary and Outlook

Biotechnology opened new horizons for human beings, especially in the field of industry. Due to
increased environmental pollution, and of the increase in human population, biotechnology employs
nano-biomaterials in order to enhance product yield. Cellulase is one of the most widely used
biocatalysts that converts cellulosic materials into monosaccharides such as glucose, which are further
used for biofuel production. However, biomass conversion to glucose needs to be efficient and
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cost-effective; as a result, researchers are focusing on the development of novel approaches with
enhanced enzyme reusability and lower cost, along with easy enzyme recovery from the reaction
mixture. During the last two years, studies showed that immobilized cellulases on nanocarrier supports
provide promising potential as novel nano-biocatalysts which can be further exploited for achieving
higher enzyme activity and storage stability in the immobilization processes. Meanwhile, MNPs are
suitable nano-carriers to separate enzymes from the reaction mixture by using an external magnet
while being efficient by reducing recycling costs. Various MNPs with different functional groups as
solid supports exist, including inorganic metals, graphene, chitosan, and organic compounds. Despite
recent advances, novel approaches are still required for achieving more efficient nano-biocatalysts.
The increasing demand for low-cost immobilized cellulase and the ever-increasing applications in
different industries are the main reasons for research attention in this field.
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Abstract: The field of nanomedicine has recently emerged as a product of the expansion of a range of
nanotechnologies into biomedical science, pharmacology and clinical practice. Due to the unique
properties of nanoparticles and the related nanostructures, their applications to medical diagnostics,
imaging, controlled drug and gene delivery, monitoring of therapeutic outcomes, and aiding in
medical interventions, provide a new perspective for challenging problems in such demanding
issues as those involved in the treatment of cancer or debilitating neurological diseases. In this
review, we evaluate the role and contributions that the applications of magnetic nanoparticles (MNPs)
have made to various aspects of nanomedicine, including the newest magnetic particle imaging
(MPI) technology allowing for outstanding spatial and temporal resolution that enables targeted
contrast enhancement and real-time assistance during medical interventions. We also evaluate the
applications of MNPs to the development of targeted drug delivery systems with magnetic field
guidance/focusing and controlled drug release that mitigate chemotherapeutic drugs’ side effects and
damage to healthy cells. These systems enable tackling of multiple drug resistance which develops in
cancer cells during chemotherapeutic treatment. Furthermore, the progress in development of ROS-
and heat-generating magnetic nanocarriers and magneto-mechanical cancer cell destruction, induced
by an external magnetic field, is also discussed. The crucial roles of MNPs in the development of
biosensors and microfluidic paper array devices (uWPADs) for the detection of cancer biomarkers
and circulating tumor cells (CTCs) are also assessed. Future challenges concerning the role and
contributions of MNPs to the progress in nanomedicine have been outlined.

Keywords: magnetic nanoparticles; nanocarriers; controlled drug delivery; high-resolution medical
imaging; cancer biomarkers; circulating cancer cells; fluorescent probes

1. Introduction

Considerable research effort has recently been extended into developing novel nanotechnologies
aimed at biomedical advancements [1-11]. This effort has greatly benefited human health and enabled
improvements in disease control [12]. In the meantime, nanomedicine created in the process has
become a powerhouse of innovative technologies [12,13] for diagnosing, monitoring, and treating
the most challenging human diseases, such as neoplasia, neurological disorders, and others. In this
comprehensive review, novel applications of magnetic nanoparticles in nanomedicine are evaluated,
including those in the area of controlled drug delivery, gene neutralizing or replacement therapy,
medical imaging, drug distribution, extenuating drug side effects, mitigating multiple drug resistance,
and assisting during invasive medical interventions.

Among the many applications of magnetic nanoparticles (MNPs) in nanomedicine, some of the
most interesting are those involving MNPs as probes analyzing the status of the disease and providing
drugs to mitigate the problem. MNPs have been successfully utilized in biosensor preparation,
fluorescent-magnetic bioimaging probe design, as well as in the synthesis of drug delivery nanocarriers.
Specially modified magnetic nanoparticles have also been applied for the detection of cancer and
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circulating tumor cells (CTCs) in addition to the recognition and binding to the cell membrane receptors.
Therefore, MNPs have been developed as fluorescent—-magnetic probes for cellular/subcellular targeting,
imaging and therapy.

Various kinds of magnetic materials can be utilized for MNP development [14,15]. The key
challenge is to obtain NPs that are stable in biological environments, are non-toxic, and show
the desired magnetic properties. The strong magnets of rare earth elements are not chemically
stable in biological media and are cytotoxic [16]. Pure metallic magnets are prone to corrosion.
One of the simplest solutions is to utilize iron oxide NPs (magnetite Fe3O4 [14,17] or hematite
Fe;O3 [18]) which are non-toxic and highly biocompatible, although their saturation magnetization
is not as high as for lanthanide magnetic materials. Small size NPs of this kind are referred to as
superparamagnetic iron oxide nanoparticles (SPION). Recently, the Krishnan group reported obtaining
monodispersed magnetite nanoparticles with near-ideal saturation magnetization [19]. On the other
hand, intermetallic compounds in the transition metal group exhibit quite strong magnetic properties
and are relatively stable in biological media. For instance, FexNiy alloys have been synthesized in form
of superparamagnetic nanoparticles [20]. They offer higher magnetization strength than magnetite but
are more difficult to synthesize. Very important is the particle size dependence of magnetic properties of
MNPs. Larger particles with several magnetic domains often show permanent ferromagnetic properties
resulting in MNP aggregation. Smaller particles may form only a single magnetic domain and their
superparamagnetic properties are most suitable for the application as MNPs for nanomedicine. It has
been shown that particle sizes of approximately 20-30 nm are critical [14,21,22]. Although the large
particles show stronger magnetic properties, they cannot be applied as MNP probes for nanomedicine,
due to permanent magnetization leading to MNPs aggregation.

Generally, all MNPs, even the most stable ones, require some kind of a protection against the
biological environment [15]. Thus, coatings of MNPs may include silica shells [23], gold film [24],
polymer coats [16], or a dense self-assembled monolayer of impenetrable ligands [25].

The MNPs designed for controlled drug delivery and those for targeted activity require
immobilization of drugs and targeting ligands on their surface. Hence, these active molecules
must be attached to the nanocarrier shell or a surface-protecting film. Various chemistries have been
developed to effectively bind these molecules to the nanocarriers [3,8,9,15,26-28]. Other ligands, such
as those preventing nonspecific binding of proteins and enhancing biocompatibility must also be
incorporated in the surface film of nanocarriers.

2. Magnetic Nanoparticles (MNP)-Enhanced Sensors for Disease Biomarkers

In the rapidly growing field of biosensors, the utilization of nanomaterials opens new opportunities
for enhancing sensitivity and selectivity of biosensing platforms. Here, magnetic nanoparticles serve
two main purposes: (i) to provide convenient means for transferring nanoparticles between different
media in sensor fabrication processes, thus facilitating the MNP surface functionalization; and (ii) to
serve as a part of the sensory material of biosensors by providing their own functionalized surface for
biorecognition of analytes. The optical biosensors based on MNPs have recently been evaluated in an
excellent review by Merkoci and coworkers [11]. Different molecular recognition probes and analytes,
including disease biomarkers, that can be determined with functionalized MNP-based biosensors have
also been reviewed by Krishnan and colleagues [29].

Among the novel biosensors utilizing unique properties of nanomaterials are sensors based on
nanophotonic arrays, plasmonic enhancements, and multi-tier amplification schemes. Examples range
from optical enhancement by AgNP films [30,31] and plasmon-controlled fluorescence [32-35], to
modulation of fluorescence resonance energy transfer (FRET) by protein films on plasmonic NPs [36,37]
and a variety of biorecognition processes followed by FRET [38] and intramolecular fluorescence
resonance energy transfer (iIFRET) [39], resonance elastic light scattering (RELS) [28,40,41], Raman
scattering [6,7], or enzymatic detection [42]. The presence of MNPs in sensory films facilitates the
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amplification of biorecognition processes, as evidenced in seminal works on magnetic field-activated
sensing of mRNA in vivo [4,5,43].

The enhanced Raman plasmonic grid biosensors based on an Au-coated superparamagnetic
Fe;Ni nanoparticle core (Fe;Ni@Au) have been successfully designed and characterized [20].
These plasmonic-magnetic core-shell NPs have subsequently been employed in SERS studies of DNA
damage caused by the chemotherapeutic drug doxorubicin (DOX) [6] (Figure 1) and in designing of a
microfluidic platform with a “hot-spot”-enriched and magnetically held SERS nanogrid sensor for the
detection of cancer biomarkers [7] (Figure 2). Experimental findings obtained for the carcinoembryonic
antigen (CEA) antibody-antigen sandwich structure using NiFe@Au and Au NPs were corroborated
by theoretically simulated plasmonic coupling resulting in E-field enhancement based on a core—shell
type model with an Au core and protein shell. An excellent CEA detection limit, LOD = 0.1 pM, has
been obtained.
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Figure 1. SERS biosensors for testing of doxorubicin (DOX) interactions with DNA. (A) Scheme of the
modification of gold disc coated with cysteine (AuDE), reduced graphene oxide (rGO), Fe;Ni@Au
nanoparticles and probe ssDNA (pDNA) followed by interaction with complementary DNA (tDNA);
(B) SERS spectra for (a) nanobiosensor, (b) after hybridization with tDNA, (c) after incubation of dsSDNA
with doxorubicin (DOX). Inset: details of high frequency peak. Reprinted with permission [6].
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Figure 2. (A) Scheme of experimental setup; (B) SERS spectra of sandwich conjugates of NiFe@Au
and AuNPs with antibodies, in response to the different concentrations of CEA (0.0, 0.1, 0.5, 1.0,
10.0 ng/mL); (C) plot of peak intensity at 1076 cm™! vs. CEA concentration. Insert: a magnified view of
the low-concentration range data. Reprinted with permission [7].
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Experimental and theoretical assessments of the high field spots formed in the interparticle area in
a particle dimer bound via DNA duplex linkages have recently been performed for Au- or Ag-coated
magnetite SPIONSs [24].

Magnetic nanoparticles have also been employed in high-sensitivity hyphenated analytical
methods. A combination of: (i) cell labeling with multiple magnetic metal beads; (ii) hybridization
chain reaction amplification; and (iii) detection using inductively coupled plasma-mass spectrometry
(ICP-MS), has been proposed by He et al. [44] for distinguishing and simultaneous counting of multiple
cancer cells. The labelling of cells with MNPs was described by Kolosnjaj-Tabi et al. [45]. This technique
was applied for simultaneous counting of human hepatocellular carcinoma cells (SMMC-7721) and
human lung carcinoma cells (A549) with high sensitivity and specificity. Simultaneous detection of CTCs
and cancer biomarkers in an immunomagnetic flow system was first described by Huang et al. [46].

3. MNP-Core Nanocarriers for Controlled Drug and Gene Delivery

Various types of nanocarriers have been investigated for possible application in theranostics,
including plasmonic metal NPs, liposomes, micelles, protein nanostructures, graphene oxide
nanosheets, biopolymers, synthetic polymers, and others [8-10,26,27,47,48]. These nanocarriers must
combine a high capacity for carrying drugs or genes, biocompatibility-enhancing agents, and targeting
ligands able to recognize the sites for a drug release (e.g., receptors in a cancer cell membrane). The same
requirement concerns nanocarriers for gene delivery where an oligonucleotide strand is immobilized
on a nanocarrier in place of drug molecules [10,28,47,49]. The nanocarriers must also be able to release
the drugs under specific local conditions (acidity, GSH level) [50-52] or under external stimuli, such as
a light pulse, an X-ray signal, or a heat wave. The novel nanocarriers now include also functionalized
magnetic core-based NPs [3,6,7,53-55], where the magnetic core is protected against degradation
in biological environments by coating with a silica shell [23], gold film [24], a tight polymeric coat
(e.g., PEG, poly-L-lysine, carboxydextran) [16], or a dense self-assembled monolayer of impenetrable
ligands [25]. The protective shell provides also an easy means for the attachment of drugs, adjuvants,
targeting ligands, and agents ensuring the nanocarrier biocompatibility [53,54,56]. The magnetic
properties of such carriers enable magnetic field-based guidance of nanocarriers to the target tissue.
Recently, the magnetic actuation of a drug release at the target sites has been proposed [5,43].

The effects of particle surface corona on cancer cell targeting were investigated in simulated
physiological fluids by Zhao et al. [57]. Studies of advanced cancer cell targeting have been carried
out by many research groups [15,58] and an interesting range of suitable chemistries, including “click
chemistry”, has been devised.

Further issues in controlled drug delivery are related to the nanocarriers internalization, i.e.,
entering into a target cell, either by endocytosis, receptor-mediated entry (e.g., via binding to folate
receptors), or by penetrating the cell membrane (for hydrophobic nanocarriers, e.g., graphene or
graphene oxide nanocarriers that partially dissolve in the membrane disrupting its tightness). The same
mechanisms as observed for other types of solid nanocarriers, are expected for MNP-based nanocarriers.

The drug and gene release from MNP-based nanocarriers is also expected to be similar to other
solid nanocarriers because binding of these ligands to both types of nanocarriers are of the same type.

4. Magnetic Particle Imaging (MPI) for Cancer Diagnostics, Staging, and Medical Intervention

Magnetic Particle Imaging (MPI) is a novel non-invasive and radiation-free tomographic technique
where in contrast to X-ray computed tomography (CT) and magnetic resonance imaging (MRI),
the imaging is performed by tracking the superparamagnetic iron oxide nanoparticle (SPION) tracers
with simultaneous generation of 3D images with extraordinary spatial and temporal resolution [59].
The direct 3D volume rendering (DVR) enables real-time 3D guidance in vascular interventions, such
as in the real-time percutaneous transluminal angioplasty [60,61] with the insertion of a stent or
balloon in a blocked artery. It can also be utilized for the direct visualization of thromboembolic
material within the lumen of the middle cerebral artery (MCA), carotid arteries, or a hepatic artery [62].
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The first commercial preclinical MPI scanners, with small chambers able to accommodate a mouse
or rabbit, have recently been developed and are under testing. A new scanner with large field of
view (up to 45 mm) with a resolution to 500 pum, based on a traveling wave MPI and an array of
electromagnets enabling magnetic field gradients up to 10 T/m, has recently been announced by the
Vogel group [2,63]. A human-sized MPI research system for brain applications has been designed
by Graeser and colleagues [1]. First MPI angiography in human-sized organs (pig kidney perfusion
system) has been obtained by Molwitz and coworkers [64]. The principles and applications of MPI in
biomedical research have been evaluated in a review by Talebloo and coworkers [65].

The effect of the magnetic nanoparticle core size on the MPI sensitivity has been investigated by
Shasha et al. [66]. They have demonstrated that the magnetic core diameter of SPION nanoparticle
tracers of 28 nm is optimal for use in MPI. For larger NPs, the relaxation effects and interparticle
interactions begin to dominate, reducing the colloid stability. The optimized SPION probes were applied
in studies of their intracellular dynamics for MPI applications [67]. The monodispersed single-phase
magnetite NPs have been well characterized and size-optimized for MPI [21,22]. The utilization
of MPI for in-vivo cancer imaging with systemic tracer administration was reported by Collony’s
group [68] (Figure 3). A whole-body biodistribution of the tracer NPs was monitored with a large
field of view (FOV). Another scanner, with decoupled harmonics generation and field-free point
handling, was recently reported by Bagheri and coworkers [69]. Harmonics are generated due to the
non-linear magnetization characteristics of tracer MNPs. This new approach provides more flexibility
for exploring and optimizing tracer particle responses to obtain the best spatial resolution of images in
the sub-millimeter range.

Figure 3. Maximum intensity projection of 3D magnetic particle imaging (MPI) volumes co-registered

with a CT skeletal reference. The whole-body tracer dynamics along with the tumor are clearly
visualized. Reprinted with permission [68].

The non-targeted MPI can be utilized for cancer detection and therapy due to the enhanced
permeability and retention (EPR) effect caused by leaky blood vessels, poor drainage of lymphatic
system, and misalignment of endothelial cells.

So far, the outstanding performance of the MPI scanning technique has been demonstrated in the
following applications [70]:

e  vasculature visualization and monitoring of blood flow;
e  detection of neoplasia and monitoring of outcomes of therapeutic intervention;
e detection of arterial aneurisms;
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e guidance for catheterization in percutaneous angioplasty, including procedures performed during
cardiac infarction;
e  cancer thermotherapy.

Research studies on the utilization of MPI techniques in other fields of nanomedicine are under way.

In summary, the novel MPI technique based on magnetically tracking SPION probes offers very
high spatial and temporal resolutions, is radiation-free, depth-independent, and causes virtually no
side-effects. Therefore, it can successfully compete with the well-established imaging techniques, such
as MRI, CT, and PET. Also, MPI does not require allergenic and highly nephrotoxic iodine-based
contrast agents [71]. Note that Schlorf and coworkers [72] have used the SPION nanoparticles as the
contrast agents and as the labels for cell tagging for MRI imaging. They have found that the retention
of the magnetic nanoparticles in cells lasts for about two weeks.

The utilization of superparamagnetic iron oxide nanoparticles in conjunction with the new MPI
technique has the potential to detect and diagnose cancer at an earlier stage than current imaging
methods [3].

5. Hyperthermic Treatment of Malignant Cells with MNPs

Hyperthermia has been applied as a method of anticancer therapy, in which nanoparticles
highly absorbing electromagnetic radiation are administered to the cancer tissue and then excited
with a precision laser beam to destroy cancer cells by the rising temperature of the nanoparticles.
For nanocarriers with a magnetic core, the temperature rise can also be achieved by vibrating or
rotating the nanocarriers via stimulation by alternating magnetic field [73-78]. It has been successfully
applied for treatment of malignant glioma [79]. The advantage of using MNP carriers is clear in the
deep penetration of magnetic field modulation stimulating the nanocarriers, whereas light stimulation
is applicable only to a near-surface tissue.

Wau et al. [80] have successfully synthesized porous carbon-coated magnetite nanoparticles
(PCCMN:Ss) by a one-pot solvothermal method. A hyaluronic acid-modified PCCMN with fluorescent
carbon quantum dots has been applied for efficient photothermal cancer therapy (PTT) in vivo with
MRI monitoring and fluorescent imaging. The nanocarriers served both as the contrast agent for MRI
and the heat generator upon absorbing a NIR laser beam at 808 nm wavelength and 1.5 W/cm? energy.
The proposed nanocarriers can also carry chemotherapeutic drugs.

A new drug delivery system based on magnetic hollow porous carbon nanoparticle nanocarriers
(MHPCNs) was also developed by the same group [81]. To cap the pores in the nanocarrier shell,
a poly(y-glutamic acid) was used. The photothermal conversion of carbon and magnetite (Fe3O4) shells
enabled photothermal therapy to be performed with no anticancer drug leakage during the systemic
distribution. The proposed drug delivery in sealed nanocages and controlled photothermal release
enabled the multidrug resistance induced by chemotherapeutic treatment to be overcome [82,83].
The MPI was not used in these experiments. Therefore, monitoring of the therapeutic outcomes was
limited to the resolution of the magnetic resonance imaging. These experiments have demonstrated
the effective tumor growth inhibition through the hyperthermia/chemotherapy synergistic action.

The conditions for efficient heat generation have been discussed by many researchers and
high-performance frequency tuners for resonant inverters suitable for magnetic hyperthermia have
been designed [84].

6. Magneto-Mechanical Destruction of Cytoskeletal Scaffolds and Permeabilization of Lysosome
Membranes by Alternating Magnetic Field-Driven MNP Vibrations for Cancer Treatment

Alternating magnetic field-driven vibration and rotation of MNPs accumulated in cancer cells
may result in relaxation with heat generation resulting in local temperature increase, as discussed
in the case of hyperthermia. However, for small MNPs, generally less than 20 nm in diameter,
magnetic field stimulation would not result in enough heat generation to cause sufficient temperature
increase to kill cancer cells [74]. Yet, in experiments performed by several groups, the magnetic
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field-driven MNP vibrations clearly resulted in cancer cell death [18,85-92]. Recently, Kabanov’s
group [93] provided a completely new mechanism of cancer cell death under such conditions.
Their experiments, conducted with 7-8 nm MNPs and a low-frequency magnetic field of 50 Hz,
confirmed no temperature rise of the medium. They demonstrated that the cancer cell killing ability
of this low energy magnetic stimulation is due to the disruption of the cytoskeletal framework of
cancer cells by magneto-mechanical movement and inelastic impact of MNPs leading to apoptosis.
Klyachko et al. [91] and Hoffmann et al. [94] have found that magnetic field-driven MNPs can be used
to control enzymatic processes. Further studies of the discovered phenomenon will help to uncover
biochemical pathways driving the cells to self-destruction.

7. Magnetically Guided MNPs for ROS Generation and Cancer Treatment

Reactive oxygen species (ROS) are highly potent radicals able to damage DNA, lipids and other
biomolecules. They are generated in the mitochondrial respiration system and used by the organism to
protect against invasion of microbes. The generation of ROS may also be utilized in the fight with cancer.
Hence, this concept has recently gained new attention [95-101] which concentrates on enhancing the
ROS generation in mitochondria with various drugs and in Fenton-like cascade processes based on
decomposition of H,O, to HO* radicals, catalyzed by Fe2* or Cu?* and catechol moiety [102]. Cell death
caused by ROS generation by Fenton-like cascades has been dubbed oxytosis [97] or ferroptosis [95].
Unlike a typical apoptosis, it is not driven by the caspase 3 pathway and does not lead to chromatin
condensation [97].

A new kind of interesting magnetic nanoparticles, consisting of a magnetic iron carbide Fe;C,
(MIC NP), has been developed by Yu and coworkers [103]. These MIC NPs are able to release Fe?*
ions upon entering the zone of high acidity in the tumor environment. Since Fe?" ions catalyze the
decomposition of HyO, through the Fenton cascade mechanism and since H,O5 is overproduced and
available in cancer cells, the reactive oxygen species, in particular HO* radicals, are formed and aid in
the destruction of cancer cell DNA [102]. To enhance the release of Fe?* ions from MIC NPs, a coating
of a magnetite film on FesC, core was applied, forming the final MIC NPs with the composition:
FesC,@Fe30;. A schematic illustration of the MIC NP endocytosis, followed by Fe?* release and ROS
generation is presented in Figure 4, together with T2-weighted MR images of 4T1 tumor-bearing mice.
Monitoring of MIC NPs distribution can be carried out using a magnetic resonance imaging (MRI)
scanner. Interestingly, it has been found that the magnetism of MIC NPs decreases upon Fe?* release
and the T2 signal in MRI decreased. At the same time, the released Fe2* causes the increase in the T1
MRI signal. Therefore, the presence of a tumor tissue with a low pH and the release of Fe?*, leading to
the generation of ROS and apoptosis of cancer cells, can be sensitively monitored by MRI.
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Figure 4. (A) A schematic illustration of MNPs for pH-responsive Fe?* releasing, ROS generation and
T2/T1 signal conversion; (B) representative T2-weighted MR images of 4T1 tumor-bearing mice before
(Pre) and one day after (Post) injection of PEG/Fe;Cy@Fe304 NPs with or without magnetic targeting.
The tumor sites are circled by a yellow dashed line. Reprinted with permission [103].

Applications of high-frequency alternating magnetic fields (HF-AMF) with MNPs accumulated
in tissues [90] have demonstrated permeabilization of lysosome membranes in cancer cells but not
in healthy cells. The appearance of ROS, generated in mitochondria, was detected 30 min after the
AMF application. These experiments show that using MNPs stimulated with HF-AMF, it becomes
possible to generate ROS in targeted cancer cells, mitigating collateral damage to healthy cells as well as
reversing drug resistance established by overexpression of GSH in cancer cells in response to oxidative
stress [41,104,105] introduced by chemotherapeutic drugs.

8. Detection of Circulating Cancer Cells

In the critical stage of tumor development, some cancer cells begin to detach from the original
neoplasia and enter the blood stream and lymphatic highway system to become circulating tumor
cells (CTCs), able to settle on the way and proliferate into new tumor outcrops, marking the onset of
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metastasis, i.e., the spread of the original tumor into distal sites. The detection of CTCs is therefore
an important and challenging task in cancer therapy. The key issue is the low concentration of CTCs.
Hence, special efforts have been made to develop highly sensitive techniques for the detection and
identification of CTCs. So far, the microfluidic format of CTCs isolation and identification is the only
format that can offer successful outcomes and rapid analysis without sample preparation. It integrates
all procedures in a small microfluidic chip and requires minimal sample volume, as envisioned by the
device inventors [106].

In one such effort, Green et al. [107] have designed a microfluidic device for high-sensitivity
profiling of CTCs in patients with metastatic castration-resistant prostate cancer (mCRPC).
The circulating cells were first sorted according to protein expression levels. For that purpose,
EpCAM antibody-functionalized magnetic nanoparticles were developed. The blood samples analyzed
were from patients undergoing treatment with abiraterone or enzalutamide, two drugs used to treat
advanced prostate cancer. The samples taken during treatment (9-22 weeks) were compared to the
baseline (week 0). It has been shown that the number of low-EpCAM CTCs increased with the treatment
time for progressive patients. The proposed microfluidic device with antibody functionalized MNP
probes offered higher efficiency compared to the commercially available CellSearch device.

Mandal et al. [108] have developed AIEgen-based fluorescent magnetic nanoparticle probes,
with a hydrodynamic size ranging from 25 to 50 nm and rich surface chemistry enabling attachment
of ligands able to recognize and bind to cell membrane receptors. The AIEgen molecules exhibit a
unique aggregation-induced fluorescence emission (AIE) property. To construct the MNP@AIEgen
probes, the hydrophobic y-Fe,O3 nanoparticles were first converted into hydrophilic nanoparticles by a
polyacrylate overcoat of N-(3-aminopropyl)-methacrylamide hydrochloride with/without 3-sulfopropyl
methacrylate. The obtained primary amine-terminated hydrophilic nanoparticles were then conjugated
with tetraphenylethene (TPE), an AIEgen molecule, further derivatized with various functional groups.
The study’s authors have demonstrated that the AlEgen-based fluorescent MNPs can act as the cellular
imaging probes. Furthermore, the labeled cells can be magnetically separated.

An immunomagnetic flow system for simultaneous detection of CTCs and cancer biomarkers
in blood was developed by Huang et al. [46]. In his microfluidic device, folate receptors (FR) in
membrane of cancer cells were detected using fluorescence microscope while cells marked with anti-FR
antibody-coated magnetic beads were captured with a magnetic field on the microfluidic channel wall.
Using a microfluidic device with magnetic separation of CTCs and electric impedance cytometry, Han
and Han [109] were able to detect colorectal cancer cell line DLD-1 in peripheral blood by enrichment of
ca. 500-fold. Recently, Wang and coworkers [110] have developed a rapid and highly efficient method
to isolate and identify heterogeneous CTCs (F-MNPs+, Hoechst 33342+, and CD45~) from patient
blood samples using fluorescent MNPs (F-MNPs). An F-MNP consisted of a Fe30, core and a SiO; shell
decorated with a fluorescent dye 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate
(Dil). On the surface of F-MNPs, a layer of a zwitterionic polymer, poly(carboxybetaine methacrylate)
(pCBMA), able to decrease the nonspecific cell adhesion with anti-EpCAM and anti-N-cadherin
antibodies, was formed (Figure 5).
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Figure 5. (a) Illustration of the isolation and identification of heterogeneous circulating tumor cells
(CTCs) from breast cancer patients’ blood samples using fluorescent magnetic nanoparticles (F-MNPs);
(b) the construction of F-MNPs; (c) fluorescent images of one CTC identified by immunostaining
of anti-PanCK-647 and F-MNPs for breast cancer sample BrC01; (d) fluorescent images of eight
CTCs (Hoechst 33342+, F-MNPs+, CD45-) and WBCs (Hoechst 33342+, CD45+) from the BrC05
patient sample identified by F-MNPs with immunostaining of anti-CD45-FITC and Hoechst 33342.
Reprinted with permission [110].

9. Protective Coating of MNPs

Magnetic nanoparticles operating in a biological environment generally require a protective
coating against adverse effects of dissolved oxygen, ROS, and bioactive compounds. Hence, compact
and chemically stable shells are grown on the cores. Biomedical applications require robust MNPs that
are properly coated by hydrophilic polymers. Firstly, surface coatings are important to prevent MNPs
from agglomeration in a physiological environment. Therefore, the MNP coatings have to show a net
non-zero charge and have limited zwitterionic and hydrophobic properties. Secondly, coatings must
act as a barrier, effectively shielding the magnetic core against the attack of chemical species in the
aqueous solution. A silica shell or gold film can fulfill these requirements, but a tight polymer shell is
also suitable for this purpose. Further functionalization of the shell material should be considered to
avoid non-specific adsorption of biomolecules. Thirdly, different functional groups can be attached
to the coatings (e.g., amine, carboxyl) that can be used for immobilization of functional molecules,
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such as drugs, adjuvants, targeting ligands, fluorescent molecules, biocompatibility enhancing agents,
and molecules preventing non-specific adsorption [8,27,48,111] (Figure 6).
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Figure 6. (A) Illustration of the structure of a multifunctional/multimodality MNP with a magnetic
core, a polymeric coating, and targeting ligands extended from the surface of MNP with the aid of
polymeric spacers; (B) schematic representation of different types of magnetic cores; (C) illustration of
different types of coating strategies for hydrophilic MNPs. Reprinted with permission [111].

10. Toxicity of MNPs and Systemic Clearance

The protected core-shell MNPs are generally nontoxic and are well tolerated in vivo, independently
of the administration routes. However, the toxicity of newly developed MNPs should always be
carefully evaluated. For instance, Feng et al. [112] have performed a detailed investigation of the in vitro
cell uptake and cytotoxicity, as well as the in vivo distribution, clearance and toxicity of commercially
available and well-characterized iron oxide nanoparticles (IONPs) with different sizes and coatings.
It has been found that the polyethyleneimine (PEI)-coated IONPs exhibited significantly higher uptake
than PEGylated ones in both macrophages and cancer cells and caused severe cytotoxicity through
multiple mechanisms such as ROS production and apoptosis. In that respect, replacing PEI with a
biocompatible poly-L-lysine coating also bearing positive charge may solve the problem [28].

11. Conclusions: Advantages, Disadvantages, and Future Challenges

Emerging nanotechnologies provide new perspectives in medicine for solving challenging
problems caused by complex human diseases such as neoplasia and debilitating neurodegenerative
diseases. In particular, novel applications of magnetic nanoparticles in nanomedicine now involve
MNPs in a variety of tasks, such as medical imaging, controlled drug and gene delivery, drug
distribution, mitigating the side effects and multiple drug resistance, as well as the aid the MNPs
provide in the invasive medical interventions. The advantages of nanotechnologies based on magnetic
nanoparticles include the unique electromagnetic and magneto-mechanical properties of MNPs allowing
for communication and controlling of their vibration, rotation and translational movement, absorption
of electromagnetic energy, and remote heating and actuation. The deep penetration of magnetic fields
through living tissues without any effect on healthy cells is a great attribute. The possibility of surface
functionalization provides the feasibility to accumulate MNPs at specific locations, e.g., in cancer
cells, and enables destruction of the targeted cells by releasing chemotherapeutic drugs, nucleic acids
for gene therapy, or a disruption of the cytoskeletal framework of the cell on a remote command.
The MNP-based imaging is becoming one of the most versatile imaging techniques with its high
spatial and temporal resolution and can serve for cancer diagnosing and grading, and to guide surgical
interventions. The MNPs are generally biocompatible and relatively stable, especially when protected
by a dense self-assembling monolayer or by coating with a shell of gold, silica, or carbons. A great
advantage of MNPs is the feasibility of attaching them to targeted cells that permits cell sorting, e.g.,
removal of circulating tumor cells or collecting them for analysis. The disadvantages of common
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MNPs are mainly related to their weak magnetic properties and the requirement of large size particles,
especially when applied in hyperthermia treatment (usually for SPION, particle diameter should be
>250 nm [74,93]) and the large size creates then problems with their retrieval from the body. Since the
hyperthermia involves larger area of the tissue due to the high thermal conductivity of water and thus
encases also healthy cells, this procedure is less likely to be at the forefront of MNP-based technologies.
On the other hand, the theranostic, controlled drug release and magneto-mechanical disruption of
cytoskeletal framework of cancer cells, as well as the lysosomal membrane permeabilization processes
are likely to be among the favorite development strategies.

Future challenges will certainly involve the development of smaller superparamagnetic NPs
with stronger magnetic responsivity to maintain the high spatial and temporal sensitivity for the
emerging magnetic particle imaging (MPI) technology while enabling an enhanced renal clearance
(NP diameter ~2 nm or less). Further development of the new MPI technology and its application
for whole-body scanning will enable radiation-free tomographic monitoring of medical interventions,
tumorigenesis, and therapeutic outcomes. Extensive research will be needed to develop rapid and
convenient microfluidic techniques for the challenging detection of circulating tumor cells, cell sorting,
and sensor arrays (LPADs) for testing sets of cancer biomarkers to enable reliable cancer diagnostics
and monitoring of cancer therapy at points-of-care with high efficacy. The use of MNPs in development
of these analytical devices (uWPADs, biosensors, lateral flow sensors, etc.) is crucial as it allows for rapid
handling of NPs and separation of MNP-labelled CTCs.
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Abstract: Nanotechnology offers the possibility of operating on the same scale length at which
biological processes occur, allowing to interfere, manipulate or study cellular events in disease or
healthy conditions. The development of hybrid nanostructured materials with a high degree of
chemical control and complex engineered surface including biological targeting moieties, allows
to specifically bind to a single type of molecule for specific detection, signaling or inactivation
processes. Magnetite nanostructures with designed composition and properties are the ones that
gather most of the designs as theragnostic agents for their versatility, biocompatibility, facile
production and good magnetic performance for remote in vitro and in vivo for biomedical applications.
Their superparamagnetic behavior below a critical size of 30 nm has allowed the development of
magnetic resonance imaging contrast agents or magnetic hyperthermia nanoprobes approved for
clinical uses, establishing an inflection point in the field of magnetite based theragnostic agents.

Keywords: magnetite; superparamagnetism; biodetection; magnetofection; imaging; therapy;
tissue engineering

1. Introduction

Magnetism has been technologically exploited for centuries, well before quantum mechanics
helped to unveil the fundamental mechanisms governing the behavior of magnetic materials.

Electrical steels, permanents magnets, nickel-iron alloys or soft ferrites mechanized in different
configurations just from bulk, ribbon or disks are the enabling materials behind disparate developments
like compasses for marine navigation, bulk magnetic separation devices in mining industry, inductive
heating in massive foundry industry, sophisticated devices for electric power generation and distribution
or communications and information storage in hard disks [1].

The large variety of applications exploiting different aspects of magnetism has permeated
our technically developed society in the last decades and follows still an intense evolution by the
hand of applications based on magnetic materials tailored at the nanometric scale. In fact, the
optimization and maturity of chemical synthetic procedures during the last decades has allowed the
development of materials with designed properties which are only observable at the nanoscale such as,
surface plasmonic resonance, enhanced and specific catalytic activity, size-dependent fluorescence,
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superparamagnetism [2], quantum tunneling magnetization [3] or enhanced coercivity [4] that, all
combined, open the door to highly interesting biomedical and technological applications.

In addition to their designed properties, magnetic nanoparticles (MNDPs) are an intense topic of
research in diagnostic, theragnostic and regenerative medicine applications, due to their small size,
which is comparable to relevant cell length scales and allows to interact and interfere with biological
processes, minimizing adverse effects and opening the way to new diagnostic and therapeutic
paradigms [5].

Specifically, superparamagnetic iron oxides nanoparticles (SPIONSs) are witnessing a predominant
role in nanomedicine developments relaying on their biocompatibility, unbeatable low cost production,
physicochemical performance and versatile chemistry that make them almost universally present as a
main components in contrast agents for magnetic resonance imaging (MRI), magnetic hyperthermia
sources or drug delivery nanoplatforms [6].

It is striking, however, that Nature had incorporated crystalline magnetite nanoparticles (NPs) as
a strategy for magnetic guiding in small animals, thousands of years before the recent developments of
nanotechnology. Magnetotactic bacteria, bees or pigeons are equipped with magnetic dipolar arrays
of small Fe3O4 NPs, biologically synthesized in specific vesicles, that serve as natural compasses to
orientate in the magnetic field of the Earth. Moreover, magnetite NPs can be found also in humans,
when a pathologically altered iron metabolism triggers their synthesis inside ferritin (Fn), a spherical
hollow protein in charge of delivering Fe3* to feed our cell biomachinery [7].

Besides its good magnetic performance (Curie temperature well above any biomedical application,
large values of initial susceptibility and saturation magnetization) and biocompatibility, the availability
of facile wet chemistry techniques to produce superparamagnetic (SPM) cores with well controlled
size, shape and composition has promoted magnetite to the most relevant position in the field of
nanomedicine for biodetection, imaging and therapy.

In fact, it competes with the most well accepted soft organic compounds, like liposomes or
nano-emulsions, fully biocompatible, biodegradable with enhanced ability for encapsulating a variety
of hydrophilic or lipophilic drugs [8] that have found approval for clinical uses in a variety of applications
as vaccines, antifunghical, anesthetics or antibiotics [9]. Although with a slower pace, a few set of
superparamagnetic magnetite NPs have been clinically tested and approved for commercialization
as enhanced contrast agents for magnetic resonance imaging (Feridex; Resovist, Ferumoxtran) [10]
or magnetic hyperthermia therapies for brain tumor treatment (NanoTherm) [11], establishing an
inflection point in the use of inorganic materials as theragnostic agents.

By simple and scalable methods like co-precipitation, hydrothermal or solvothermal decomposition
procedures, easy production of spheres, cubes, hexagons, octahedra, hollow spheres, rods, plates or
wires can be obtained with controlled size. Combined with surface functionalization procedures, these
magnetite NPs can be engineered to produce multifunctional hybrid nanostructures with a designed
composition of inorganic/organic/biological shells containing carbon, metal (Au, Ag, Cu, etc.), metal
oxides (Ti, Si, Zr, etc.), hydroxides (Al, etc.), organic compounds (polymers like polyacrylic acid (PAA),
polyethylene glycol (PEG), etc.), short organic molecules (OAc, dopamine, etc.) and biological moieties
(antibodies, aptamers, plasmids, etc.) [12].

This core-shell strategy has given rise to different configurations like single- and multi-core@shell
nanoparticles, where magnetite is located in the core (Fe30,@SiO,; Fe304@C), in the shell
(gelatin-NPs@Fe304-NPs) or embedded in a polymer matrix (polyester, gelatin magnetic beads).
In all cases, the nanostructure inherits a combination of abilities that ensures their multimodal
capacities for simultaneous magnetic separation/detection/targeting procedures like contrast agents
in magnetic resonance imaging/positron emission tomography (MRI/PET), magnetic hyperthermia
(MH)/drug delivery therapeutic agents, among others [12].

Moreover, magnetite based nanostructures can be also included as the magnetic phase in a
nanocomposite material like mesoporous silica, biopolymer sponges (chitosan, k-carrageenan, alginate,
etc.), porous stiff materials (hydroxyapatite, polycaprolactone, etc.) or hydrogels, allowing to produce
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magnetic scaffolds for tissue engineering combining all the theragnostic abilities, inherited from
magnetite, together with magnetic cell growth stimulation or magnetic external fixation [13].
The list of nanostructured materials containing magnetite NPs is huge, and the applications in
nanomedicine cover almost any aspect from detection, diagnosis and therapy to regenerative medicine.
In this work, we present the structure, properties, synthetic procedures and applications emerging
from the magnetically intrinsic properties of magnetite nanostructures with tailored configuration, size
and shape.

2. Magnetite: Structure and Properties from Bulk to Nanoscale

Magnetite, Fe3Oy, is an iron oxide compound where iron ions (with valence 3+ and 2+) adjust
to the AB,Oy4 = Fe3* (Fe?*Fe3+)O, formulation, arranged in an inverse-spinel crystal structure [14],
composed by tetrahedral, A, and octahedral, B, sublattices. The magnetic and electric properties of
magnetite arise from the interactions between the Fe3* (d°) and Fe?* (d°) ions placed on octahedral
positions and Fe3* (d°) ions on tetrahedral positions. The spinel is a stable crystal structure that accepts
the substitution of the A and B lattice locations by a variety of nearly 30 different metal ions with
valences ranging from +1 to +6. An example of this stability is the fact that both, natural magnetite is
commonly found containing impurity ions (Ti, Al, Mg, and Mn), and substituted ferrites containing
transition metals (Co, Mn, Zn) can be easily obtained by wet chemistry procedures [15]. The unit
cell in bulk Fe;O, consists in a face centered cubic, fcc, (Fd®>m space group) arrangement of O~ ions,
in which Fe3* (d%) cations occupy 1/2 of the tetrahedral interstices, and a 50:50 mixture of Fe3* (d5)
and Fe?* (d®) cations occupy 1/8 of the octahedral interstices, with a characteristic unit cell parameter
~8.4 A (see Figure 1).

@ Double exchange (FM) @‘

B octahedral Fe3* (d5) /\ Fe? (d)
it [t[t]t]

1250:
Superexchange
(AFM)

A tetrahedral [ & Fe3* (d®)

Figure 1. On the left, the inverse spinel structure (crystal structure adapted from [16] (Science Direct,
2016), of Fe30y is based on a face centered cubic (fcc) arrangement of O?~ ions in which Fe3* (d°)
cations occupy 1/2 of the tetrahedral interstices, and a 50:50 mixture of Fe3* (d°) and Fe* (d®) cations
occupy 1/8 of the octahedral interstices. On the right, the set of exchange interactions between Fe>*
(d®), Fe?* (d®) and O* ions, giving rise to ferrimagnetic ordering.

At temperatures above 118 °K, Fe?* and Fe3* ions are randomly distributed over the octahedral
sites allowing electron hopping between them and giving rise to the low electrical resistivity, around
7 mili-Ohm/cm at Troom, of magnetite [15]. Below 118 °K, the Fe3* and Fe?* ions become ordered
following a cubic to orthorhombic crystallographic transition, as proposed by Verwey [17], where c
axis of the new orthorhombic phase is parallel to and slightly smaller than the cube edge of the fcc
phase and accompanied by electronic charge ordering of the Fe>* and Fe?" ions on the B sites, which
produces a large increase in resistivity [18].

The magnetic ordering in magnetite is dominated by the specific distribution of Fe3* and Fe?*
ions on both A and B sites, and the exchange interactions originated when the 3d electron orbital
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of the Fe ions overlap with the 2p electron orbital of O?~ ions, since direct exchange between Fe-Fe
interactions are negligible due to the large distance between Fe ions [19]. Fe-O-Fe super-exchange
interaction depends on the distance and angle of bonds between the Fe>* and Fe?* and 0% ions and is
responsible for antiparallel alignment of the net magnetic moment of A and B sublattices, which gives
rise to the ferrimagnetic order in magnetite [15]. As proposed by Neel, Fe3* ions on the oppositely
aligned tetrahedral and octahedral cancel each other, and only the remaining magnetic moment of Fe?*
ions contributes to the total magnetic moment of magnetite (see Figure 1).

Moreover, the spin magnetic moments, which are tied to their electron orbit by the spin—orbit
interaction, orientate themselves into specific directions in the lattice that minimize the crystalline field
and give rise to the magnetic anisotropy axes. In magnetite, easy (low-energy), hard (high-energy)
and intermediate (medium-energy) magnetocrystalline anisotropy directions are defined by the cubic
lattice axes [111], [100] and [110], respectively (see Figure 1) [15]. At low temperatures, 118 °K, the
crystallographic transition from cubic to orthorhombic provokes the appearance of a magnetic isotropic
point where the anisotropy constant (K1) sign changes from — to +, (K1 = 0) and is known as the
Verwey transition.

Compared to other permanent magnetic materials (see Table 1), [20] magnetite shows a low effective
magnetocrystalline anisotropy constant, high saturation magnetization per unit mass (Mg~92 emu/g),
low coercivity (Hc = 1040 mT) and high Curie temperature (T¢c = 850°) compared to relevant
temperatures for biomedical applications, and a molecular magnetic moment of 4.1 ppgp, (accounting
for the larger Fe?* contribution) [15].

Table 1. Bulk magnetocrystalline anisotropy constant, K,;,, Curie temperature, Tc, for representative
magnetic materials. Data compiled from data included in [20].

Material Fe Co Ni PtFe Fe3z Oy v-Fe2 O3
Kan (kJ/m®) 48 530 48 6600 11 4.6
Tc (K) 1043 1388 631 750 858 863

However, besides the specific crystalline structure of different magnetic materials, there is one
common fact that affects their main magnetic behavior: size.

In order to accommodate all the magnetic interaction terms (exchange, Zeeman, demagnetizing
field and anisotropy) bulk materials attain stability by adopting a magnetic configuration of
multidomains separated by domain walls, that minimizes the total magnetic free energy [21].
When preparing small particles with sizes down to the nanometer scale, the balance of magnetic
interaction terms changes: the energy cost of introducing domain walls is higher than the reduction of
demagnetizing field, the anisotropy energy decreases proportionally to the reduction in volume of the
particle, and single domain becomes the most stable magnetic configuration [22]. This multidomain
to single domain transition happens for particles with a critical radius in the nanometer scale,
(Rc = 10-100 nm), and depends on the material properties as Rc = 36 VAK/uyM? (A, exchange
constant, K, anisotropy constant and Ms, saturation magnetization) [23].

Fe30,4 NPs undergo a transition from multi- to single-domain magnetic structure 80-90 nm, and
by further size reduction, which in magnetite happens between 25 to 30 nm, another transition arises
when the total anisotropy energy of the crystallite becomes smaller than thermal energy. This fact
originates that, in absence of externally applied magnetic fields, the magnetization (M) spontaneously
fluctuates at room temperature by thermal stimulation and, in average, M equals zero. This is the so
called superparamagnetic regime, characterized by negligible remanence or coercive forces (Figure 2a)
and reversible magnetization with a rapid “on-off” magnetic switching, modulated by the initial
magnetic susceptibility (y;,) (in magnetite NPs can range from: x;, = 0.5-1) [24].
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Figure 2. (a) Overlapping into a single curve of magnetization data versus H/T, that correspond to

measurements performed corresponding from 250 to 320 K, on a dried sample of SPM multi-core
Fe30,@C, showing negligible remanence and coercive forces and (b) Transmission electron microscopy
(TEM) micrograph of multi-core Fe;04 @C, with averaged size 187 nm. (Figures reprinted with
permission from [25], IEEE, 2016).

Chemical procedures like coprecipitation, thermal decomposition or hydrothermal preparations,
are the most used wet chemistry techniques to provide high quality and monodisperse
SPIONs with diameters ranging from 10 to 30 nm that have become a standard material as
magnetic hyperthermia actuators with high specific absorption rates (SAR) in clinical applications
(MAGFORCE-NanoTherm) [11] or as T2 MRI commercial contrast agents (Feridex; Resovist,
Ferumoxtran [10]).

In addition, SPM behavior can be preserved in multi-core configurations (see Figure 2b) even
though several magnetic cores stand in close contact embedded inside a coating shell (see Figure 2) [25].
These NPs are particularly interesting for those applications that require a high concentration of
magnetic material in a small region to ensure an intense magnetic response (i.e., cell isolation purposes).
The key procedure consists in coating the single-core magnetite surfaces to avoid exchange interaction
between them that may cause exchange bias, commonly resulting in reduced saturation magnetization,
low initial magnetic susceptibility or the loss of SPM behavior.

However, associated with the size reduction, the increase of surface-to-volume ratio (typically,
for 5 nm NPs, the surface spins represent 30% of total amount of spins [26]), entails the dominant
contribution of surface properties, incorporating a crucial problem for magnetic applications: the
reduction of saturation magnetization [27]. For very small magnetic NPs, a surface dead magnetic
layer appears related to specific features like:

1. The large contribution of surface ions, located on edges or corners, with coordination numbers
lower than inner core ions, (see Figure 3) gives rise to an abrupt breakdown of the lattice and
magnetic symmetry, which induces changes in magnetic anisotropy at the surface.

2. The chemical environment of the coating shell influences the magnetic properties of the
surface ions.

3. The interaction of the surface spins with the inner ones by an exchange bias may lead to some
degree of frustration that lowers the total magnetization of the nanoparticle [28].
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Figure 3. (a) Ratio of surface to volume ions in a cubic lattice, for very small nanoparticles (NPs) surface
ions can amount up to large percentages of the totality and (b) corner, edge, surface and inner ions
with different coordination numbers.

Although the preservation of optimum magnetic properties in small magnetic particles through
the increase of crystalline quality and minimization of surface distortion has witnessed a large effort
in chemical approaches in the last years [29], the production of pure colloidal SPIONs remains a
challenge. Magnetite cores with a thin overoxidized (Fe>*) surface shell, compositionally close to a
maghemite polymorph (y-Fe,O3), are normally obtained and only synthetic procedures driven at high
temperatures can improve the purity and crystallinity of colloidal SPIONs with enhanced saturation
magnetization (Mg = 70-85 emu/g) [30].

3. Synthetic Procedures of Multifunctional SPM Magnetite Nanostructures

For in vitro or in vivo applications, not only the magnetic core, but also the capping ligands on
the surface, are the crucial aspects to ensure an adequate performance of the magnetic nanostructures
when they interact with biological media, like fluids or tissues, where they can be critically arrested.

However, besides the efforts devoted to produce multifunctional magnetite nanostructures
with high quality, the requirements to ensure a good in vitro and in vivo performance include a
biocompatible coating and an adequate solvent dispersant, and for in vitro and in vivo applications
is crucial to maintain colloidal stability of the preparations. Therefore, the chemical engineering to
prepare SPIONs with several added functionalities requires a hierarchical procedure involving the
production of good quality magnetite cores and several functionalization steps to add plasmonic NPs,
fluorescent moieties, biological agent or biocompatible coating shells.

3.1. Synthesis of the Magnetic Core. Synthetic Procedures Modulating Size and Shape

With the aim of producing magnetite NPs with exceptional magnetic specifications, high
crystalline quality, well-controlled size and shape, and easy procedures, different wet chemistry
approaches have been studied based on co-precipitation, thermal decomposition, solvothermal or
hydrothermal techniques (summarized in Figure 4). In combination or alone, they can be conveniently
modified to produce magnetite NPs with different morphologies (spheres, cubes, hexagons, octahedra,
hollow spheres, etc.), high crystalline quality, different architectures of single- or multiple-core
configurations [31] or to provide large gram-scale production of NPs [32]. These techniques have
allowed the development of SPIONSs spanning from 10 nm to several hundreds of nanometers.
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Figure 4. Summary of synthetic routes commonly used to produce superparamagnetic iron oxides
nanoparticles (SPIONs).

3.1.1. Precipitation Methods

Precipitation methods of iron salts in a highly basic solution are easy, fast, scalable and can be
done at low to moderate temperatures and inert atmosphere. Co-precipitation of two iron Fe?*/Fe3*
salt precursors can be easily controlled by experimentally adjusting the Fe>*/Fe3* ions ratio, pH and
temperature, providing spherical NPs with a good control of the structural (size, morphology) (see
Figure 5a) and magnetic properties but a with wide size distribution. Although its easiness has made
this basic method very popular, the ensembles produced in this way inherit a distribution of blocking
temperatures, undesired in certain in vivo applications [33] or a distribution of magnetic moments that
need to be avoided for magnetic detection kits.

(a) (b)

Figure 5. TEM image of (a) spherical magnetite NPs coated with citrated and obtained by a
coprecipitation method and (b) bare cubic magnetite NPs obtained by a precipitation method.

Related to these needs, optimized co-precipitation procedures have been implemented attending
to fundamental chemistry facts: reaction kinetics, atmosphere and temperature control. Following the
general theory of nucleation and growth, under the so-called burst nucleation approach, a monodisperse
solution of “nuclei” can be obtained by using supersaturated solutions of the precursors to nucleate in
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a fast and homogenous way. Furtherly, imposing a slow pace at the growth stage, a monodisperse
ensemble of NPs can be achieved [34].

In addition, since magnetite easily oxides into hematite (Fe;O3), a non-magnetic iron oxide phase,
applying inert conditions to the reaction, with a controlled oxygen atmosphere, avoids the formation
of Fe,O3 and y-Fe,O3, the other ferrimagnetic oxide.

Moreover, crystalline quality can be optimized by supplying energy to facilitate the annealing of
the magnetite lattice. A modified technique [35], based on the precipitation of a single iron salt in a
basic solution and a free oxygen atmosphere, allows to obtain Fe(OH),, which after heating at 363 K in
a water bath for 2 h, allows the oxidation into Fe3O, to obtain cubic magnetite NPs (see Figure 5b).

The addition of compounds like dextran, polyvinyl alcohol (PVA), PAA, etc., in subsequent step
of the reaction ensures protection of the magnetite cores from oxidation, increases biocompatibility
and stabilizes the colloidal dispersion.

3.1.2. Thermal Decomposition

Thermal decomposition of organic iron precursor phase in presence of adequate surfactants (fatty
acids, oleic acid (OA), oleylamine, etc.), driven in high temperatures, allows to improve the crystalline
quality of iron oxide NPs with well controlled morphology, size and narrow distribution (see Figure 6).
The reaction temperature is adjusted to the used solvents, which are usually compounds with high
boiling points (octylamine, phenyl ether, phenol ether, hexadecanediol, octadecene, etc.).

50nm |

(b)

Figure 6. TEM images of (a) hydrophobic Fe30;@0A NPs and (b) hydrophobic cubic Fe304@0A NPs,
obtained by thermal decomposition method.

The most commonly used iron organic precursors are iron(III) N-nitrosophenylhydroxylamine
(Fe(cup)3), iron(III) acetylacetonate (Fe(acac)s), iron pentacarbonyl (Fe(CO)s), which follow different
routes: Fe(cup); or Fe(acac); directly decompose into magnetite/maghemite, while Fe(CO)s goes
through an intermediate step of metal formation and then an oxidation of Fe’ into magnetite by
addition of a mild oxidant [36].

This procedure allows to obtain sophisticated hollow magnetite structures, which in the case of
thermal decomposition of iron pentacarbonyl [37] produces in a first stage Fe@Fe30y structures (see
Figure 7a) prior to the final formation of small hollow magnetite spheres (see Figure 6b). Large hollow
magnetite spheres (see Figure 7c) can be obtained through the thermal decomposition of ferric chloride
hexahydrate (FeCl3-6H,0) [38].
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Figure 7. TEM image of (a) Fe@Fe304,@0A NPs 13 nm, (b) small hollow Fe304,@0A NPs and (c) STEM
of large hollow Fe30,@0A NPs.

Thermal decomposition is a versatile procedure that allows also to obtain magnetite NPs with
a diminished magnetic dead layer [39], different morphologies like spheres [40] or cubes [41], with
narrow size distribution and controlled ion substitution with transition metals like Fe, Mn, Co, Ni,
or Cr. However, the use on non-polar solvents is a main disadvantage that needs to be overcome
by a phase transfer strategy, to change organic-stabilized NPs into water dispersions suitable for
biomedical applications.

3.1.3. Hydrothermal Synthesis

Hydrothermal synthesis is a case of solvothermal procedures, that submit the reactants into a
stainless-steel autoclave at high pressure and temperatures but using water as solvent. This high
energy wet chemistry technique, produces NPs with high crystalline quality and optimum magnetic
performances, since lattice formation benefits from the high temperatures (from 355 to 525 K), high
vapor pressures (from 0.3 to 4 MPa) and long times (up to 72 h) to which the experimental conditions
are subjected. Specifically, a combination of high temperatures, between 355 to 525 K, and prolonged
reaction time (24 h), has been studied and successfully applied [42] to produce Fe;O,@OA (see
Figure 8) and Fe3O4@PAA coated NPs, with sizes around 20 nm and high yield (nearly 86%), by mixing
FeCl,-4H,0 and FeCl3-6H,0 in a Teflon vessel with either an OA or a PAA solution, respectively.
The so obtained NPs show a high degree of crystallinity (see Figure 8) and a saturation magnetization
(Mg = 84 emu/g, close to the range of bulk magnetite (Mg~92 emu/g).

Figure 8. Fe304@0A coated NPs developed by hydrothermal method. (a) Low-resolution bright-field
TEM images and corresponding ED ring patterns and (b) representative HRTEM image together with
Fourier Transform FT pattern (inset). White arrows mark the dimer boundaries. Bottom insets: a
filtered HRTEM image of a selected dimer NPs (left) and the corresponding GPA images for g111
(middle) and g011 (right) diffraction spots. (Figures reprinted with permission from [42], ACS, 2014.
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In another approach, magnetite NPs with rounded cubic shape and 39 nm were obtained by
coprecipitation at 343 K of ferrous Fe?* and ferric Fe3* ions by N(CH3),OH solution, and a subsequent
Teflon vessel thermal treatment at T = 523 K for 24 h [43]. The improved crystalline and magnetic
quality after the annealing at high temperatures was clearly stated by the increase in Mg from 59.8 to
82.5 emu/g.

3.1.4. Solvothermal Procedures

Solvothermal procedures, using organic solvents at high pressure and temperature, open new
possibilities to prepare magnetite NPs with complex configurations. Sphere like particles with an
average size of 190 nm and containing multiple SPIONSs cores closely packed inside a carbon coating
shell were prepared using a mixture of ferrocene and acetone and kept at 513 K in a Teflon-lined
stainless-steel autoclave for 72 h [44]. By means of chemical control, this solvothermal procedure is
suitable to provide NPs with sizes between 100 and 250 nm [45] and morphologically controlled SPM
multi-core Fe304@C spheres (see Figure 9).
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Figure 9. SEM micrographs of SPM multi-core Fe;04@C spheres developed by a solvothermal technique
with different amounts of hydrogen peroxide (a) 0.50, (b) 1.00, (c) 1.50, and (d) 2.00 mL, ensuring
size control (a) 100, (b) 150, (c) 200, and (d) 250 nm. (Images reprinted with permission from [45],
ACS, 2011).

3.1.5. Biogenic Inspired Procedures

Monodisperse magnetite NPs, with precise shape and size and crystalline quality, appear in
magnetotatic bacteria, honeybees, pigeons, reptiles or amphibians. In humans, magnetite NPs can be
found and are the signature of diseases in which an altered homeostasis of iron biomineralizes NPs at
higher rates (neurological disorders, cancer, etc.). The mechanism of magnetite formation in living
organisms (prokaryotes, archaea or eukaryotes) follows three steps: (1) formation of a specific organic
reactor matrix (e.g., vesicles, protein cages, etc.) with favorable chemical environment; (2) formation of
an intermedjiate iron compound and (3) conversion of this iron precursor into the magnetite NPs [46].
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Compared to synthetic routes that occur at high energy operative conditions, natural magnetite
biomineralization strategies occur at soft physiological conditions and are inspiring a new paradigm
on green chemistry procedures. One of such strategies is based on the use of hollow Fn cages, an
ubiquitous protein present in almost all living organisms that contains toxic Fe?* and transforms it by
oxidation into ferryhydrate (FeOOH)—an innocuous iron oxide mineral. In neurological diseases with
a biologically altered iron homeostasis, the Fn protein shell transforms its ferryhydrate payload into
magnetite NPs by a chemically complex procedure [47].

In a pioneering work [48], empty ferritin (apo-ferritin) was successfully used to synthesize
magnetite NPs under high temperature and controlled pH conditions, opening a new bio-mimetic
methodology based on the use of hollow biological cavities as templates to perform constrained
reactions. Within this approach, cage like structures with sizes in the range from 18 to 500 nm, including
virus capsids or ferritins obtained from different animal sources, have been used taking profit from
their special characteristics (Fn from Pyrococcus furiosus remains stable above water boiling point) in
synthetic procedures, at high reaction temperatures, to produce size controlled magnetite NPs [49,50].

3.2. Surface Functionalization: Core Protection, Colloidal Stability, Biocompatibility and Multifunctional
Decoration

Physiological human media (blood, saliva, etc.) are a crowded biochemical environment with
a complex machinery in which foreign materials (viruses, bacteria, etc.) are readily recognized
and passivated by the immune system (IS) [51]. Therefore, nanoparticles exposed to in vitro or
in vivo conditions require a highly engineered surface to protect the magnetite core from possible
oxidation into hematite and ensure their magnetic quality, providing colloidal stability by preventing
opsonization (unspecific attachment of a protein corona composed of albumin, immunoglobulin,
apolipoproteins) [52] and providing abilities for theragnostic functions.

Different capping strategies include the use of small organic molecules, surfactants or active
moieties like fluorescent molecules (rhodamine, fluorescein, etc.); natural polysaccharides, such as
dextran, artificial block copolymers (poloxamers, poloxamines) or large polymers, like PEG that avoids
opsonization [53]; inorganic materials, like amorphous or mesoporous silica and carbon, adding
textural properties or thermal insulation; metal NPs (with plasmonic activity) and biological moieties
for tagging, penetration or therapeutic abilities (monoclonal antibodies, aptamers, carbohydrates [53]
and drugs).

3.2.1. Small Organic Molecules

Small organic molecules, or surfactants, can be anchored easily to magnetite NPs surface, since
their hydroxyl groups, Fe-OH, greatly facilitate the anchoring of different compounds: alkoxylanes,
carboxylic acids, phosphonic acids, dopamine, etc.

The most popular in situ coating consists in directly adding small biocompatible compounds
(amino acid, citric acid, vitamin, cyclodextrin) during core synthesis.

However, additional enhancement of colloidal stability in basic or acidic media, where the organic
molecules can decompose, can be achieved by grafting the Fe-OH group surface with silane groups,
Si-OCHj3, which show good water stability and no cytoxicity [54,55]. Different silane compounds are
available, like 3-aminopropyltriethyloxysilane (APTES) and mercaptopropyltriethoxysilane (MPTES),
providing chemical versatility [54] since they incorporate amino and sulfhydryl functional groups
which facilitate bioconjugation procedures or drug grafting [55,56].

Phosphonic acid forms strong Fe-O-P bonds, which densely graft the magnetite NPs surface and
allow a further combination with polydopamine groups, providing an improved pH and temperature
stability [56]. Shahoo et al. have reported an efficient coating of 6-8 nm magnetite NPs, by oleic acid,
lauric acid, phosphonic acids (dodecyl-; hexadecyl-) and dihexadecyl-phosphate, concluding that the
bonding strengths of alkyl phosphonates and phosphates are stronger than that of carboxylate and
proposed them as alternative biocompatible coatings in organic solutions [57].
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Oleic acid (CH3(CH,);CH = CH(CH,);CO,H) provides large colloidal stability to magnetite NPs,
but its lipophilic character is a main drawback in biomedical applications (see Figure 10). Its large
steric stability, compared to similar compounds like stearic acid (CH3(CH,);,CO,H), arises from its
cis-double-bond, which forms a kink in the middle of the carbon chain structure [58].

Figure 10. TEM images of magnetite NPs coated with oleic acid.

Moreover, reported by Guardia et al. [59], Fe304 NPs with sizes from 6 to 17 nm present
large saturation magnetization values (Mg from 79 to 84 emu/g at T = 5 K), close to the bulk value
(Mg = 92 emu/g), which in contrast to similar bare Fe304 NPs of 4 nm have only Mg = 50 emu/g. These
results point to the role of oleic acid in reducing the spin surface disorder of small magnetite NPs,
which is of large interest for the magnetic performance improvement in ultra-small SPIONS.

To enable lipophilic magnetite NPs [33] for biomedical applications which are mainly water based,
a phase transfer, like the addition of amphiphilic molecules to the oil-soluble phase is the primary
strategy to create a double layer with the hydrophilic segments exposed towards the solvent [60].

Additionally, surfactant exchange can be afforded by replacing the initial one by a new bifunctional
surfactant, which has one group capable of binding to the NPs surface with a strong chemical bond
and another terminal group that has a polar character and remains exposed to water [60].

Other interesting ability of organic coatings is the protection against degradation in acidic or basic
media. Specifically, it has been reported [61] that magnetite coated with bipyridinium, F304@bipy NPs
(13 nm) shows increased water solubility of the ferrofluid up to 300 mg/mL and stability of magnetite
in a wide range of pH conditions, from very acidic to very basic (1 < pH < 11), extremely useful for
acidic in vivo conditions like in tumor locations, where therapeutic procedures require an extended
period of stability of Fe304 NPs.

3.2.2. Large Polymers

The incorporation of large polymers has been reported to add different advantages like size and
shape control in one-pot procedures, enhanced colloidal stability, ability to prevent protein corona
formation, biocompatibility and large availability of sites for the bioconjugation of biological moieties
(aptamers, antibodies).

Their most remarkable fact is that they offer many repulsive groups balancing the attractive
magnetic and Van der Waals interactions that agglomerate magnetite NPs and numerous sites for
grafting antibodies, aptamers, etc. Synthetic functional polymers, such as linear or brush structures
like, PEG, PVA, polylactic acid (PLA), polyvinilpirrolidone (PVP) or PAA, (see Figure 11) are commonly
incorporated by two alternative approaches: grafting from and grafting onto the NPs.
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(b)

Figure 11. TEM images of magnetite NPs coated with (a) aminolauric acid and (b) polyacrylic acid
(PAA).

Grafting polymers on the NPs’ surface, by in situ procedures is the most used strategy, since it
allows a strict control of the polymer’s architecture and functionality, and although the density of
grating is poor, the procedure is easier than a radical polymerization departing from monomer growth,
which ensures a dense but uncontrolled coating.

In situ PAA grafting onto Fe304 NPs by a one-pot method has shown to produce materials with
high colloidal stability and versatile surface for grafting biological molecules [62]. Other conventionally
prepared one-pot polymer coated NPs include Fe;04@PVP coated nanocrystals [63], with high colloidal
stability in 10 different types of organic solvents and aqueous solutions, with pH ranging between 2.0
and 11.0. Generally, polyelectrolyte polymers provide enhanced colloidal stability when grafted onto
magnetite NPs, owing to their electrostatic repulsive forces [64].

Other than stability, the incorporation of large polymers can be used to gain size and morphology
control. In a one-pot procedure, by adding PVA to an aqueous solution of Fe?*/Fe®* salts with urea
at 358 K, nanosized polyhedral particles with an approximated size around 300 nm and modified
microspheres, between 100 to 280 nm, could be obtained controlling the polymer concentration [65].
A much more drastic effect on shape control has been shown when two PAA samples with average
polymerization degrees of 208 and 126, PAA208 and PAA126, respectively, were used as an additive
reactant to produce nanorods and flowerlike magnetite particles, respectively [65].

Besides enhancing colloidal stability, the specific interaction of the coating polymer with the
physiological medium is of crucial importance in ensuring biocompatibility, facilitating bioconjugation
or avoiding a fast entrapment by the IS. Therefore, taking inspiration from erythrocytes (red blood
cells) whose chemical strategy to avoid protein corona formation comprises a protective shell barrier of
hydrophilic oligosaccharide groups [66], a neutral electric surface composed of different hydrophilic
coating shells (large brushes, densely packed [67]) have been synthetically incorporated and studied [68].
In this context, hydrophilic polymer brushes like linear dextrans and their derivatives, PEG; natural
molecules, like polysialic acid, heparin, polysaccharides and artificial block-copolymers, like poloxamers
or poloxamines, have shown to act as protein corona evaders [69].

From all these possibilities, PEG coating strategies, known as PEGylation, are the most used
for biomedical applications, and their effectiveness in evading the IS depends on their molecular
weight and density. PEGylated NPs with different molecules from 2000 and 20,000 g/mol and densities
between 0.5 and 50 wt % have been shown to reduce opsonization from 1600 counts per million (cpm),
to an almost constant value of 400 cpm, for PEG coating with MW larger than 5000 (g/mol), showing
that PEGylation can hinder but not completely stop protein adsorption [67]. Coating density is a key
factor in controlling the inter-distance between PEG terminal brushes that below a certain threshold
hinder the adsorption of proteins. Above 5% of PEG coating, an inter-distance threshold about 1.0 nm
between terminal PEG brushes can be estimated, and small protein adsorption remains constant below
400 cpm [67].
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Functional polymers with responsive performance under pH, temperature or light irradiation
stimuli are essential to provide controlled drug release [70]. Specifically, thermoresponsive polymer
hydrogels like Pluronic, poly-isopropylacrilamide (PNIPAM) and their derivatives (e.g., PNIPAM
with chitosan [71]) can be used to expel loaded molecules exploiting their coil-to-globule transition
at defined temperatures. These hydrogels, in combination with SPIONs can be heated up by the
application of an alternating magnetic field (magnetic hyperthermia) to undergo a controlled network
shrinking useful for enhanced drug delivery applications [72].

3.2.3. Inorganic Materials

Inorganic materials are used also to confer core protection; colloidal stability and other functional
properties like surface plasmon resonance (metal NPs), thermal isolation (carbon shell), etc. Silica
(Si0,) is one of the most commonly used inorganic coating materials, due to its versatile chemical
silanol surface groups (-SiOH), colloidal stability and biocompatibility. The preparation of magnetite
NPs coated with silica by sol-gel procedures allows to control the shell thickness [73] and is affordable
by the basic hydrolysis of silanes in aqueous solutions of different organosilane compounds (tetraethyl
orthosilicate (TEOS), APTES). The reaction between the oxide surface of magnetite and the silica takes
places by the OH™ groups [74], and by an adjustment of the amount of added TEOS and the reaction
time, the silica shell thickness can be easily tailored. Moreover, different configurations of the silica
coated magnetite nanostructures can be achieved following two different routes: Stober processes
generally result into a multi-core coated NPs, while microemulsion processes provide mainly single
core-shell NPs [74] (see Figure 12).

(b)

Figure 12. TEM micrographs of silica coated magnetite NPs by (a) Stober processes, which generally
result in multi-core coated NPs and (b) microemulsion processes, which provide mainly single
core-shell NPs.

4. Biomedical Applications Arising from the Tunable Magnetic Properties of Magnetite
Nanoparticles

The SPM character, inherent from the magnetite cores, allows to combine several abilities within a
single nanostructure that can be triggered externally, under demand, by the application of a remote
magnetic field to produce different magnetic responses of biomedical interest (summarized Table 2)
like magnetophoresis, hyperthermia, magnetization or magnetic resonance.
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Table 2. Summary of biomedical applications based on the combination of SPIONS and

magnetic stimulation.

Magnetic P . . ..
Property Application Pros/Cons. Commercial Kit Toxicity
Selective separation of tagged cells
without damaging MACS® o
X . . . No in vitro
Cell isolation Unaltered sample fluid after separation Separators, toxicit
Requires the use of antibodies for Miltenyi Y
selective binding
Magnetophoresis Fast/efficient transfection of
. magnetized agents No in vitro
Magnetofection Hallbach arrays with permanent magnets NONE toxicity
are cheap and easy to implement
Magnetized stents can attract injected no in vivo
Magnetic guiding magnetic NPs to reduce restenosis NONE toxicity
In preclinical stage tested in rat
Most sensitive magnetometry for .
Magnetometry iron detection NONE No in vitro
SQUID . . toxicity
Expensive devices
Detecting surface requires the binding L
Magnetic detection GMR of antibodies NONE No in vitro
Sensors Versatile for microarray detection toxicity
Immunodetection requires the binding
Impedance of antibodies NONE No in vitro
Sensors Implemented in paper strips kit toxicity
Attains detection limits in the clinical range
o th . Selective killing of cancer cells MAGFORCE
ca}:fc): Z tr;lt“r;zm In clinical use for glioblastoma tumors NanoTherm, NONE
Increase of life expectancy 6-13 months (clinical therapy)
Controlled release by magnetic
) Thermally hyperthermia stimulation L
Inductive Enhanced release Selective targeting NONE No in vitro
heating of therapeutic Under demand dosage toxicity
t
agents Under study stage
Allows deep brain stimulation avoiding the no 1n vivo
Thermal . . . . toxicity
; . implantation of electrodes in brain NONE 4
stimulation - tested in
In preclinical stage
mouse
Ferucarbotran
MRI . (Resovist® Bayer
MRI contrast enh: t f ft t 4
contrast agents: In Cli:l(i):alr e]:sseen ancement for soft issues Healthcare) NONE
M . single (T2) (MRI clinical
agneticre di .
laxation iagnosis)
MRI Enhanced contrast for soft and hard tissues. noin vivo
contrast agents: Avoiding the use of Gd for T1 contrast NONE toxicity
dual(T1/T2) I linical st: tested in
n preclinical stage mouse
Bioprinting of tissue or replacements with
biologically functional
M ti 3D " No need of artificial substrate No in vitro
rz%;e lcin bio Iz;:gtl:; 1 Bioprinted functional saliva NONE and ex vivo
P yping P g secretory organoids toxicity

Tested ex vivo
Under study stage

4.1. Magnetophoresis

Magnetophoresis refers to the controlled motion of SPIONSs in a viscous medium induced by the
application of an external magnetic field. This useful characteristic can be used to isolate, concentrate
and drive magnetically labelled biomarkers or cells, from physiological samples (cerebrospinal fluid
(CSF), blood, saliva, cell aspirates, etc.) and for in vivo targeting with the application of an external
magnetic gradient. The use of magnetic separation techniques saves energy when exposing analytes to
a permanent magnet and includes a high degree of specificity, if magnetic particles are conveniently

129



Magnetochemistry 2020, 6, 4

coated with antibodies that specifically target the desired biomarker. Moreover, extraction of the target
can be done, without damaging the rest of the fluid for further analysis.

4.1.1. Cell Isolation

Purification and preconcentration of biomarkers or cells from patient’s fluid samples or aspirates
are crucial for a successful culture of isolated cells for transplantation or for an accurate high
signal-to-noise ratio detection step (magnetic, optical or chemical) without the unspecific interference
of other biochemical compounds in the sample [75]. Simple magnetic separation has been described by
using cationic liposomes loaded with SPIONs (MCL), which were mixed with bone marrow aspirates
under shaking for 1 h and transferred into tissue culture dishes, with a disk-shaped magnet at the
bottom. Magnetically labeled cells were subject to the attraction of the magnetic field and 30% of
them were isolated. Increased separation effectivity, up to an 85% was afterwards achieved using
magneto-liposomes, conjugated with CD105 antibodies [76].

4.1.2. Magnetofection

Magnetofection, consists in the transfection of magnetic therapeutic vectors (plasmids, engineered
viruses, etc.) inside cells, forced by a magnetic field, and is becoming a widely used technique in gene
therapy which benefits from its higher degree of penetration compared to non-magnetic approaches.

Polyethylenimine-modified SPIONS/pDNA complexes (PEI-SPIONs/pDNA complexes) have
been used to rapidly and uniformly distribute on the surface of MG-63 osteoblasts cells, by their
incubation under the exposure to a uniform magnetic field enabled by specially designed Hallbach
array of permanent magnets. With this homogeneous magnetic exposure, local transfection, without
the disruption of the cells’ membrane, was obtained, improving the magnetofection efficiency of pPDNA
into osteoblasts, thereby providing a novel approach for the targeted delivery of therapeutic genes to
osteosarcoma tissues as well as a reference for the treatment of other tumors [77].

4.1.3. Magnetic Guiding

Magnetic guiding of MNPs exposed to the application of a magnetic gradient can be used to deliver
therapeutic payloads in a precise location with a high degree of specificity. An innovative approach has
been studied to reduce the re-stenosis of vasculature after stenting in in vivo experiments by combining
stainless steel stents and the use of paclitaxel loaded SPIONs. The stents were magnetized upon the
external application of a magnetic field, creating a magnetic field gradient capable to attract the MNPs
delivered to the rat via a catheter. Paclitaxel release to the surrounding tissues was effective, reducing
therefore restenosis of the vasculature tissue although the dose of paclitaxel-SPIONs was low [78].

4.2. Magnetic Detection

Magnetic detection exploits different aspects of the magnetic properties of both SPIONs and the
components of the detecting sensors.

4.2.1. Superconducting Quantum Interference Device

(SQUID) is the most sensitive magnetometer for DC or low frequency measurements. Constituted
by superconducting loops containing Josephson junctions, when a current is induced in the SQUID
ring by an external magnetic flux, a change in voltage happens across the junction, which generates an
output signal from the amplified voltage [79]. Although SQUID has been used to detect ferromagnetic
contamination in the lungs or magnetite NPs brain in AD patients in ex vivo conditions [80], it has
been applied to susceptibility measurements for in vivo identification of SPIONs loaded on a tumor
in the lymph nodes of rats [81]. Moreover, the effectivity of iron quantification by SQUID magnetic
relaxometry was successfully used to evaluate SPIONs conjugated to Her2-expressingMCF/Her2-18
cells (breast cancer cells) injected into xenograft MCF7/Her2-18 tumors in nude mice [82]. Brown
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relaxation of magnetic NPs in liquids has also been exploited to detect biomarkers in liquid-phase
immunoassays using SQUID magnetometry of magnetite beads conjugated with biotin, with sizes
from 54 to 322 nm, attaining a sensitivity of 5.6 X 10~% mol/mL [83].

4.2.2. Giant Magnetoresistance (GMR)

Giant Magnetoresistance (GMR) sensors are based on the significant change in electrical resistance
of an arrangement of thin-film layers of alternating ferromagnetic and nonmagnetic conducting spacers
when they are exposed to an externally applied magnetic field [84]. The variation in magnetoresistance
of these spin-dependent sensors decorated with specific antibodies, provides quantitative analysis
in combination with MNPs. The main strategy behind several magnetoresistive detectors, consists
in attaching MNPs to the analytes, which during the detection procedure remain attached to the
sensing surface creating a magnetic disturbance that triggers the change in electrical resistance of the
device [85]. GMR detectors have been improved in the last years, being able to respond even upon
small variations of magnetic fields, incrementing their sensitivity to detect small concentrations of
analytes [84].

Although accurate GMR detection is facilitated by using SPM magnetite beads [86] with a large
magnetic moment, a successful strategy using small SPIONs (30 nm) labeled with streptavidin was
developed to detect Interleukin-6 (IL-6) antibody and amine modified DNA (deoxyribonucleic acid)
oligonucleotide, by functionalizing the surface of the sensor with APTES and Glutathione [87]. This
APTES-Glu modification was successfully extended to microarray detection, showing to be a versatile
and robust method [87].

4.2.3. Impedance Based Sensor

Emergent strategies are trying to couple lateral flow immunoassay (LFIA) (paper-strips), which
stand out for their low-cost, speed, portability and ease of use, with an innovative magnetic detection
based on Cu-impedance change in the presence of MNPs [88].

The sensing property relies on the high rate of oscillation of the magnetic moments of the
SPIONSs that induces localized eddy currents on the surface of the sensor, increasing its electrical
radio-frequency impedance, for which no external magnetic field is required. This facile magnetic
detection strategy is based on the use of paper-strip immunodetection kits in combination with SPIONS
functionalized to specifically bind to prostate-specific antigen PSA. The strips were seeded with capture
anti-PSA antibody and anti-IgG (both at a concentration of 1 mg/mL) forming the test and control
lines, respectively. PSA standard solutions at known concentrations were submitted to the strip and
attached to test line. The subsequent binding of conjugated SPIONSs to PSA ensured the magnetic
reading and the final determination of analyte concentrations. This facile method allowed to attain a
limit of detection within the clinical range of interest around 0.25 ng/mL and a resolution of 50 pg [89].

Further improvements are reported, by using large SPM multi-core carbon coated nanoflowers
(Fe304@C) as LFIA labels that provide a magnetic moment substantially larger than that of single-core
SPIONS, allowing for a more sensitive and precise detection [90].

4.3. Inductive Heating

Inductive heating, also known as magnetic hyperthermia, consists in the transformation of
electromagnetic energy into heat, when an alternating external magnetic field (f = 3 kHz, 300 MHz) is
applied to a magnetic nanoparticle. The temperature rise that is transmitted to the medium, in which
the NPs are housed, depends on the magnetic quality of the NPs, the viscosity of the medium and
the parameters of the external magnetic field, among others [91]. This externally controlled rise of
temperature can be used for killing cancer cells when rising to 315 K, stimulating cell growth for mild
thermal increase or triggering release mechanisms for enhanced delivery.
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4.3.1. Cancer Hyperthermia Treatment

Through magnetic hyperthermia, cancer treatments can be developed by selectively heating
between 314 and 316 K cancerous tissues which are previously loaded with MNPs. In biomedical
applications, magnetic exciters are restricted to a safety upper limit of H-f < 4.58 x-10% A-m-s~! [92].

This technique benefits from a natural mechanism called enhanced permeation and retention, due
to the defects and poor drainage of cancerous tissues that cause the accumulation of NPs inside the
damaged tissue [93]. This entrapment of NPs inside the tumor tissue allows the heating and weakening
of cancer cells, minimizing side effects in the surrounding healthy cells. It is worth highlighting the
development by MagForce [94] of a clinically used magnetic hyperthermia therapy, which combines a
magnetic field applicator (100 kHz) and an injectable therapeutic agent consisting in Fe3O,@amylosan
NPs to treat glioblastoma, an aggressive brain tumor.

Within this commercial solution, even large tumors around 5 cm can be treated by the direct
injection with 3 mL of magnetite based ferrofluid, which heats up by the application of the external
alternating magnetic fields. This technique has been used in phase II clinical trials in combination
with stereotactic radiotherapy and obtained the European approval as a treatment for brain tumors in
2010, after demonstrating its ability to increase life expectancy from 6 to 13 months in patients with
glioblastoma multiforme, compared to others treated only with chemotherapy.

4.3.2. Controlled Release

Another therapeutic strategy based on magnetic hyperthermia consists in the thermal stimulation
of thermo-active moieties to provoke the release of therapeutic agents (drugs, growth factor, oligomers,
etc.) under demand.

One of the most successful drug delivery applications, triggered by magnetic hyperthermia,
combines SPIONs with a coating of thermosensitive polymers such as PNIPAM and its derivates. These
polymers form hydrogels at room temperature and can allocate molecules acting as drug nanocarriers.
When the temperature rises above a critical range (T = 306-313 K), these structures retract and expel all
the drug contained within.

Steps are being taken so that this technique meets the essential conditions of an effective tool in
precision medicine, temperature control and release time control. In fact, it has already been possible
to produce the collapse of 49% of the volume of the therapeutic agent at a temperature of biomedical
interest T = 311 K (see Figure 13) [95]. Optimizing the biopolymers mixture (PNIPAM/chitosan), it is
even possible to release 70% of the drug housed in a single second [71].
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Figure 13. Absorbance measurements performed to address VEGF release for HUVEC cells incubated
with PNIPAM (release temperature at 305 K) and PNIPAM/38 (release temperature at 311 K) loaded
with VEGF and raised to different temperatures, (a) 311 K and (b) 293 K. The wells with standard
cultural medium with and without VEGF (10 ng/mL) were used as controls. Experiments performed
at 311 K show the ability of thermal release of VEGF loaded on PNIPAM based materials. (Images
reprinted with permission from [95], Springer, 2014).
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Besides drugs, there is a large interest in the controlled release of biological moieties with
therapeutic effects for regenerative medicine. Several proteins (recombinant human bone morphogenic
proteins, thBMPs, induce osteogenesis) and growth factors (vascular endothelial growth factor (VEGF))
responsible for the triggering of angiogenesis (process of blood vessel formation) are crucial for ensuring
the long-term viability of repaired tissues with functional recovery. Specifically, VEGF is effective only
when concentration gradients at physiological levels are generated, and new strategies are needed for an
adequate delivery at the site of tissue repair. In this context, the grafting complex-elastin-dendron-VEGF
hyperbranched poly(epsilon-lysine) peptides integrating in their core parallel thermoresponsive
elastin-like peptide sequences over the surface of Fe30,@PAA NPs (see Figure 14) has been reported [96].
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Figure 14. (a) SEM micrograph of Fe304@PAA-C-ELP-G3K-Bet16-VEGE, (b) hyperthermia Treatment
of Fe30,@PAA and Fe;04@PAA-C-ELP-G3K-Bet16 samples immersed in phosphate buffered saline,
pH 7.4, with a volume of 240 pL and a magnetite concentration of 40 pug/uL, and (c) release of h\VEGF
from Fe30,@PAA-C-ELP-G3K-Bet16-VEGEF after hyperthermia treatment. Negative control shows no
hVEGEF release after hyperthermia treatment. (Images taken form [96], Elsevier, 2015).

These functionalized SPIONs were able to avidly bind VEGF forming a stable complex. Under the
adequate stimulation of the complex Fe30,@PAA-C-ELP-G3K-Bet16-VEGF with a magnetic induction
(H =30 mT, f = 298 kHz), a mild-temperature rise up to 315 K, the range at which the elastin-like
peptides collapse provoked the VEGF release in only two minutes after magnetic stimulation without
suffering degradation (see Figure 14).

4.3.3. Thermal Stimulation

Additionally, it is worth mentioning a last application of magnetic hyperthermia that has been
able to produce DBS (Deep brain stimulation) at the nanometric level in a mouse with induced thermal
sensitivity in specific neurons selected by genetic technique. The mouse brain was injected with
SPIONSs (around 22 nm) and exposed to an external magnetic field which provoked a local increase
in temperature. With this procedure, the selective activation of the modified neurons was observed,
without any secondary effect in the neighboring neurons, which were preserved practically intact [97].

In another recent study [98], the effect of magnetoelectric particles has been modeled to stimulate
the brain of an affected Parkinson’s patient by simulating a neural network with electrical levels like
those of a healthy person. The simulation estimates optimal values for the design made from 20 nm
magnetite NPs, with a concentration of 3 x 10° under the action of an external magnetic field of 300 Oe
operating at a frequency 80 Hz. Undoubtedly, these results open the door to the effective development
of new innovative and non-invasive DBS methodologies.

4.4. Magnetic Resonance Imaging

Nuclear magnetic resonance (NMR) is a powerful magnetic phenomenon mainly used in clinics
for imaging. In contrast to a surface-based sensor like GMR, NMR is capable of sampling an entire
volume in a non-invasive way. MRI can be combined with other diagnostic tools, like CT (X-ray
computed tomography), PET (positron emission tomography) or US (ultrasound), to obtain more
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accurate diagnosis, for which multimodal SPIONs can be afforded either combining several agents
into a single carrier or by engineering a material which can be active in several modalities [99].

It is a known fact that the magnetic core creates a local magnetic inhomogeneity, which alters
the relaxation time of hydrogen protons in the surrounding water molecules. This fact has motivated
different studies based on the use of magnetic NPs as dual MRI contrast agents for T1 and T2 relaxation,
in order to avoid the conventionally used gadolinium chelates and their potential toxicity.

The strategies developed so far to optimize the magnetic response of magnetite based NPs as MRI
contrast agents have been focused in tailoring their architecture: large particles containing several
SPM single cores (magnetic beads), hollow magnetite spheres and single core NPs of pure magnetite or
doped with transition metals [100].

SPM beads, composed of dozens of SPIONs within a carbon shell [25] and with an
approximate diameter around 100 nm (see Figure 15), have been shown to present a large relaxivity
(rp =218 mM~! s7!) combined with a negligible thermal rise when tested in magnetic hyperthermia
tests (H = 30 mT, f = 293 kHz).
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Figure 15. (a) TEM image of multi-Fe;04,@C NPs, (b) scheme of the phantom NPs concentration
distribution (b.1): A =0.25mg/mL; B =0.1 mg/mL; C = 0.05mg/mL; D = 0.025 mg/mL; E = 0.005 mg/mL;
F=0.0025mg/mL and G = 0 mg/mL; MR T2-weighted image of the agar phantom (b.2); MR
T2*-weighted image of the agar phantom (b.2), performed at 9.4 T (BrukerBiospec) on a set of
agar phantoms loaded with different concentrations of NPs (0.0025 to 0.25 mM) and (c) relaxivity
calculated from T2 MRI relaxation on agar phantoms reprinted with permission from [25], IEEE, 2016.

This combination of enhanced MRI contrast and poor thermomagnetic response offers a potential
advantage for using these materials in therapeutic situations, like brain applications, where any
temperature increase is highly inadvisable for patients [101]. In this case, despite the high content of
magnetic material content in the NPs, the carbon coating shell plays the fundamental role of thermal
insulation, which decouples the magnetic activity of the NPs from its thermal response.

Further enhancement of MRI contrast has been achieved by exploring the effect of shape on T2
relaxation mechanisms, using single core magnetite NPs. In this context, water-dispersible polyethylene
glycol-phospholipid (PEGphospholipid) coated cubic SIONPs (see Figure 16) showed extremely high r,
relaxivity (up to 761 mM~1s1)[102], yielding superior in vivo MRI details. Ascribing this exceptionally
high relaxivity to the magnetic shape anisotropy, magnetite NPs with different shapes were studied,
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from octapod (D = 30 nm, r; = 679.3 + 30 mM~! s71) [103] to rod-like length of 30-70 nm and diameter
of 4-12 nm, seeming to confirm this hypothesis.
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Figure 16. (a) TEM image of coated cubic SPIONs and (b) size dependent 2 relaxivity, reprinted with
permission from [102] (ACS, 2012).

Gadolinium, a paramagnetic ion with the largest number of unpaired electrons, is the most
effective T1 contrast agent, which has however the main drawback of being toxic. Although it is always
used in combination with chelating molecules with the aim of avoiding its potential risk, alternative
strategies are seeking to exploit new aspects of SPIONs to produce versatile dual contrast agents, taking
advantage of the existing SPION (Ferucarbotran (Resovist®), Bayer Healthcare) clinically approved as
MRI contrast agent. Ultra-small magnetite NPs with a diameter around 3.5 nm have been studied as
candidates for dual-modal MRI contrast with simultaneous T1/T2 switching, activity [104]. In this study,
the observed switching between T1-T2 contrast (see Figure 17) is ascribed to the fact that ultra-small
SPIONSs are single-dispersed in blood and produce T1 contrast, while after their extravasation and
accumulation in the tumoral site, the NPs’ self-assembling into larger clusters induces the appearances
of T2 contrast modulated by magnetic interactions.

0 min 60 min 100 min 150 min 24 h

Figure 17. T1- and T2-weighted MRI of a mouse bearing orthotopic 4T1 tumors before and after i.v.

administration of ultra-small SPIONSs at different time points. Bright contrast with increasing signal in
T1-weighted MR images was observed in the tumor, particularly peripheral regions (inset), at early
time points (i.e., 5-150 min) resulting from the single-dispersed ultra-small SPIONs, whereas signals in
several regions of the tumor turning dark (arrow indicated) were observed in T2-weighted images 24 h
after ultra-small SPIONs injection because of ultra-small SPIONs clustering in the tumor interstitials.
(Image reprinted with permission from [104], ACS, 2017).
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4.5. Magnetic Prototyping of Functional Biological Structures

One of the milestones in regenerative medicine is the fabrication of tissue, replacements or organs
with biologically relevant functionality. This emerging field combines multiple strategies arising from
different approaches like cell-based therapies, tissue-engineered biomaterials, scaffolds or implantable
devices. The exposure of magnetized cells under a three-dimensional (3D) magnetic pattern, known as
3D magnetic bioprinting, allows the prototyping of organelles or autologous implantable biodevices
without the need of a material substrate.

Recently a 3D bio-fabrication system, by magnetic 3D bioprinting (M3DB), has been tested
to generate innervated saliva secretory (SG) organoids using magnetized neural crest derived
mesenchymal stem cells (human dental pulp stem cells (hDPSC). The magnetized cells were spatially
arranged with magnet dots to generate 3D spheroids and afterwards cultured with fibroblast growth
factor 10 to promote epithelial morphogenesis and neurogenesis. The preformed SG organoids were
then transplanted into ex vivo model showing epithelial growth, innervation and production of salivary
a-amylase upon FGF10 stimulation [105].

5. Conclusions

Magnetite NPs with superparamagnetic behavior, commonly known as SPIONS, can be easily
tailored in nanostructured materials combining functional organic or inorganic matrices (mesoporous
or amorphous silica, biocompatible polymers like chitosan, k-carragenan, PNIPAM, PEG, PAA) to
incorporate therapeutic or tagging moieties like drugs, aptamers or antibodies.

The list of nanostructured materials containing magnetite NPs is immense, and the applications
in nanomedicine cover almost any aspect from diagnosis, therapy or regenerative medicine, since in
all cases the nanostructure inherits the intrinsic properties of magnetite that ensure multiple abilities
like magnetic separation/detection/targeting, magnetofection, magnetic resonance contrast imaging,
magnetic hyperthermia therapy and stimulated delivery, magnetic cell growth stimulation and 3D
magnetic prototyping of organelles.
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Abstract: Advances of nanotechnology led to the development of nanoparticulate systems with
many advantages due to their unique physicochemical properties. The use of iron-oxide magnetic
nanoparticles (IOMNPs) in pharmaceutical areas increased in the last few decades. This article reviews
the conceptual information about iron oxides, magnetic nanoparticles, methods of IOMNP synthesis,
properties useful for pharmaceutical applications, advantages and disadvantages, strategies for
nanoparticle assemblies, and uses in the production of drug delivery, hyperthermia, theranostics,
photodynamic therapy, and as an antimicrobial. The encapsulation, coating, or dispersion of IOMNPs
with biocompatible material(s) can avoid the aggregation, biodegradation, and alterations from
the original state and also enable entrapping the bioactive agent on the particle via adsorption or
covalent attachment. IOMNPs show great potential for target drug delivery, improving the therapy as
a consequence of a higher drug effect using lower concentrations, thus reducing side effects and toxicity.
Different methodologies allow IOMNP synthesis, resulting in different structures, sizes, dispersions,
and surface modifications. These advantages support their utilization in pharmaceutical applications,
and getting suitable drug release control on the target tissues could be beneficial in several
clinical situations, such as infections, inflammations, and cancer. However, more toxicological
clinical investigations about IOMNPs are necessary.

Keywords: magnetic nanoparticles; iron oxide; pharmaceutics; magnetism; therapy; development;
nanotechnology

1. Introduction

In the last few decades, the use of iron-oxide nanoparticles displaying magnetic properties
attracted great interest in many application areas, from magnetic recording media to pharmaceutical
applications such as therapy and drug delivery [1-14]. Each application of these nanoparticles needs
specific and, sometimes, different properties [1,12,15]. For example, temperature control is very
important in some applications. Particles should be stable and have a switchable magnetic state to
represent bits of information, independent of temperature fluctuations [1].

Furthermore, the biological environment is very important when magnetic nanoparticles are
applied in biology, medical diagnosis, and therapy [1,3,4,12]. Dynamic nanoparticle assemblies can also
be designed to respond to the environment, such as temperature, pH, magnetic field, light, ultrasound,
electric pulses, redox gradients, or enzymatic activity. In this way, “smart” materials can be created by
designed synthesis and assembly of nanoparticles. Their surface can receive ligands, and the final
structure can display programmed responses to external stimuli for pharmaceutical applications [11].
This is an important strategy to be applied to biosensors, molecular imaging, novel theranostics,
and drug delivery systems [11].

Magnetochemistry 2019, 5, 50; doi:10.3390/magnetochemistry5030050 143 www.mdpi.com/journal/magnetochemistry



Magnetochemistry 2019, 5, 50

Since the early 1960s, metal oxides were used for magnetic separations [3,16]. Specifically, nanoparticles
composed of iron oxide attracted great interest for pharmaceutical applications [1,3-6,11,12,17,18].
This mineral compound shows different polymorphic forms, such as hematite, magnetite,
and maghemite [19]. Iron-oxide magnetic nanoparticles IOMNPs) can be obtained via several methods
(e.g., co-precipitation, sol-gel, microemulsion, and thermal decomposition), displaying unique electrical,
optical, and magnetic properties [3]. Moreover, they are utilized to develop dynamic nanoparticle
assemblies for pharmaceutical applications [11].

IOMNPs are chemically and physically stable, biocompatible, and environmentally safe [3,12,13].
The synthesis of these nanoparticles should be well known and controlled, because it is directly related
to sizing, shape, coating, and stability [3,12]. Particles showing size higher than 200 nm are easily
cleared by the reticuloendothelial system [20,21]. On the other hand, nanoparticles smaller than 8§ nm
in diameter can be easily excreted from the body through existent pores of the kidney’s basal lamina
(renal clearance), if surface charge and chemistry are optimized for this excretion pathway [22,23],
thereby reducing the blood-circulating time of these nanostructures. A faster clearance may also occur
for hydrophobic and negatively charged nanoparticles, which tend to suffer protein opsonization,
being quickly recognized by phagocyte cells [24]. Suitable surface-coating of organic and/or inorganic
coatings can surpass problems of cell toxicity and oxidation of IOMNPs [6,25]. Moreover, there are
important investigations that need to be addressed, such as studies about clinical, biocompatibility,
toxicological, and immunological parameters [6].

Recently, the interest for pharmaceutical applications, such as drug delivery, biosensors,
theranostics, and antimicrobial agents effective against many bacteria species, increased [11,16,26].
Therefore, the present manuscript provides a review about the state of the art and advances of IOMNPs
for pharmaceutical applications. The conceptual information about iron oxides, magnetic nanoparticles,
methods of IOMNP synthesis, properties useful for pharmaceutical applications, advantages and
disadvantages, dynamic assembly of IOMNPs, and the applications in the production of drug delivery,
hyperthermia, theranostics, and as antimicrobials are addressed.

2. Iron Oxides and Nanoparticles

Iron oxides are mineral compounds found abundantly in nature, but they can also be synthesized
in the laboratory [3]. They are composed of iron and oxygen, presenting more than one crystal structure
and different structural and magnetic properties [27]. Magnetite (Fe304) is one of the most interesting
crystallographic phases of iron oxide, due to its polymorphism and magnetic properties [3]. Moreover,
iron (III) oxide (ferric oxide, Fe;O3) exhibits four different crystalline polymorphs («, 3, v, and )
with unique biochemical, magnetic, catalytic, and other properties. The highly crystalline x-Fe,O3
(hematite) and y-Fe,O3; (maghemite) are found in nature, while the forms (3-Fe,O3 and ¢-Fe, O3 are
generally synthesized. In addition, the amorphous Fe,Oj is characterized to have the Fe (III) ions
surrounded by an oxygen octahedral, with the symmetry axes randomly orientated in a non-periodic
lattice [3,27].

Magnetite, hematite, and maghemite are the main forms of iron oxide, and their structures can be
defined according to the close-packed planes of oxygen anions together with iron cations in tetrahedral
or octahedral interstitial sites [3,17,27]. Hematite is well known among the iron oxides and shows
a weak ferromagnetic or antiferromagnetic behavior at room temperature, but it is paramagnetic
above 956 K. Maghemite (y-Fe;O3) is thermally unstable and can be transformed to hematite at higher
temperatures. Moreover, maghemite and magnetite (Fe;O3) are easily magnetized, displaying high
magnetic response when submitted to an external magnetic field [3,27]. They are metastable oxides
in an oxidative atmosphere and, thus, they are oxidized to hematite (x-Fe,O3) when heated to a
temperature above 673 K [28]. The form e-Fe;O3 displays an orthorhombic crystal structure and it
can be regarded as a polymorphous intermediate showing similarity to both «-Fe,O3 and y-Fe;Os3.
In addition, its magnetic behavior is not fully understood [3].
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In general, iron oxides were shown great interest due to their nanosized form, and these crystalline
polymorphs can be suitable for specific pharmaceutical applications. They can generally be synthesized
as particulate materials displaying sizes less than 100 nm that can suffer the influence of an external
magnetic field and can, thus, be manipulated [11,12,16,27,29,30].

The development of magnetic resonance imaging contributed to the investigation and development
of these nanoparticles [31]. Moreover, they were investigated as carriers for active agents for drug
targeting [6]. In the last few decades, several studies showed the development of preparations
containing IOMNP to be used for in vitro separation, tissue repair, cellular therapy, magnetic separation,
magnetic resonance imaging, as spoilers for magnetic resonance spectroscopy, in drug delivery,
hyperthermia, sensors for metabolites, and other biomolecules [6,11,12,16,18,30,32-35].

IOMNPs combine chemical accessibility in solution with physical properties of the bulk phase,
due to characteristics between the solid and molecular states [36,37]. They show a complex process
of synthesis and the obtaining of a monodisperse particle population of suitable size is dependent
on the selection of experimental conditions [6,17,21,38]. Therefore, several studies investigated the
fluid stability, through the control of particle size, materials, surfactants, and physical behavior [16].
Moreover, the synthesis process selection should consider the reproducibility and scaling up without
any complex purification procedure (e.g., ultracentrifugation, size-exclusion chromatography,
magnetic filtration, or flow field gradient) [16,38].

Over the last few decades, several IOMNP synthesis methods were investigated using
either organic or aqueous phases: synthesis under constrained environment, hydrothermal and
high-temperature reactions, sol-gel reactions, polyol method, flow injection, electrochemical,
aerosol/vapor, and sonolysis [3,4,16,21]. In this context, the physical, chemical, and biological
routes are the main approaches utilized for synthesis of IOMNP [6,17]. Table 1 summarizes the
preparation methods of IOMNPs.

Table 1. Summary of preparation methods of iron-oxide magnetic nanoparticles ((OMNPs).

Routes Methods References
. Pulsed laser ablation [6,39-41]
Ph: 1 4
ysica Pyrolysis [6]
Co-precipitation [3,6,16,36-38,40-43]
Microemulsion [6,37,44]
Hydrothermal and solvothermal syntheses [1,3,6,38]
Chemical Thermal decomposition [6,38]
Sol-gel synthesis [3,16,17,21,32,37,38,43-46]
Sonochemical [43,47]
Microwave-assisted synthesis [6,48]
Biological Biosynthesis [6,49]

The synthesis of these nanoparticles into formulations should also be considered. These methodologies
aim for the production of IOMNPs with improved characteristics of stability, biocompatibility,
high dispersibility, suitable shape, and controlled size [1,3,6,17].

The preparation of IOMNPs in hydrogels, gels, emulsions, or other types of formulations can be
accomplished considering several methods: blending, in situ, and grafting onto. These methods are
usually employed because they save time and reduce the number of steps. The grafting-onto method
is widely used and is the only one that forms covalent bonds between the IOMNPs and the system [50].
Liu and collaborators prepared fiber-like composites of hematite via the in situ addition of an amount
of Fe*? into swollen regenerated cellulose [51]. Moreover, via the blending method, the IOMNPs are
synthesized separate from the formulation, and then the precipitated and dry particles in the system
are dispersed. For example, iron fluid was prepared and added to an n-isopropylacrylamide dispersion
to produce a magnetic hydrogel [50,52].
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Another important point to be considered during IOMNP preparation for pharmaceutical
formulations is that they must exhibit the combined characteristics of high magnetic saturation
and a peculiar surface coating of particles [17]. IOMNPs should be nontoxic, biocompatible and,
sometimes, must also allow a targetable delivery with particle localization in a specific area [3,13,16,36].
Therefore, it is necessary that the surface of particles displays suitable characteristics to enable their
utilization in several in vitro and in vivo applications. However, these characteristics should not
affect the stability and magnetization of particles. IOMNPs can be directed to a target site using
an external magnetic field. Moreover, they can bind to antibodies, nucleotides, proteins, enzymes,
or drugs [38]. Therefore, the surface of these particles could be modified creating new atomic layers of
inorganic metallic (e.g., gold), organic polymer, or oxide surfaces (e.g., silica or alumina) [6,17,25,36,53].
Assemblies of IOMNPs are also possible, resulting in nanostructures with physical and chemical
properties different from those of both individual IOMNPs and their bulk aggregates. For example,
these assembled nanoparticles can be developed to respond to either endogenous or exogeneous
stimuli [11].

3. Characteristics of IOMNPs for Pharmaceutical Applications

The use of IOMNPs received important attention in bioscience [21]. Their behavior is dependent
on temperature, and their uses for pharmaceutical applications should be considered at different
temperatures (e.g., body and room temperatures). Pharmaceutical applications require the particles be
stable in a physiological environment (aqueous environment and pH ~7) [1,3].

Furthermore, the charge, size, surface chemistry, and both coulombic and steric repulsions
of particles are very important variables which are involved in the colloidal stability of IOMNP
dispersion [3,13,19,25]. Sometimes, IOMNPs should be protected (encapsulated, coat, or dispersed)
with biocompatible polymer(s) in order to avoid aggregation, biodegradation, and alterations from
the original structure [3]. This strategy can also enable entrapping the bioactive agent on the particle
via adsorption or covalent attachment [3]. Moreover, dynamic assemblies are also possible due to the
assistance of surface ligands [11,54].

IOMNP biocompatibility and toxicity are dependent on the nature of the magnetically responsive
components of particles. Moreover, iron-oxide nanoparticles such as magnetite (Fe3O4) or its oxidized
form maghemite (y-Fe,Os) are the most utilized [1]. They must be made of a non-immunogenic and
non-toxic material, with size of particle small enough to stay in the circulation after administration
and to pass through the thin capillaries of tissues and organs, in order to avoid vessel embolism [1].
Moreover, IOMNPs must show a high magnetization in order to be controlled in the blood and be
immobilized just close to the targeted tissue by a magnetic field [1,13].

Size and surface functionality are the two major factors that play an important role for the
pharmaceutical applications of IOMNPs [11]. Even without targeting surface ligands, their diameters
greatly affect in vivo biodistribution [25]. Nanoparticles displaying diameter greater than 200 nm
can easily be cleared by the reticuloendothelial system. However, particles sizing less than 8 nm can
easily be excreted from the body through existent pores of the kidney’s basal lamina [6], reducing their
blood-circulating time. The diameter range of 10-40 nm (including ultra-small IOMNPs) is fundamental
for prolonged blood circulation, allowing the nanoparticles to cross capillary walls and often be
phagocytized by macrophages trafficking to the lymph nodes and bone marrow [1]. Therefore, the size
of IOMNPs enables their lower sedimentation, higher effective surface area (mainly for particles sizing
less than 100 nm), and improved tissular diffusion [1,3,13,55].

Furthermore, hydrophobic and negatively charged nanoparticles tend to suffer proteic opsonization
and are quickly recognized by phagocytic cells [55], resulting in faster clearance. The success of an
IOMNP-based nanosystem is also directly related to the properties of the coating material and the
IOMNP limitations can normally be overcome using a suitable surface coating [6,55]. Natural and
synthetic polymers, surfactants, gold, silica, and peptides were proposed as coating materials for

146



Magnetochemistry 2019, 5, 50

IOMNPs [6,25]. Nature, spatial configuration, and shape of the coating play an important role in
system performance [6,55].

4. IOMNP Assemblies and Clusters

Over the past two decades, scientists investigated the assembly of nanoparticles to create smart
materials for applications in pharmacy [11]. Using nanoarchitectonics, designed nanoparticles can show
the ability to change their properties according to the environmental conditions. They can respond
to different stimuli from either endogenous (e.g., pH, redox, enzyme) or external (e.g., temperature,
light ultrasound and/or magnetic field) sources [56].

The use of IOMNPs in pharmaceutical applications requires their contact with biological fluids
(e.g., blood, serum, lymphatic fluid, etc.). Therefore, this contact and their interactions with
components of the biological system can adsorb proteins in some degree, resulting in aggregates. As a
consequence, a new structure is formed displaying different characteristics (size, aggregation state,
interfacial properties, etc.) from individual IOMNPs, affecting IOMNP interaction with cells [57].
Therefore, the formation of clusters and assemblies of IOMNPs can result in structures with physical
and chemical properties different from individual nanoparticles and their bulk aggregates, and they
can be useful for pharmaceutical applications [11].

In particular, dynamic IOMNP assembly is a type of nanoarchitectonics based on ligand-assisted
functional achievement, constituting a strategy to build high-precision materials. IOMNPs can be
employed as a substrate to construct responsive assemblies or clusters under the assistance of
suitable ligands. In this context, IOMNPs can be utilized as magnetic-force-guided targeting for drug
delivery systems due to their magnetic properties [4,58].

Considering their pharmaceutical applications, IOMNPs and their clusters and assemblies
must show colloidal stability and biocompatibility in various biological environments [3,12,13,16].
Small molecules, biomacromolecules, and polymers can be utilized as ligands to mediate IOMNP
assemblies [7,9,57]. However, small-molecular ligands generally show low stability and biocompatibility,
and it is hard to find a small-molecular ligand [11,59].

Polymers are very useful to obtain IOMNP assemblies, and they often can contribute to obtaining
smart systems with improved pharmacokinetics with long circulation times, targeting, and controlled
release [60].

In this context, the use of stimuli-responsive polymers as ligands to obtain IOMNP assemblies
is a good strategy. Temperature-, light-, and pH-sensitive polymers are often used. Considering the
biological environment, the pharmaceutical applications generally occur in aqueous medium. IOMNPs
show affinity to water; however, the structural alteration of water around interfaces and solutes can
increase the intermolecular interactions (hydrophobic interactions) conducing to the assembly [11].

Many types of biomacromolecules can also be utilized to for assembling nanoparticles,
such as peptides, polysaccharides (chitosan and dextran), nucleic acids, and proteins. The nanoparticle
assemblies using proteins can be based on the modification of substrates on the nanoparticle surface.
A protein has multiple binding domains, which can be used for nanoparticle aggregation via crosslinking
the corresponding substrates or via binding between antibodies and antigens [11,59].

Table 2 shows a list of ligands utilized for IOMNP assemblies and cluster formation. In addition,
clusters of IOMNPs were obtained using silica [61]. Nanochains and nanobundles were fabricated via
the simultaneous magnetic assembly of superparamagnetic nanoparticle clusters using an additional
layer of ligand (deposited silica) using a sol-gel process. The investigators observed that this magnetically
responsive superparamagnetic could lead to applications in the treatment of cancer.

Bioengineered spider silk was used as a ligand for the assembly of IOMNPs. Due to its
mechanical properties, biocompatibility, and biodegradability, spider silk enables the fabrication of
composite spheres, which can be potentially applied for the therapy of cancer by combined treatment
via drug delivery and hyperthermia [62].
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Investigations about IOMNP assemblies are based on fundamentals, design, and fabrication.
However, the development of several applications of these smart systems is only at the basic stage and
their real application to clinical trials is dependent on more studies [11].

Table 2. Examples of biomacromolecules and polymers used as ligands for assembly of iron-oxide
magnetic nanoparticles (IOMNPs).

Classification Ligands References
Silica [59,63]
Small molecules
Dextran [57]
CXCR4-targeted peptide [64]
Biotin-streptavidin [65]
Biomacromolecules Tyrosine kinase and phosphatase [66]
Bovine serum albumin [67]
Spider silk [62]
Nucleic acids [11]
PEG-p(API-Asp)-p(DOPAAsp)-Ce6 [68]
PVP [69]
p(MMA-co-DMA) [70]
p(NIPAM-co-AA) [62]
VCL-AAEM-VIm [71]
PMAA, PNIPAM [72]
Polymers
PHOS-FOL-DOX [73]
Poly(allylamine) [74]
B-cyclodextrin [75]
DMSA, chitosan, PEG, PLGA, PEG-derived phosphine oxide [22,57,76]
(PO-PEG), PMAO (poly (maleic anhydride-alt-1-octadecene)), T
PEG-maleic anhydride [67]
PEG-poly(e-caprolactone) [77]
CXCR4 = C-X-C chemokine receptor type 4; PEG-p(API-Asp)-p(DOPAAsp)-Ce6 = Poly(ethylene
glycol)-poly[1-(3-aminopropyl)imidazole =~ —Aspartate]-poly(Dopamine-Aspartate)-Chlorine6; PVP =

Polyvinylpyrrolidone; p(MMA-co-DMA) = Poly(methyl methacrylate-co-dimethylacrylate); p(NIPAM-co-AA) =
Poly(N-isopropylacrylamide-co-acrylic acid); VCL-AAEM-VIm = poly(N-vinylcaprolactam-co-acetoacetoxyethyl
methacrylate-co-N-vinylimidazole); PMAA = Poly(methacrylic acid); PNIPAM = Poly(N-isopropylacrylamide);
PHOS-FOL-DOX = Triblock copolymer [cis-5-norbornene-6-(diethoxyphosphoryl)hexanote]-[norbornene grafted
poly(ethyleneglycol)-folate]-[norbornene derived doxorubicin]; DMSA = Dimercaptosuccinic acid; PLGA =
poly(lactic-co-glycolic acid).

5. Pharmaceutical Applications

IOMNPs can be used for pharmaceutical applications [1], and the advances in magnetic
resonance imaging (MRI), cell separation and detection, tissue repair, magnetic hyperthermia,
and drug delivery strongly benefited from employing IOMNPs [11]. These nanoparticles possess
very important characteristics, such as superparamagnetism, size, and the possibility of receiving a
biocompatible coating. Therefore, ongoing researches are focused on reducing drug concentration,
toxicity, and other side effects, and improving the therapy [6,18,21,32].

The pharmaceutical applications of IOMNPs can be classified according to their application
inside or outside the body. For external applications, the main use of these nanoparticles is in
diagnostic separation, selection, and magnetorelaxometry [1,32]. In this context, they can be administered
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in a patient for diagnostic applications (nuclear magnetic resonance or magnetic particle imaging),
drug delivery, hyperthermia, or as an antimicrobial [1,3,21,78].

5.1. Diagnostic Applications

Magneto-pharmaceuticals are a new class of preparations utilized for clinical diagnosis using
the NMR imaging technique. In magnetic resonance imaging (MRI), these formulations must be
administered to the patient in order to enhance the image contrast between the normal and diseased
tissue and/or indicate the status of organ functions or blood flow [1,32].

Magnetic particle imaging (MPI) is a new, non-invasive, whole-body imaging technique that
can detect superparamagnetic iron-oxide nanoparticles similar to those used in MRI. Based on tracer
“hot spot” detection instead of providing contrast on MRI scans, MPI is truly quantitative. Without the
presence of an endogenous background signal, MPI can also be used in certain tissues where the
endogenous MRI signal is too low to provide contrast. Its applications include MPI cell tracking,
multiplexed MPI, perfusion and tumor MPI, lung MPI, and functional MPI [8,18].

5.2. Drug Delivery

The research and development of therapeutic drug delivery systems increased with the development
of new materials and technologies. The development of biotechnology and the understanding of
physiological mechanisms also allowed obtaining more specialized pharmaceutical systems. Therefore,
the number of strategies for the development of drug delivery systems showing enhanced properties
in relation to modifying and controlling the delivery of active agents increased [32,79].

In this context, nanotechnology is utilized as one of the most common strategies for controlling the
drug delivery, and increasing the efficiency, safety, and quality of the systems. Moreover, patient therapy
is improved as well.

IOMNPs can be used for controlling the drug delivery [1,6,32,78] and they can enable drug targeting,
one of the most important strategies [79]. The application of an external magnetic field together with
these nanoparticles and/or magnetizable implants allows the delivery of particles to the desired site,
fixing them at the target tissue while the active agent is released, and acting locally (magnetic drug
targeting) [32]. This strategy can eliminate side effects and reduce the dosage required.

In this context, IOMNPs are undergoing trials to investigate the possibility that they can be
implemented as drug carriers. As the properties of these nanoparticles and the success in delivering
active agents are strongly dependent on the composition of the external coating, polymeric layers,
capsules, particles, or vesicles were proposed [32]. The modifications of the surface of these particles
are generally accomplished using organic polymers and inorganic metals or oxides to make them
biocompatible and suitable for further functionalization via the attachment of various bioactive
molecules [78].

However, several important criteria should be considered in order for the drug delivery system
containing IOMNPs to be effective. The delivery system should be easily dispersed in aqueous media
and also provide functional groups, which can be further modified in order to control the drug release
or bind targeting units [6,32].

Nanostructured systems composed of a core—shell design are much utilized to attach different
drugs to IOMNPs. The core is formed by nanoparticles and the shell represents the surface coating
for nanoparticle functionalization. This strategy can improve the system stability, pharmacokinetics,
biodistribution, and biocompatibility [6,80].

Synthetic and natural polymers are the most common surface coating used in IOMNPs, due to
their capacity to prevent oxidation and confer stability to the nanoparticles. Polyethylene glycol (PEG),
poly(vinylpyrrolidone) (PVP), polyvinyl alcohol (PVA), poly(lactic-co-glycolic acid) (PLGA),
and chitosan are utilized [17,30,32].

PEG is hydrophilic, uncharged, and biocompatible, and it was utilized for coating the IOMNPs
due to non-fouling properties and reduced blood protein opsonization. As a result, the nanoparticles
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can escape recognition by the immune system, increasing their time in blood circulation and their
accumulation in the target cells/tissue [32,79].

PVP and PVA are also water-soluble synthetic polymers, widely used in pharmaceutical
applications. Their emulsifying and adhesive properties enable the preparation of hydrogel structures.
The hydrogen bonds between the polymer chains can involve the IOMNPs avoiding the agglomeration
of nanoparticles [6,29].

A copolymer of polylactic acid and polyglycolic acid (PGA) displayed great potential for use
in drug delivery systems [79]. This polymer presents solubility in most of the common solvents
and can take different shapes and sizes, enabling the encapsulation of several types of molecules [6].
PLGA microparticles containing co-encapsulated dexamethasone acetate and IOMNPs were developed
as one strategy to maintain the particles in the joint cavity via an external magnetic field, controlling
the drug release for the treatment of arthritis and osteoarthritis [81].

Chitosan is a natural, biocompatible, biodegradable, and low-toxicity material obtained by
chitin deacetylation. Its long chain, generated via the combination of 2-amino-2-deoxy-f3-p-glucan
with glycosidic linkages, results in a positive charge, driving the systems to the cell membrane which
is negatively charged [22]. Therefore, chitosan-coated IOMNPs can display mucoadhesive properties
and increase the nanoparticle retention in the target sites [6,82]. The thermal and magnetic properties
of IOMNPs are not changed by chitosan coating and, therefore, several systems were developed [6,17].
Chitosan of low molecular weight can protect these nanoparticles from aggregation due to the
electrostatic repulsion between the positively charged nanoparticles [83]. However, this polymer shows
some limitations as a coating material, due to the partial protonation of its amino groups in water at
physiological pH, which reduces chitosan solubility. Chemical changes in chitosan can overcome these
problems, making chitosan derivatives more water-soluble [84,85].

IOMNPs can also receive organic surfactants, inorganic compounds, and bioactive molecules
on its surface. Organic surfactants are utilized for the functionalization of IOMNPs, mainly when
synthesized in organic solutions. Dimercaptosuccinic acid can result in nanoparticles with an
anionic surface, avoiding opsonization and clearance by the reticuloendothelial system, reducing the
cell toxicity [6]. Oleic acid and trisodium citrate are also capable of stabilizing nanoparticles by
creating repulsive forces (mainly steric repulsion) to balance the magnetic and van der Waals attractive
forces [86]. Considering that the long hydrocarbon chains of the surfactants can result in hydrophobic
nanoparticles, surfactants showing lower values of critical micelle concentrations were used in order
to obtain more efficient coatings of the IOMNPs, with improved dispersion capacity in solutions and
lower nanoparticle clustering [87].

Inorganic compounds such as carbon, metals, silica, oxides (metal and non-metal), and sulfides
were used in IOMNP systems, displaying the advantage of increasing the antioxidant properties of
these nanoparticles [1,3,6,37]. SiO, can enhance the IOMNP dispersion in solutions, making them more
stable and protected in acidic medium [37]. Carbon-based coatings show chemical and thermal stability,
good electrical conductivity, and solubility, and they serve as a barrier against IOMNP oxidation [6].
Moreover, the electron transfer between silver and IOMNPs in a nanosystem creates a positively charged
silver coating, allowing the conjugation of different antibiotics to the silver-decorated nanoparticles [88].
The use of metal coatings with modifications involving compounds such as thiol can enable their
linkage with diverse biomolecules; oxides and sulfides are common in IOMNPs to stabilize the
nanosystem and enable good magnetic properties [6].

Considering that the choice of a coating for the IOMNPs must take into account their intrinsic
properties and the purpose of the system, ZnO was considered as the most appropriate compound for
an anticancer nanosystem due to both its intrinsic anticancer properties and biocompatibility [89].

Peptides, lipids, and proteins are examples of bioactive molecules that can be used in IOMNP-
based systems. They should be able to maintain the stability of the nanoparticles and the magnetic
properties as well [6]. Human and bovine serum albumin (HSA and BSA) can be attached to IOMNPs via
desolvation [90]. IOMNPs coated with BSA show a negatively charged surface that avoids electrostatic
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interactions with negative biological elements such as plasma and blood cells, thereby maintaining the
stability of nanoparticles [91].

As IOMNPs show a greater reactive area than their micrometric counterparts and can cross
biological barriers, their use in drug delivery systems is advantageous. Thus, different classes of
drugs can be directly bound to these nanoparticles or to core-shell systems [6]. The binding occurs
via adsorption, dispersion in the polymer matrix, encapsulation in the nucleus, electrostatic interactions,
and/or covalent attachment to the surface, with the aim of improving their pharmacological
properties [1,6,12,78]. In this context, IODMNPs were used as carriers of anticancer (e.g., doxorubicin,
cetuximab, cytarabine, daunomycin, docetaxel, epirubicin, 5-fluorouracil, gemcitabine, methotrexate,
mitoxantrone, paclitaxel, and carmustine), alternative (curcumin, hypericin, propolis, berberine,
sanazole, and essential oils), immunosuppressive (e.g., mycophenolate mofetil), anticonvulsant (e.g.,
phenytoin and 3-mercaptopropionic acid), anti-inflammatory (e.g., ketoprofen, furan-functionalized
dexamethasone peptide, and prednisolone), antibiotic (e.g., streptomycin, rifamycin, anthracycline,
fluoroquinolone, tetracycline, cephalosporin rifampicin, doxycycline, cefotaxime, ceftriaxone,
amikacin, amoxicillin, bacitracin, cefotaxime, erythromycin, gentamicin, kanamycin, neomycin,
penicillin, polymyxin, streptomycin, and vancomycin), and antifungal (e.g., nystatin, ketoconazole,
amphotericin B) agents [6,92].

5.3. Hyperthermia

When IOMNPs are subjected to an altering current (AC), the magnetic field randomly
flips the magnetization direction between the parallel and antiparallel orientations [1,6,29,32].
Magnetic energy can be transmitted to the nanoparticles in the form of heat, and this property
can be used in vivo to raise the temperature of tumor tissues. Pathological cells are more sensitive
to hyperthermia than healthy ones, leading to their destruction [1,6]. Magnetite cationic liposomal
particles and dextran-coated magnetite were shown to be effective for the treatment of tumor cells by
hyperthermia [1,16,28].

This strategy is very advantageous due to the magnetic hyperthermia heating the restricted
tumor area. In addition, the use of nanometer-size particles (subdomain magnetic particles) is better
than using micron-sized particles (multidomain) due to nanoparticles absorbing much more power at
tolerable AC magnetic fields [6,32]. Therefore, well-defined synthetic routes are necessary to obtain
particles displaying suitable size and shape and, as a consequence, to obtain a rigorous control in
temperature [1].

5.4. Antimicrobial Activity

The World Health Organization (WHO) suggested in 1993 some drug use indicators to ease the
investigation on drug-prescribing patterns [93]. It would help promote rational drug use, mainly looking
to avoid bacterial resistance [94].

However, we saw an over-prescription of antimicrobial medicines during the last three decades;
this, together with the global public health concerns regarding bacterial resistance to conventional drugs,
shows how fundamental it is to try different types of treatments.

Antimicrobial resistance is an old and huge concern for public health systems, having grown
rapidly in recent times, spreading the preoccupation to economics [92,95-97]. The use of gold, silver,
aluminum, and iron oxide as antimicrobials was previously proven [29,98-102].

Nanomaterials can show antimicrobial activity via cell membrane damage, releasing toxic metals
(which can react with proteins, leading to a loss in protein), and damaging DNA, RNA, and proteins
via reactive oxygen species generation. These mechanisms conduce to inhibition or killing of the
microorganisms [103].

Therefore, IOMNPs stand out as a possible choice to treat infectious diseases. The use of IOMNPs
to oppose microorganism infection is quite relevant when thinking about this resistance. However,
it may not overcome all kinds of bacterial resistance [97,104-108].
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IOMNPs may act as actual antimicrobial agents, or even in a synergistic way with antimicrobial
agents [29,98]. A dosage form containing IOMNPs synergically mixed with streptomycin was
already developed; it was prepared in a chitosan-based structure. They performed a modified
release from this system, enhancing the base activity of the streptomycin against methicillin-resistant
Staphylococcus aureus (MRSA) [109]. Moreover, it was observed that a smaller size of the IOMNPs led
to higher antimicrobial activity. Thus, it was observed that nanoparticles ranging from 10 to 80 nm in
size could penetrate the Escherichia coli membrane and cause bacteria inactivation [16,98,110].

IOMNPs exhibit a number of advantages compared to conventional antimicrobial agents: they are
less susceptible to bacterial resistance; they may be functionalized to several preferred targets or
activities; they may be associated with natural or synthetic drugs; and it is possible to stimulate them
with different sources such as heat, pH, magnetic field, light, etc. Nanoparticulate systems can also cross
some barriers that the normally employed drugs cannot, such as the blood-brain barrier [16,108,111].

The use of IOMNPs as antimicrobial delivery systems against microorganisms located in different
sites with difficult access is important. However, it is important to emphasize that most of the prepared
IOMNPs show intrinsic antimicrobial activity without the addition of antibiotics [112].

Moreover, subcellular nanoparticle delivery is an important approach to justify the use of IOMNPs
as antimicrobials. These nanoparticles show a high surface-area-to-volume ratio, which results
into surfaces with very high free-energy content. In order to decrease this energy and become
relatively stable, the surface interacts with possible interactomes present in the cell. The subcellular
delivery involving the transfer of various drugs and bio-active molecules (e.g., proteins, peptides,
DNAs) through the cell membrane into cells constitutes a very important strategy for antimicrobial
applications as well [113].

Once IOMNPs enter the biological environment, they can adsorb surrounding biomolecules,
conducing to the formation of a protein corona on the nanoparticle surface. The substances present in
the environment where IOMNPs are located (e.g., proteins, metabolites, inorganic salts) and also the
nanoparticle shape, size, chargeability, and surface modification can influence the formation of the
protein corona [67]. Microorganisms can recognize the protein corona attached to the IOMNPs instead
of the nanoparticles themselves. Thus, the destination of nanoparticles in the body and infected sites
is dependent on the protein corona, which can also be fabricated by dynamic assemblies [11,77,80].
Protein crowns can determine the endocytosis or adsorption on cell/microorganism membranes, their
circulation in the blood, or their maintenance in extracellular tissue for a long time [80,114].

The ability of IOMNPs to adsorb and penetrate into biofilms can be due to their physicochemical
characteristics (hydrophobicity, surface charge, and high area ratio by volume) [6]. The antimicrobial
activity of the agent erythromycin coupled to IOMNPs against bacterial cultures of Streptococcus
pneumoniae was improved, and the bacterial viability was diminished in the presence of nanoparticles.
Moreover, it was observed that IOMNPs helped erythromycin cross the capsule of the bacterium [115].

The bacteriocin nisin displays a wide spectrum of antimicrobial activity. However, it is commonly
inefficient against Gram-negative bacteria. Targeted magnetic nisin-loaded nano-carriers IOMNPs
capped with citric, ascorbic, and gallic acids) were fabricated and tested to overcome the nisin resistance
of bacteria. High pulsed electric and electromagnetic fields were applied, and Gram-positive Bacillus
subtilis and Gram-negative Escherichia coli were utilized as cell models. This strategy increased the
antimicrobial efficiency of nisin similar to electroporation or magnetic hyperthermia methods, and a
synergistic treatment was also shown to be possible [116].

Some explanations for the IOMNP mechanism of action exist. One of them is clarified by
the composition. IOMNPs are composed mainly by magnetite and maghemite, which have iron
ions (Fe”* and Fe®*). These ions may cause the generation of reactive oxygen species (ROS),
specifically superoxide (O?>7) and hydroxyl (~OH) or hydrogen peroxide (H,O,), or even singlet
oxygen (10,). These radicals may increase the ROS stress inside the microorganism’s cells, leading to
an inhibition of their growth and multiplication. ROS may damage the DNA in bacteria and also
protein production [101,117,118].
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A second possible mechanism is that the electrostatic energy of the nanoparticles could be used to
bind them to proteins or to the cell membrane, leading to disruption of the essential functions, causing
cell death [108,119-123].

Also, IOMNPs may act on the efflux pump of some microorganisms, acting as inhibitors to
this pump that aids the cell to eliminate substances that may harm the organism; hence, it could
even transport antimicrobial drugs to the outside, leading to a reduction in the drug efficacy [108].
Christena and collaborators prepared magnetic nanoparticles (MNPs) with casein, and they evaluated
the inhibition property of the MNPs against the efflux pump of Pseudomonas aeruginosa and Staphylococcus
aureus [124]. They showed that those MNPs were able really inhibit the activity of the efflux pump of
those bacteria and, in this sense, would increase the activity of other antimicrobial drugs.

Interestingly, IOMNPs associated with propolis extract (PE) for an intraperiodontal pocket
release were shown to be useful for the treatment of periodontal disease [29]. They showed that the
incorporation of PE in the formulation containing IOMNPs increased the efficacy of the natural product
against Candida spp., showing a great synergy between the PE and the IOMNPs.

An extract of Argemone mexicana, together with IOMNPs, was evaluated against Escherichia coli,
Proteus mirabilis, and Bacillus subtilis [98]. They also stated a good interaction between the IOMNPs
and the natural extract for antimicrobial activity.

Not only natural extracts were evaluated with IOMNPs against microorganisms. Maleki and
collaborators functionalized IOMNPs with the antimicrobial peptide cecropin mellitin (CM) and
evaluated them against Staphylococcus aureus and E. coli [125]. They also showed that this incorporation
presented a synergic interaction.

In this context, IOMNPs can contribute to improving antimicrobial treatments by targeting specific
and hard-to-reach sites where pathogens are harbored. Moreover, they can optimize physicochemical
characteristics, enabling the clinical use of new antimicrobial agents, or their administration using
more convenient routes [103].

5.5. Other Pharmaceutical Applications

Considering the characteristics of IOMNPs, they can also be utilized in the therapy of
Alzheimer’s disease. Magnetic Fe304 nanoparticles can interact with lysozyme amyloids in vitro,
reducing the amyloid aggregates and promoting depolymerization. The proposed mechanism of
the anti-aggregating action of these particles is based on the adsorption and adhesion of lysozyme
molecules to the nanoparticles, decreasing the free lysozyme molecular concentration and hampering
the nucleation process and fibrillogenesis [126]. However, further investigations are necessary to
explore the detailed molecular mechanisms of the anti-amyloidogenic ability of the particles [32].

IOMNPs can deliver photosensitizers in photodynamic therapy (PDT) [32]. The combination
of magnetic drug targeting and PDT can be accomplished using dextran coatings to prevent the
nanoparticle aggregation and to allow for the linkage of hypericin. This strategy can increase the
selectivity and reduce the side effects of PDT, as the therapy occurs only in the site where the IOMNPs
are accumulated due to an external magnet, under the influence of a laser [127].

The integration of multiple moieties into a single nano-platform based on IOMNPs for diagnostic
and treatment was also proposed. Additionally, IOMNPs can be used to integrate the diagnosis
and therapy in one step. Currently, theranostic constitutes an important tendency in research [128].
Considering the unique magnetic properties of IOMNPs, they attracted great interest due to their
use as MRI contrasting agents and for the therapy of tumors and other disorders. Cancer magnetic
theranostics is attracting increasing interest and can provide a powerful strategy for cancer therapy.
Theranostics based on IOMNPs enables tracking the theranostic agent’s location, constantly controlling
the therapeutic process, and evaluating the efficacy of the treatment [14]. Therefore, it is possible to
improve the efficiency and functionality of the therapy [129].
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6. Toxicity

Nanotoxicology refers to the study of the potentially harmful effects of nanomaterials on
living organisms [21]. Nanoparticles can enter the human body through respiratory inhalation,
dermal absorption, or via an oral route. They have nano size and can move across the olfactory mucosa,
alveolar membrane, capillary endothelium, and the blood-brain barrier. Therefore, it is very important
to understand the potential toxicity associated with IOMNPs, considering the range of surface
modifications enabling functionalities of these nanoparticles [21,32,87]. In vitro and in vivo studies on
IOMNP toxicity showed some conflicting results [6]. Changes in nanoparticle size and shape were
reported as factors inherent to nanosystems able to influence their toxicity. Rod-shaped and nano-sized
IOMNPs were shown to be more toxic than sphere-shaped and micrometric particles, respectively [130].
The configuration of the nanosystem can also influence IOMNP toxicity [6].

Furthermore, cell cytotoxicity and genotoxicity may be affected by the surface charge of IOMNPs.
Positively charged nanoparticles were shown to be more toxic, because they may undergo nonspecific
interactions and adsorptive endocytosis with the negatively charged cell membrane, thus increasing
their intracellular accumulation and affecting cell membrane integrity [130]. The influence of other
factors (e.g., concentration, form of administration, type of coating, and cell line) may explain the
different results for toxicity of these nanoparticles, and they were properly revised in Reference [6].

The mechanisms of IOMNP toxicity for different cell lines are partially explained by the production
of reactive oxygen species (ROS), which causes cellular oxidative stress [38,131]. When IOMNPs
are taken up by cells via endocytosis, they tend to accumulate in the lysosomes and are degraded
to iron ions. These ions would be able to pass through the membranes and reach regions such as
the mitochondria and cell nucleus. There, they could react with hydrogen peroxide and oxygen,
generating ROS [6].

Iron overload caused by exposure to IOMNPs can also conduce to serious deleterious effects
and lead to cell death. Therefore, a high dose of IOMNPs could promote elevated lipid metabolism,
breakage of iron homeostasis, and exacerbated loss of liver functions [6]. In contrast, magnetite (Fe3O4)
was shown to increase the level of lipid peroxidation and decrease the antioxidant enzymes in human
lung alveolar epithelial cells (A-549), displaying a concentration-dependent toxicity in vitro [132].

The strategy to coat the surface of IOMNPs is utilized to make these nanoparticles biocompatible
and non-toxic, due to the lower number of oxidative sites, with consequently lower DNA damage [20].
To avoid the higher iron intracellular ROS production, coated IOMNPs using lauric acid, a protein
corona of BSA, or dextran were developed and were shown to not promote genotoxic effects on human
granulosa cells [133]. Polymers (e.g., PLGA) and essential oils (e.g., patchouli essential oil) were shown
to reduce the toxic effects of IOMNPs [6].

Therefore, there is an increasing necessity to perform additional tests other than cell viability
assays to increase the knowledge about the toxic effects of these IOMNPs.

7. Concluding Remarks

The use of IOMNPs in pharmaceutical areas increased in the last two decades. The uses of
these nanoparticles are due to their excellent properties in terms of size, mechanical, optical,
and magnetic properties, displaying great potential for pharmaceutical applications. Their surface can
be functionalized with targeting ligands, as well as imaging and therapeutic moieties, enabling the
development of multifunctional, multimodal nanoagents.

However, these nanoparticles should be stable and have a switchable magnetic state, independent
of temperature fluctuations and considering the biological environment. The synthesis process selection
should consider the reproducibility and scaling up without any complex purification procedure.
Therefore, several synthesis methods were investigated using either organic or aqueous phases,
and they are classified into physical, chemical, and biological approaches. Moreover, the synthesis of
these nanoparticles into formulations is possible, aiming at the production of more stable, biocompatible,
highly dispersible, shape- and size-controlled nanoparticles.
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The protection (encapsulation, coating, or dispersion) of IOMNPs with biocompatible materials
can avoid their aggregation, biodegradation, and alterations from the original state and also enable
entrapping the bioactive agent on the particle via adsorption or covalent attachment. In this context,
IOMNPs show great potential for use in nanostructured pharmaceutical systems for target drug delivery,
improving the therapy as a consequence of a higher drug effect using lower concentrations, thus
reducing side effects and toxicity. Different methodologies of synthesis allowed the preparation of
IOMNPs displaying different structures, sizes, dispersions, and surface modifications. These advantages
support the utilization of IOMNPs in pharmaceutical applications, and getting suitable drug release
control on the target tissues could be beneficial in several clinical situations, such as infections,
inflammations, and tumors. However, more toxicological clinical investigations about IOMNPs
are necessary, considering their pharmaceutical applications.
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Abstract: In recent years, magnetic nanoparticles (MNPs) have gained increasing attention as versatile
carriers because of their unique magnetic properties, biocatalytic functionalities, and capabilities to
work at the cellular and molecular level of biological interactions. Moreover, owing to their exceptional
functional properties, such as large surface area, large surface-to-volume ratio, and mobility and
high mass transference, MNPs have been employed in several applications in different sectors such
as supporting matrices for enzymes immobilization and controlled release of drugs in biomedicine.
Unlike non-magnetic carriers, MNPs can be easily separated and recovered using an external
magnetic field. In addition to their biocompatible microenvironment, the application of MNPs
represents a remarkable green chemistry approach. Herein, we focused on state-of-the-art two majorly
studied perspectives of MNPs as versatile carriers for (1) matrices for enzymes immobilization,
and (2) matrices for controlled drug delivery. Specifically, from the applied perspectives of magnetic
nanoparticles, a series of different applications with suitable examples are discussed in detail.
The second half is focused on different metal-based magnetic nanoparticles and their exploitation for
biomedical purposes.

Keywords: green chemistry; magnetic nanoparticles; enzyme immobilization; controlled drug
delivery; supporting materials

1. Introduction

Green or sustainable chemistry is the utilization of a set of principles that diminishes the use
of toxic substances in the design, manufacture, and application of the chemical product. This fact
encouraged the researchers and scientific community to discover simple and effective methods for the
separation of homogenous catalysts from the reaction mixture and their subsequent recycling. The use
of magnetic nanoparticles (MNPs) as efficient support materials for biocatalyst immobilization has
become a theme of considerable interest. A range of attractive properties including high surface area,
large surface-to-volume ratio, facile separation using external magnetic fields, and high mass transfer
make MNPs ideal candidate for diverse biomedical applications [1,2]. MNPs exhibit their highest
performance at sizes typical ranges from 10 to 20 nm due to the occurrence of the superparamagnetism
property [3]. Recently, MNPs find potential use in catalysis including nanostructured material-assisted
biocatalysts immobilization, biomedicine, target-oriented drug delivery, magnetic resonance imaging
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(MRI), microfluidics, nanofluids, optical filters, data storage, and environmental remediation [4].
Herein, we focused on state-of-the-art two majorly studied applications of MNPs as versatile carriers
for (1) matrices for enzymes immobilization, and (2) matrices for controlled drug delivery. Following
the introduction, the formation and stabilization of magnetic nanoparticles are briefly discussed.
From the applied perspectives of magnetic nanoparticles, a series of different applications with suitable
examples are discussed in detail. The second half is focused on different metal-based magnetic
nanoparticles and their exploitation for biomedical purposes.

2. Magnetic Nanoparticles: Formation and Stabilization

MNPs properties are firmly dependent on formation and construction method. For the synthesis
of high-quality nanoparticles, particle-size distribution, particle size, symmetry, and crystallization
have been governed with the help of advance colloidal system [5]. All these features of MNPs provide
mono-dispersity and homogeneity in the target system. Sometimes, MNP required a stabilizing
agent in a competitive environment to avoid from agglomeration, for example, in dipolar conditions,
these particles face high surface-to-volume ratio [6]. Currently, there is a variety of nanomaterials
available commercially [7]. Therefore, it reduces the effort of nanoparticle researchers and increases
productivity. In spite of these facts, more work and experiments are needed to customize, develop,
and synthesize purpose-built nanoparticles.

From a material chemistry perspective, the material used for the development of magnetic entity
can be originated or constructed from iron (oxides), nickels, and cobalt. Sometimes elements such
as strontium, zinc, barium, and zinc can also be conjugated with metals. Generally, MNPs belongs
to the nanoalloy and metallic nanomaterials that are coated with specific kind of molecules [8,9].
These modifications make it target specific, enhance the stability, and improve the physiochemical
properties (corrosion, oxidation, agglomeration, and toxicity) of nanoparticles [10,11]. Lastly,
customized modification of MNPs both core and surface depend upon the system to be applied [12].
For example, agglomeration of MNPs with avidin-biotin (bifunctional linkers) increase the stability up
to several months [13], oligos-based modification was used for DNA detection [14,15], modification
with iron oxide or ferrites is the potential application for X-ray computed tomography or MRI [16].
Similarly, MNPs were coated with other conjugated molecules such as liposomes, micelles, polymeric
coating, and core-shell structures (Figure 1) [17].

Figure 1. Representative structures of various NPs for drug delivery. (a) Liposomes, (b) polymeric
micelles, (c) polymeric nanoparticle, (d) gold nanoparticle, and (e) nanogel. Reprinted from
Wang et al. [17], an open-access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0/). Copyright (2018) the author(s). Published by
Informa UK Limited, London, UK, trading as Taylor & Francis Group.

3. Applications of Magnetic Nanoparticles

3.1. Bio-Catalysis Perspectives of Magnetic Nanoparticles

Over the past two decades, a wide variety of nano-carriers has been fabricated and applied as
enzymes immobilization supports for diverse applications (Table 1). Among these support materials,
MNPs have received substantial attention as versatile carriers, because of their unique physicochemical
and magnetic properties, biodegradability, biocompatibility, low cost, and tailor-made surface chemistry.
Also, MNPs allow facile, rapid, and efficient biocatalyst separation from the reaction media by using
an external magnet [18].
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3.2. Degradation of Dye Pollutants

Different dyes including acid blue 45, crystal violet, and orange G have shown wider applications
in paper, textile, food, and many other industries. However, these dyes and other dyes containing
pollutants pose severe threats to human health and aquatic organisms [32]. Due to their high
photolytic and chemical stability, these dye pollutants are resilient to classical chemical, physical,
and biological treatment methods. Enzymes as biocatalysts can be employed both in free as well
as immobilized forms in the treatment of dyes or dyes-harboring industrial wastewater. However,
immobilized enzymes present the advantages of durable catalytic stability, easy separation, and recovery,
and multiple recycling, which improve the performance and trim-down the overall cost of industrial
bioprocess [33-38]. Immobilized enzymes can be developed by different chemical and physical
methods, which affect biocatalytic properties of the resulting immobilized system, and hence their
applications in explicit processes [39,40].

Reports have shown the fascinating efficiency of chloroperoxidase (CPO) in degrading an array
of synthetic dyes. Nevertheless, the lack of durable functioning stability and difficulty in recycling
CPO hampered its large-scale application in wastewater bioremediation. To overcome this issue, Gao
and coworkers, (2019) co-immobilized CPO and glucose oxidase (GOx) on the surface of magnetic
graphene oxide (MGO). The catalytic performance of MGO-GOx-CPO considerably enhanced (96.6%)
towards the degradation of orange G relative to MGO-GOx+MGO-CPO (86.2%), presumably because of
reduced mass transfer limitation between CPO and H,O; produced from GOx molecules (Figure 2) [19].
Remarkably, MGO-GOx-CPO exhibited its maximum activity at a temperature above 40 °C compared
with the optimal temperature of 35 °C for the soluble biocatalyst. It also showed potential repetitive
usability retaining ~38.5% of initial activity after six dye-decolorization cycles demonstrating the
possibility of co-immobilized CPO and GOx in environmental applications. A peroxidase enzyme
isolated and purified from the textile wastewater was immobilized on glutaraldehyde-functionalized
Fe304 MNPs. The MNPs-insolubilized enzyme showed remarkable stability towards a range of pH
and temperature perturbations than to the free form of the enzyme. It retained complete catalytic
activity following storage at 4 °C and 25 °C for three months, and upon reusing for up to 100 repeated
cycles. Moreover, the MNPs-assisted novel peroxidase was effectively used for the decolorization
and degradation of industry wastewater containing direct green or reactive red azo dye pollutants
in a prototype sequential lab-scale bioreactor [41]. In a recent study, Kashefi and coworkers [42]
synthesized the magnetic graphene oxide (MGO) by integrating exclusive GO properties with the
superparamagnetic characteristics of the CuFe,O4 nanoparticles. The amine group on MGO was
functionalized chemically modified with 3-amino propyl trimethoxy silane and cross-linked activated
with GLU. As-prepared functionalized MGO was utilized to covalently immobilize a laccase enzyme
from genetically modified Aspergillus and exploited to degrade an azo dye Direct Red 23 using
the response surface methodology. Results revealed that the immobilized nanobiocatalyst caused a
maximum decolorization efficiency of 95.33% under the optimal conditions—i.e., pH, dye concentration,
and enzyme dosage of 4.23, 19.60 mg/L, and 290.23 mg/L—respectively. In conclusion, it can be stated
that the superparamagnetic nanomaterials-immobilized enzyme can potentially act as green and
environmentally responsive nanobiocatalyst for efficient decolorization purposes [42].

3.3. Fruit Juice Clarification

In recent years, the development of new strategies for fruit juice clarification has gained a great
interest in improving the quality of the juices. The turbid and cloudy appearance of the freshly
prepared fruit juices resulting from the colloidal dispersion of pectin is one of the major issues in
fruit juice processing [43]. Moreover, the presence of starch and other polysaccharides (i.e., cellulose
and hemicellulose) tend to settle down during preservation resulting in haziness and poor-quality
fruit juice [44]. Current employing microfiltration and ultrafiltration clarification technologies are
restricted during the elimination of suspended pulp particles causing membrane fouling and reduce
the membrane lifespan [45]. The use of immobilized enzymes has been substantially increased in
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fruit juice industry to circumvent turbidity, cloudiness, and undesirable haziness accompanied by
improving juice yield, quality, and shelf life [46]. Huang et al. [47] designed a biocompatible magnetic
chitin nanofiber biocomposite using GLU cross-linker and used as a novel support material for
chymotrypsin immobilization with excellent catalytic properties (Figure 3). The GLU-cross-linked
insolubilized enzymes exhibited 70.7% of its original activity by incubating at 60 °C for 3 h, whereas the
non-immobilized chymotrypsin showed only 29.6% of activity under identical conditions. After storage
for 20 days, the immobilized nanobiocatalyst presented 84.9% of the initial activity, as compared
to 18.8% for the free enzyme. After enzyme immobilization onto this magnetic nanobiocomposite,
the loading capacity of the enzyme was improved up to 6.3-fold following GLU cross-linking. Moreover,
the immobilized biocatalyst was easily recovered and recycled from the reaction mixture [47].

Product H,0 o, Glucose Product lucose

Orange G Gluconic acid

Orange G Gluconic acid
a b

[” GOFe,0, @ CPO @ GOx }

Figure 2. (a) Mass transfer resistance between chloroperoxidase (CPO) and glucose oxidase (GOx) for
MGO-GOx+MGO-CPO; (b) no mass transfer resistance between CPO and GOx for MGO-GOx-CPO.
Reprinted from Gao et al. [19], with permission from Elsevier. Copyright (2018) Elsevier B.V.
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Figure 3. Schematic illustration of the immobilization of chymotrypsin onto the magnetic chitin
nanofiber composite. Reprinted from Huang et al. [47], with permission from American Chemical
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Society. Copyright (2018) American Chemical Society.
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Cross-linking agents play a critical role and have a direct effect on activity recovery and functional
stability during cross-linking of the enzymes on nano-supports. Glutaraldehyde is considered the
preferred cross-linking agent amongst a range of protein cross-linkers due to its cheapness, easy
availability, and manipulation and the ability to form covalent bonding with the majority of the
enzymes [48]. Nevertheless, some inherent drawbacks are associated with the use of glutaraldehyde
as a cross-linker. The use of GLU cross-linker, in some instances, led to complete enzyme deactivation
by penetrating into the catalytic site and cross-linking with biocatalytically important amino acids
residues due to its small size [49]. Moreover, GLU-assisted cross-linking of enzyme molecules forms
enzyme lumps that hinder the active sites resulting in mass transfer resistances and diminished catalytic
efficiency [50]. Consequently, polysaccharides-based cross-linkers have gained great attention in the
past years for cross-linking of proteins over the use of GLU. Sojitra and coworkers [29] synthesized
magnetic tri-enzyme nanobiocatalyst by insolubilizing three enzymes, i.e., x-amylase, pectinase and
cellulase onto chitosan MNPs using dextran polyaldehyde as a macromolecular cross-linker and
utilized for fruit juice clarification. As compared to the soluble enzyme, the MNPs-immobilized
biocatalysts presented more than 2-folds increment in half-life and enhanced tolerance to lower
pH. Identical Ky, and Viax values of the native and immobilized forms of pectinase revealed that
conformational flexibility of enzyme was not altered after immobilization. In addition, the magnetic
tri-enzyme presented 41%, 53%, and 46% reduction in turbidity for the clarification of apple, pineapple,
and grapes juices after 2.5 h treatment. Results revealed that magnetic nanobiocatalysts might be a
suitable technology for fruit juice clarification, owing to its possibility to separate enzymes from the
reaction mixture and, subsequently, the reutilization of biocatalysts in multiple reaction cycles [29].
A significant improvement in pH and thermal stability of pectinase from Penicillium oxalicum F67 has
also been achieved by immobilizing enzyme onto magnetic cornstarch microspheres. The resultant
biocatalyst displayed about 60% of its preliminary activity after eight successive reuses for apple juice
processing [30].

3.4. Biotransformation of Inulin to High Fructose Syrup

Inulin is a polysaccharide made up of fructose monomers and seems to be an abundant source for
the production of fructooligosaccharides and fructose syrup in pharmaceutical and food industries.
As a low caloric sweetener and prebiotic, fructooligosaccharides possess human health promoting
effects such as a reduction in serum triglyceride and cholesterol levels, and significant improvement
in the intestinal microbial flora [51,52]. Fructose is an inexpensive, low-calorie, and GRAS-approved
sweetener and utilized as a safe alternative sweetener in diabetic patients [53]. Inulinase (EC:3.2.1.7)
is well-known hydrolytic biocatalyst that can produce a high level of pure fructose syrup from
inulin by a one-step enzymatic process in contrast to uneconomical and hazardous acid hydrolysis,
as well as, multi-step enzymatic starch breakdown by glucoamylase, glucose isomerase, x-amylase,
and pullulanase [54,55]. Due to lower solubility and high microbial contamination of inulin in
the water at room temperature, industrial-scale inulin hydrolysis needs to be executed at elevated
temperatures for higher inulin substrate utilization due to the increased solubility [56]. Therefore,
thermostable inulinases are desirable biocatalysts for the chemical and food industry. In this context,
Torabizadeh and Mahmoudi [25], covalently attached inulinase from Aspergillus niger onto wheat gluten
hydrolysates (WGHs)-functionalized Fe304 MNPs in the presence of glutaraldehyde as a cross-linking
agent. As-developed inulinase was found to be active over a broader pH and temperature ranges,
and also exhibited pronounced storage and thermal stability. The inulinase showed 12.3 folds rise in
enzyme half-life value following immobilization on MNPs at 75 °C and retained 70% of its preliminary
catalytic activity after 12 continuous inulin hydrolysis cycles [25]. More recently, Mohammadi et al. [23]
fabricated unique biocompatible support i.e., glutathione-coated gold MNPs (GSH-AuMNPs) and
used for the covalent immobilization of the inulinase enzyme (Figure 4). The resulting magnetically
recoverable and solid biocatalyst was applied for efficient biotransformation of inulin to high fructose
syrup. After immobilization, the storage stability and reusability of inulinase were considerably
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improved, and the immobilized biocatalyst preserved about 78% of its original activity after 10 repeated
cycles. Immobilization on MNPs improved the enzyme performance at acidic pHs (3.0 and 4.0) and high
temperature up to 80 °C. Chromatographic results revealed the complete hydrolysis of inulin and the
end-products of both free and immobilized biocatalytic systems only consisted of 98% of fructose and
up to 2% of glucose. The findings demonstrated that the magnetic nanomaterials-immobilized inulinase
mightdisplay a high potential for larger scale synthesis of high fructose syrup and fructooligosaccharides
useful for biotechnological, food, and biomedical industries [23].
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Figure 4. Enzyme immobilization steps including (I) cross-linkage of glutathione decorated Fe;O4-Au
magnetic nanoparticles (GSH-AuMNPs) with GA, and (II) enzyme immobilization on GSH-AuMNPs
surface. Reprinted from Mohammadi et al. [23], with permission from Elsevier. Copyright (2018)
Elsevier B.V.

3.5. Other Applications

Inrecent years, fabrication of virus-like structured particles has appeared as one of the most creative
and state-of-the-art support materials for enzymes immobilization. These novel materials offered a
noteworthy biocatalytic platform enabling the durable stability and reusability of the enzymes [57].
For instance, P22 virus-like particles [58], QP virus-like particles [59], and cowpea chlorotic mottle virus
particles [60,61] have been effectively created and employed for the enzyme immobilization. To date,
a range of enzymes has been encapsulated onto these virus-like nano-carriers with the significant
activity retention against extreme pH and temperature ranges [57]. For the first time, Jiang and
coworkers [20] successfully synthesized hydrophobic virus-like organosilica nanoparticles (VOSNSs)
with a spherical core (Figure 5A) and employed for the covalent binding of the Candida antarctica
lipase B (CALB). The synthesized hydrophobic VOSNSs secured the active conformation of the CALB
from the external hazardous environment because of stronger hydrophobic interfaces between the
CALB molecules and VOSNSs. As a result, the newly developed CALB@VSNs (Figure 5B) presented
superior pH and thermal resistance, high tolerance to organic solvents and long-term storage stability.
Under the optimized operating conditions, the CALB@VOSN:Ss efficiently catalyzed the esterification
reaction of levulinic acid and n-lauryl alcohol. Interestingly, it maintained 75.7% of the levulinic acid
transformation even after nine continuous biocatalytic cycles [20].

Recently, subject to the requisite application, enzymes have been integrated with nanomaterials
as immobilization carriers to engineer nano-biocatalysts [62]. Hosseini et al. [21] prepared new
nano-magnetic biocatalyst particles following immobilization of CALB onto chitosan-cross-linked
MNPs (Figure 6). The as-synthesized CALB-immobilized nanoparticles showed high storage stability
and repeatability because of tightly cross-linked chitosan structure and covalent bonding. The newly
developed magnetic biocatalyst efficiently catalyzed the ring opening esterification of itaconic anhydride
as compared to the free enzyme [21]. In another study, C. rugosa lipase (CRL) coupled to new
zwitterionic polymer-grafted silica nanoparticles (SNPs-pOD-CRL) displayed substantially improved
enzyme-substrate affinity and catalytic performance than soluble enzyme due to the activation
of lipase by the hydrophobic alkyl chains of the polymer (Figure 7) [63]. Moreover, a significant
increase in thermal stability profile indicates that zwitterionic polymer with shorter alkyl side chains is
advantageous to develop thermostable enzymes [63]. Of most recent, Suo et al. [24] developed a novel
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immobilization strategy to increase the catalytic stability of lipase enzyme. In this method, lipase was
adsorbed on ionic liquid (IL) modified magnetic chitosan (MCS) composites and graphene oxide (GO)
nanosheets served as shell coating for anchoring the lipase structure (Figure 8) [24]. The GO-shielded
novel biocatalytic system sustained 6.72-fold high activity as compared to the free enzyme. In addition,
the thermal stability was also enhanced, and the immobilized enzyme retained 92.1% of residual
activity after 10 cycles of reuse [24]. Wang et al. [31] synthesized stable magnetic Fe;O4@chitosan
nanoparticles by an efficient and simple in-situ co-precipitation technique and used to chemically
conjugate lipase from Thermomyces lanuginosus by covalent immobilization. Besides a broader pH and
thermal tolerance, the immobilized lipase also exhibited good reusability maintaining 70% of original
activity after 10 reaction batches. The nanobiocatalyst achieved higher than 50% conversion of ascorbic
acid when used for ascorbyl palmitate synthesis in tert-butanol at 50 °C [31].
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nanoparticles VOSNs and (B) preparation of the hydrophobic virus-like organosilica nanoparticles
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Elsevier. Copyright (2019) Elsevier B.V.
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Figure 8. Immobilization of lipase on ionic liquid (IL) modified magnetic chitosan (MCS) composites
using graphene oxide (GO) as shell coating. Reprinted from Suo et al. [24], with permission from
American Chemical Society. Copyright (2019) American Chemical Society.

4. Biomedical Perspectives of Magnetic Nanomaterials

Magnetic nanoparticles are the most promising area and have a wide range in multi-disciplinary
applications because of its unique features such as eco-remediation, biological purification, magnetic
fluids, and a number of biomedical applications including hyperthermia mediated cancer treatment,
biosensors for disease detection (MRI), and site-specific drug delivery. It varies in size from few to
tens of nanometers (nm) [64]. It means MNPs are smaller than a cell (10-100 um), protein (5-50 nm),
gene (2 nm wide and 10-100 nm long), and virus (20-450 nm). Its small size makes enable to get
closer to the desired targets. Although, NMPs coated with some biological interacting molecules that
enable it to penetrate or tag the biological object [65]. MNPs obey the coulombs law that means it
can be deployed by any outward magnetic gradient. These properties of MNPs open up the new site
for immobilization or transportation of MNPs into the biological systems including human tissues.
Therefore, these particles can act as a protective shield to deliver the variety of drugs especially
anticancer, radionuclide entities, and target the hard sites of the human body like brain [66]. Another
MNPs advantage is to response against the resonance applied by external system as a result transfer of
energy from an excited medium to nanoparticles can be used for detection. For instance, hyperthermia
is a nearly acceptable technique that is used for the treatment of cancer along with chemotherapy or
radiotherapy, because it induces minimal damage to normal cells. In this technique, particles are used
that act as hypothermic mediators [67]. These particles transfer the heat beyond the threshold level that
are enough to kill the cells present in the cancer microenvironment. In various envisioned applications
of MNPs, the size of the particles play a crucial role in the functionality, for example in various
envisioned applications of particles are depends upon the size [68]. The particles have below critical
size perform well. These particles are considered as a single functional magnetic domain which shows
superparamagnetic properties when exceed the temperature threshold value. Sometime individual
particles showed constant paramagnetic behavior and act like gigantic paramagnetic entity. These giant
particles have a very quick response to the remnant magnetization or residual magnetization (magnetic
force remains after external magnetization removed) and coercive force (the field required to bring the
magnetization to zero). These distinctive features of particles make them very strong and potential
candidate in biomedical applications [69-71].

Preparation of NPs are usually fall in the inductive method (bottom-up). In this method, NPs are
fabricated from an atom level to the molecular level through self-organization pattern. In biomedical
applications, core—shell of NPs is from the magnetic origin than make it more stable, compatible,
and fast-penetrating through encapsulated with organic or inorganic polymers [72]. These supportive
modifications enable them to use in various biomedical applications. Although morbidity rates globally
comparatively decrease with the advancement in medical science, cancer is still one of the biggest
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contributors to increase the mortality rate. Albeit according to the ACS (American Cancer Society)
report mortality rate due to cancer decreased in the past few years. This is because of early diagnosis,
target specific treatment, and decrease in smoking [73]. The conventional mode of treatment including
chemotherapy, radiotherapy, sometimes surgery, and immunotherapy are unable to access and target
the core micro tumor environment. Currently, combinatorial therapy also called multimodal treatment
in which immunotherapy (relative advance), chemotherapy, and radiotherapy are used in combine
fashion to get better results in cancer treatment [74].

Therefore, specific and targeted drug delivery provides a good opportunity to treat diseases.
For the drug delivery, small particle (micro or nanoparticles) are being used to get momentous results
including: (1) targeting the core area of a diseased body organ; (2) reducing the concentration of drug
that is conquered by the surrounding cells of the target area; (3) reducing the maximum uptake of drugs
by non-target cells that maximized the efficacy of drugs. Due to these reasons, the NP application
graph exponentially increased in previously published articles (Figure 9) [75].
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Figure 9. Global market trends for nanotechnology in drug delivery 2011-2021. Adopted from “Market
Opportunities in Nanotechnology Drug Delivery”. Available at: http://www.cientifica.com/market-
opportunities-in-nanotechnology-drug-delivery/. Last accessed 9 May 2019.

NPs can easily internalization in tissue and cells because it can be phagocytosed due to its small
size. Magnetic NPs based targeted delivery follows both the pattern of targeting active and passive
target delivery. Previously reported that tumor microenvironment is highly permeable and drippy,
so it called extravasation as a result of NPs target the tumor passively. These factors combine to
enhance the permeability and retention of NPs so this phenomenon is known as enhanced permeation
and retention (EPR) [76]. Along with all above-mentioned advantages, NPs have some limitations
other than size. The main concern with NPs is the retention time in bloodstream. Therefore, the big
problems with passive delivery of conventional NPs are that (i) they only target the reticuloendothelial
system or mononuclear phagocyte system (MPS) and related organs including spleen, bone marrow,
and liver; and (ii) they are unable to access the other tumor target sites or drug concentration is below
the therapeutic level [68,77,78].

Previous studies have shown that in tumor cells were overexpressed different receptors such as
G protein-coupled receptor GPR87 (pancreatic cancer) [79], GPR161 (Breast cancer) [80]. Therefore,
active targeting vectors have been designed that are delicate to change in temperature, light, sound,
magnetism, and pH and mounted it with drugs. Active targeting may be dependent on over-expression
of low molecular weight species including Folic acid, sugars, thiamine, hyaluronic acid, transferrin,
DNA, etc. [81,82]. There are different types of NPs such as Liposomes, polymeric micelles; polymeric
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nanoparticle, emulsions, and nanogel are used for specific target delivery. These NPs are different in
chemical nature, size, physical properties (light, temperature, pH, electric charge), hydrophobicity,
hydrophilicity and pattern of conjugated with drugs (attached, adsorbed, encapsulated) [10]. Hereby,
in this section, we mainly address the MNPs.

4.1. Efficacy of Nanoparticles-Based Drug Delivery

With the advancement of drug formulation, the designing of target-specific drugs is always the
central and most discussed issue. Nanoparticle-based drug delivery is one of the most considerable and
suitable options for target drug delivery. There are several reasons to considering the nanoparticle for a
theranostic carrier and agent. Conventional drugs are administered through intravenous or oral dosing.
Consequently, these drugs are not always be formulated at optimal dosage. Similarly, sometimes drug
formulation is based on degradable biomolecules such as oligos, nucleotides, and proteins. Therefore,
these kinds of drugs need an innovative and specifically targeted carrier system that thwarts them
from annoying degradation [83,84]. It is reported that drug delivery system is directly linked to
the size of particles because the large surface area with small size that enhances the physiochemical
properties of particle including bioactivity, solubility, passes the blood-brain barrier (BBB), and crosses
the skin endothelial cells [85]. Nanoparticles that are constructed from biodegradable (natural)
and non-biodegradable (synthetic) polymers have envisaged the potential customized nanoparticles
for drug delivery that help to escape the drugs from the endogenous invasion of enzymes [84].
Another advantage of introducing reliable drug delivery system that increase the sale growth rate of
pharmaceutical companies. The state-of-the-art delivery system leads the companies to introduce new
drug formulation and minimize the side effects of the drugs. Therefore, these innovative amendments
will be valuable for patients [86]. Moreover, this not only increases the company’s growth rate but also
encourage the innovators to introduce new patents [87]. This nanotechnology will also offer new life to
that drugs that are unmarketable due to the high toxicity, low bio absorptivity, etc. (Figure 10) [88,89].
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Figure 10. Scheme of magnetic particles design workflow (A) and possible modification and
functionalization of magnetic particles (B). Reprinted from Kudr et al. [89], an open access article
distributed under the Creative Commons Attribution License. Copyright (2017) the authors. Licensee
MDPI, Basel, Switzerland.

4.2. Iron-Based MINPs for Biomedical Applications

Iron (transition element) is the most important and fourth copious element of earth’s crust, as well
as, considered as the backbone of modern infrastructure, around the globe. In past years, iron-based
nanoparticles were abandoned due to its oxides and other renowned metals including nickel, cobalt,
platinum, and gold. Nowadays, the development of iron-based MNPs is a trend in the field of
nanoscience. Comparative analysis of ferromagnetic properties of iron with other magnetic material
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has shown that iron is the leading element for nanoparticles applications. For example, gadolinium
has low Curie temperature (Tc), that is below the room temperature and it shows high saturation
magnetization (os) at 0 K. Therefore, it is impractical in most of the experiments. Iron has high enough
Tt and os that are near to the optimum status in most of the experiments. Moreover, iron also shows
via magnetocrystalline anisotropy that it was more feasible for work. Superparamagnetic behavior and
maximum volume particles of iron at the required temperature is directly linked to magneto-crystalline
anisotropy. This means that superparamagnetic behavior is much better and workable than any other
metal nanoparticles.

Other than the magnetic feature, momentous features of iron nanoparticles that have been
shown that these are less expensive, revealed the adequate biophysical and biochemical stability and
compatibility as well as eco-friendly [76,90,91]. Surface modification of the MNPs is an integral part of
defining the physiochemical properties and stability as well [92,93]. Surface modification elements
should have a strong affinity with iron and also have functional compatibility [94]. Magnetite (Fe30,)
nanoparticles have been synthesized through Massart method and co-precipitation. These nanoparticles
have varied between 7 to 13 nm in size. Later on, through the chemical alteration of Fe30, by aeration
oxidation process were converted into maghemite (y-Fe;O3) nanoparticles. These nanoparticles have
greater biocompatibility, stability in the diverse field, and they demonstrate better heating capability [95].
Maghemite nanoparticles can also be used in ferrofluid that has an immense range of application in
biomedicine, such as targeted drug delivery, hyperthermia in tumor treatment, and cell sorting and
manipulation [96]. There is a number of methods to be implicated on maghemite nanoparticle synthesis
including microemulsion [97], co-precipitation [98], organic decomposition at high temperature [99],
and oxidation [100]. Similarly, there are many other ways to synthesize the iron MNPs, but innovative
approaches are still needed for commercial production and environmental-friendly nanoparticles [101].
For iron oxide nanoparticles synthesis, sodium oleate, and iron chloride were mixed and add this mixture
into cocktail solvent of hexane, ethanol, and water than heat it to get the waxy iron—oleate complex.
Afterward, this complex mixed with oleic acid, dissolved into 1-octadecene and heated. Poly(p,
L-lactide-co-glycolide) have a wide range of applications in biomedical sciences due to its non-toxic
nature, biocompatibility, and bio-resorptive nature [102,103]. Therefore, MNPs-coated with this
polymer is very fascinating and catch the attention of biomedical experts. Poly(p, L-lactide-co-glycolide)
coated superparamagnetic iron oxide nanoparticles are widely used in MRI as a contrasting agent.
For the preparation of this nanoparticle reaction of iron (III) acetylacetonate with 1,2-hexadecanediol,
oleic acid, oleylamine, and phenyl at 260 °C in acidic pH [104]. polyethylene glycol (PEG) and
polyethyleneimine (PEI) [105-107] coated superparamagnetic iron oxide nanoparticles are synthesized
by co-precipitation method and cathodic electrochemical deposition (CED) [108] are a more effective
method for this. Nanoparticles coated with PEG-PEI have shown high affinity to bind with DNA
phosphate backbone [109].

There are the special amendments that have been occurred according to the area of applications
such as improving the molecular images. A distinct group of MNPs having composite with the variety
of different metal dopants (trace impurity elements) including M2+, Mn, Zn, Ni, or Co. Metal-doped
iron oxides (MnFe;Oy, FeFe,O4, CoFe;04, and NiFe,Oy) based nanoparticles were synthesized at
high temperature and reaction occurred between the iron tris-2,4-pentadioate and divalent metal
chloride [110,111]. Toxicological analysis of metal-doped nanoparticles has expressed that MnFe,;O,
showed any toxicity in-vitro. While the other Co and Ni toxicity were limiting factors for their
use [90]. Finally, the most imperative facet is to construct nanoparticles according to explicit biological
applications, for example, magnetic fluid hyperthermia, thermoablation, targeted drug delivery,
magnetic separation, and MRI [112].

4.3. Cobalt-Based MINPs for Biomedical Applications

Cobalt-based nanoparticles are rarely used in biomedical science due to their toxicity. However,
in some cases, possible modification reduces the toxicity, for example, above-mentioned dopant
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based MNPs (CoFe;Oy) [112] and metal alloy MNPs (Fej>Cogg, FesgCogp, and FegyCoyp) [112,113].
There is the only way to make it applicable to biological systems. Commercially existing carbon-coated
cobalt nanoparticles were functionalized with polyhydroxy-, polyamine-, or PEG2000-functionalized
Dendron’s or polymers and designed for theoretical biomedical applications as drug carriers [114].
Previous work reported that magnetic cobalt nanoparticle is auspicious material for retinal detachment
cure if these nanoparticles were conjugated with poly (dimethylsiloxane), dicobalt octacarbonyl
Co0,(CO)g [115]. Similarly, the above-mentioned application of cobalt that were only testified to repair
the detach retina [116]. An altered polyol-process was pragmatic for crystalline cobalt nanoparticles
with the possible implication in biomedicine [117].

4.4. Other MNPs for Biomedical Applications

In the traditional point of view refined form of Fe304 and y-Fe,O3-based superparamagnetic
nanoparticles are widely used. Some other materials that have desired features like Y3Fe501, StFe1,019,
or SmCos were also used [118]. However, the major problem with these materials is they are not
prepared by conventional methods. These materials are separated and prepared by advanced methods
like submicron particle preparation [119]. Another type of nanoparticle is based on Ni with different
chemical modifications. Ni nanocrystals were encapsulated with carbon moieties NizC phase in the
core of the nanoparticles [120] and second modification was on the surface by NiO [121]. Similar,
EDTA-caped NiO nanoparticles have been prepared by co-precipitation method, while nickel chloride
hexahydrate, sodium hydroxide, and EDTA (optionally) served as reagents [89,122].

5. Concluding Remarks and Future Perspectives

Nanomaterials are being widely investigated as a powerful carrier for biomolecules immobilization,
therapeutic, and other nanobiomedical applications. Immobilization of enzymes onto nanomaterial is
highly encouraging in terms of catalytic activity, enhanced stability, and reusability. Amongst various
immobilization techniques, the utilization of NPs is well perceived owing to the high-specific surface
area, and thereby high biocatalyst loadings. Particularly, MNPs are becoming increasingly important
in the immobilization arena because of their exceptional attributes including biocompatibility, uniform
particle size, high surface area to volume ratio, and the recovery of the enzyme using an external
magnetic field. Moreover, many MNPs possess noteworthy results in targeted-drug delivery MRI
or theranostics. Therefore, MNPs can be anticipated to be the ‘material of the future’, which will
considerably influence all areas of nano-biomedicine. However, despite the tremendous human
health-related advantages of nanomaterials, concern has been raised regarding the adverse effects of
these nanomaterials. Potential routes for drug delivery are also associated with the possible entry of
toxic nanomaterials into the human body. For instance, inhalation-based drug delivery has been widely
applied approach for direct delivery of drugs to the bloodstream, and the same route is particularly
vulnerable to toxic nanomaterials. Similarly, drug delivery via the olfactory system has also arisen
the toxicity issue of nanoparticle via the olfactory system. Therefore, in parallel to extensive research
advances on the use of nanoparticles for biomedical purposes, their profound impact on human
health also need to be deliberated by the same research. With particular reference to MNPs and
their deployment in drug delivery, the following should at least be considered prior to designing
MNP-based drug delivery systems. Aiming to uplift the unresolved problems associated to the MNPs
based drug delivery, future studies should cover: (1) all types of toxicity issues, i.e., cytotoxicity,
hemotoxicity, teratogenicity, and mutagenicity; (2) biocompatibility including cellular-compatibility
and hematocompatibility; (3) immunogenicity and mutagenicity; and (4) biodegradation and/or
effective release ‘removal fate” from the body after targeted delivery. Encapsulation and/or coating
of active MNPs using inert materials offer considerable potentialities for future research and could
further limit the toxicity of free MNPs.
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Abstract: Hyperthermia is a noninvasive method that uses heat for cancer therapy where high
temperatures have a damaging effect on tumor cells. However, large amounts of heat need to be
delivered, which could have negative effects on healthy tissues. Thus, to minimize the negative side
effects on healthy cells, a large amount of heat must be delivered only to the tumor cells. Magnetic
hyperthermia (MH) uses magnetic nanoparticles particles (MNPs) that are exposed to alternating
magnetic field (AMF) to generate heat in local regions (tissues or cells). This cancer therapy method
has several advantages, such as (a) it is noninvasive, thus requiring surgery, and (b) it is local, and
thus does not damage health cells. However, there are several issues that need to achieved: (a) the
MNPs should be biocompatible, biodegradable, with good colloidal stability (b) the MNPs should be
successfully delivered to the tumor cells, (c) the MNPs should be used with small amounts and thus
MNPs with large heat generation capabilities are required, (d) the AMF used to heat the MNPs should
meet safety conditions with limited frequency and amplitude ranges, (e) the changes of temperature
should be traced at the cellular level with accurate and noninvasive techniques, (f) factors affecting
heat transport from the MNPs to the cells must be understood, and (g) the effect of temperature on
the biological mechanisms of cells should be clearly understood. Thus, in this multidisciplinary field,
research is needed to investigate these issues. In this report, we shed some light on the principles of
heat generation by MNPs in AME, the limitations and challenges of MH, and the applications of MH
using multifunctional hybrid MNPs.

Keywords: magnetic hyperthermia; cancer; nanoparticles; magnetic relaxation; magnetic anisotropy;
heat generation; multifunctional nanoparticles; graphene oxide; photothermal therapy

1. Introduction

1.1. Effects and Categories of Hyperthermia

Hyperthermia which is the treating of diseases by heating was known since the ancient era [1].
Increasing the temperature of cells above 41 °C is known to cause some effects in the membrane and
interior of the cell, such as (a) increasing the fluidity and permeability of the cell membrane, (b) slowing
down of the mechanisms of synthesis of nucleic acid and protein, (c) inducing protein denaturation
and agglomeration, and (d) damaging the tumor vasculature resulting in a decrease of blood flow [2].

Magnetochemistry 2019, 5, 67; doi:10.3390/magnetochemistry5040067 183 www.mdpi.com/journal/magnetochemistry



Magnetochemistry 2019, 5, 67

Hyperthermia is divided into three main categories depending on the size of the cancer region
being treated [3-5]: whole-body, regional, and local hyperthermia. In the whole-body hyperthermia
approach, heat is applied to the whole body in several ways such as using hot water blankets, electric
blankets and hot wax. In the regional hyperthermia method, heat is applied to a whole organ or region
of the body using external arrays of applicators, and regional perfusion. In local hyperthermia, heat
is applied to small tumor regions using electromagnetic waves such as radio waves, microwaves,
and ultrasound, which are generated by applicators that are placed at the surface or under skin of
superficial cancer or implanted inside the targeted region. In these methods, the temperature must be
increased between 41 °C and 45 °C. Each one of these has its negatives. Some of these negatives [2,6]
are in all these techniques: (a) heat is applied to the healthy cells in addition to the unhealthy ones
which could cause negative side effects, (b) temperature control and measurement at the cell level is
difficult, (c) the applied heat is not uniform through the targeted region, and (d) the amount of heat
delivered is small. In local hyperthermia, there is a better control on the area exposed to heat and
a better heat uniformity. However, local hyperthermia sufferers from two main drawbacks: (a) it is
highly invasive for deep cancer regions and (b) the small penetration depth, which is approximately a
few centimeters. These drawbacks of local hyperthermia make it better used for small and superficial
cancer regions. Nanotechnology can help in eliminating these two negatives of local hyperthermia.
Using local hyperthermia with magnetic nanoparticles (MNPs) that are delivered only to the cancer
cells and heated externally by an alternating magnetic field (AMF) makes it a noninvasive method,
minimizes the side effects and allows for targeting deep cancer cells [5].

Note that for practical applications of MH, the MNPs should have narrow size distribution.
Particles with considerably different sizes will result in inhomogeneous heat generation in tissues.
This means that while the heat generated through the whole tissue is still below the required value,
some parts in the tissue might get overheated causing negative side effects. Also, note that for in vivo
hyperthermia experiments, it is difficult to measure the temperature of deep parts of the targeted body.
In addition, measuring the temperature at the cell level is not yet permitted. For in vivo experiments,
the MNPs can be injected directly in the tumor region or through blood (intravenous administration).
In the latter case, two main issues should be resolved; (a) the MNP concentration should be large
enough to generate the required amount of heat, and (b) the size of the MNPs to be used should be
between 5 nm and 100 nm. If the size of MNPs is less than 5 nm, they will be eliminated through
the kidney, whereas particles larger than 100 nm will be cleared by macrophages and moved to the
liver [7]. The blood circulation time will thus be minimized and thus the chances for particles to reach
the targeted region with enough concentration will be reduced. Additionally, note that Brownian
relaxation (will be discussed later) is prevented or minimized in vitro and in vivo experiments when
the MNPs are placed in cells or on their membranes. Thus, Neel relaxation will dominate. Thus,
hyperthermia measurements are important not only in aqueous suspension, but also in media that is
similar to the targeted tissue [8]. In addition, for in vivo experiments, reasonable data is obtained only
when the frequency and amplitude of the AMF satisfy the safety criteria.

Several review papers and books discussed the physics and application of MH using MNPs [9-21].
In this report, we present the principles of MH and the physics of heat generation. We also discuss
how to measure the power dissipation using calorimetry methods. We also discuss the multifunctional
applications of MNPs.

1.2. Magnetic Nanoparticles for Local Hyperthermia

The magnetic properties of MNPs are determined by two main features: (a) finite-size effects
and (b) surface effects [16]. Finite-size effects are related to the structure of the NP (single-domain or
multidomain). On the other hand, surface effects result from several effects such as the symmetry
breaking of the crystal structure at the surface of the particle, dangling bonds, oxidation, and surface
stain. The role of surface effects increases as the particle size decreases. This is the case because the
ratio of the number of surface atoms to the core atoms increases as the particle size decreases. Due to
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size-effects and surface effects, magnetic properties of MNPs, such as magnetic moment per atom,
saturation magnetization, magnetic anisotropy, coercivity, and Curie temperature, can differ from those
of a bulk material [16,22]. The preferred size of the MNPs in most medical applications, is between 10
and 50 nm. Usually, MNPs become single domain particles and display superparamagnetic behavior
above a certain temperature called the blocking temperature. In the superparamagnetic state, a
nanoparticle has a large magnetic moment and behaves like a giant paramagnetic atom with a fast
response to applied magnetic fields with almost zero magnetic reminiscence and coercivity. For MH
applications, MNPs must possess large saturation magnetization: Ms values that will generate large
amount of heat in the tumor cells under the application of AMF. In addition, large M values allow for
more control on the movement of the MNPs in the blood using external magnetic field [23]. In addition
to the requirement of large Ms, MNPs should be superparamagnetic to achieve good colloidal stability.
In the absence of an applied magnetic field, the MNPs in superparamagnetic state lose their magnetism
at temperatures above the blocking temperature. This guarantees that the particles will not aggregate
and thus they will maintain their colloidal stability. In addition, the interparticle (dipolar) interactions
between MNPs decrease with the decrease of the size of particles. This can be understood since the
dipole-dipole interaction energy scales as r° (r is the interparticle distance). Thus, the small dipolar
interactions will result in minimizing the particle aggregation in the existence of applied magnetic
field. However, it is important to understand that these two conditions on MNPs (with large Mg and
superparamagnetic) should not be isolated from other factors that affect heat generation. For example,
heating power was found to be maximized in large ferromagnetic NPs with low anisotropy [23]. Also,
the optimum size for the maximum power loss was found to vary with the amplitude of the applied
magnetic field [24] and frequency as well. Therefore, several experimental conditions should be
considered before we can decide on the choice between superparamagnetic and larger ferromagnetic
NPs for MH.

Iron oxide nanoparticles (IONPs), such as magnetite (Fe304) and maghemite (y-Fe;O3), have good
magnetic properties [25,26] that can be tuned by (a) changing synthesis methods, (b) changing the shape
and size, (c) modifying the surface structure, (d) and synthesizing core—shell structures with tunable
interface exchange anisotropy. The IONPs are good candidates for hyperthermia applications [25,27]
due to (a) the ease of synthesis with small sizes and well controlled size distribution, (b) their
biocompatibility, and (c) their biodegradability. Although the IONPs are degraded in human body,
iron atoms are released. The metabolic mechanisms in humans can manage the released iron atoms by
storing or transferring them [28,29].

2. Heat Generation

2.1. Magnetic Relaxation Processes

Magnetocrystalline (or magnetic) anisotropy in magnetic materials results from the spin-orbital
interactions of the electrons. The magnetic anisotropy is responsible for keeping the magnetic moments
in a particular direction. Atomic orbitals mainly have nonspherical shapes, and thus they tend to align
in a specific crystallographic direction. This preferred direction is called the easy direction. In magnetic
materials with large magnetic anisotropy the atomic spin and the orbital angular moments are strongly
coupled and thus the magnetization prefers to align along the easy direction. Energy (called the
anisotropy energy) is needed to rotate the magnetization away from the easy direction. For uniaxial
anisotropy, the anisotropy energy per particle is given by [30]

E = K V sin0 -+ higher order terms 1)

Here, K is the anisotropy constant (it includes all sources of anisotropy and has a unit of J/m3),
V is the magnetic volume of the particle, and 0 is the angle between the particle magnetization and the
easy magnetization axis. The higher order terms are very small compared with the first term, and thus
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can be ignored. In this case, there is only one easy axis with two energy minima separated by the
energy maximum, KV.

From Equation (1), we can see that the anisotropy energy is directly proportional to the particle
size and to the anisotropy constant. For a fixed K, when the particle size, V decreases the anisotropy
energy, E decreases. When V gets very small (reaching the single magnetic domain region), E (which
holds the magnetic moment of the particle along the easy axis) might become smaller than the thermal
energy, Ey, = kgT (kg is the Boltzmann constant). The particle magnetic moment thus starts to flip
freely and randomly in all directions leading to zero net magnetization (in the absence of an external
magnetic field). When a magnetic field is applied, energy is given to the particles which will force the
magnetic moments of the particles to align along the field direction away from the easy axis. When the
field is removed (as with AMF), the magnetic moments will return back (relax) and align along the
easy axis. Thus, the gained energy by the applied magnetic field will be lost as heat. If the applied
field is AME, this aligning and relaxation of moments processes will continue, and thus heat will be
generated as long as the AMF is applied.

When the orientation of the particle itself is not allowed to change (no physical rotation) during
the flipping of its magnetic moment, then the relaxation time of the moment of the particle is called the
Néel relaxation time, Ty and is given by [15,31-33]

_ E T[kBT X (KeffV) (2)

™5V KV TP\ T

where K is the effective magnetic anisotropy and the factor t9 ~ 10713-10%s [10,34].

In a magnetic measurement, we call Ty, the measurement time. When the magnetization of a MNP
is measured, where 1, > Ty, the magnetic moment of the MNP will flip several times (randomly)
during the measurement giving zero average magnetization. In this case, the MNP is said to be in the
superparamagnetic state. On the other hand, when 1, < Ty the magnetic moment of the particle will
not have enough time to flip during the measurement and thus the moment will be blocked at the
initial non-zero value at the beginning of the measurement. In this case, the NP is said to be in the
blocked state. When 1, = T, a transition between the superparamagnetic state and the blocked state
occurs [30]. Therefore, at T}, the Néel relaxation time will be equal to the measurement time, TN = Trm.
In the superparamagnetic state, no magnetization appears when applied magnetic field is zero.

In magnetization experiments the measurement time is usually kept constant while the temperature
is varied. In such case the transition between superparamagnetic and blocked states is obtained as
a function of temperature. The temperature at which this transition occurs is called the blocking
temperature, T},. In addition to its dependence on the particle size and magnetic anisotropy, the blocking
temperature also depends on other factors such as particle-particle interactions. When the MNPs
are exposed to a magnetic field, their magnetic moments will be forced to align along the magnetic
field direction. If the particles can (physically) rotate and their magnetic anisotropy is large enough,
the magnetic field might be successful in causing the particles to physically rotate by pinning their
moments. Once the field is removed, the particles will start rotating again and the magnetic moments
will relax. This relaxation of magnetic moments is called the Brownian relaxation mechanism, T and
is given by [15,31,35]

3Vy

BT Ty Tn
where 1 is the viscosity of the liquid containing the particles and Vyy is the hydrodynamic volume of
the particle. The hydrodynamic volume includes the magnetic volume and the attached layers on the
surface. These attached layers are due to particle coating, absorbed surfactants or interaction with
the fluid. Therefore, Vi is larger than the original volume of the particle, V. The physical rotation
of the MNPs will cause friction between the particles and the medium in which they exist and heat
will be generated. This generated heat will depend on the hydrodynamic volume and the viscosity of
the medium.

®)
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If both moments relaxation processes exist, the effective magnetic relaxation time, Tef is then
given by
11 W
Teff ™ B
As evident from Equation (4), the effective relaxation time, T, is determined by the shorter
relaxation time (Ty or Tg). For large particles in low viscosity medium, Brownian relaxation mechanism
dominates while for small particles in high viscous medium Néel relaxation mechanism dominates.
For MNPs with an average size smaller than 15 nm, Ty is smaller than T, and therefore T is
dominated by Ty, whereas for MNPs with average size larger than 15 nm, g is smaller than Ty, and
therefore Tef is dominated by tg [31]. In in vivo MH experiments, both of these mechanisms are
expected to contribute in generating heat. It is important to realize that Equations (3) and (4) were
derived for single-domain and identical particles (same size and shape) that are isolated from each
other (non-interacting particles). In addition, Equations (1) and (2) are valid for zero (or very small)
applied magnetic field. If the applied field is not zero, then Zeeman energy should be included [15].

2.2. Power Loss in MNPs in AMF

For efficient in vivo hyperthermia experiment, we need to generate large SAR values while
maintaining safety conditions. Safety conditions include (a) the use of minimum amounts of MNPs
and (b) the use of an AMF that will not cause negative side effects due to the induced eddy currents
in living tissues. To satisfy the first condition, we need to produce MNPs with optimal magnetic
properties that will lead to large heat generation at low concentrations. These properties include
saturation magnetization and effective magnetic anisotropy. These properties depend on the size,
size distribution, interparticle interactions, particle composition, particle shape, and structure such as
MNPs with single magnetic core or MNPs with magnetic core and magnetic shell (called bimagnetic
core—shell particles). To satisfy the second condition an AMF with will defined range of intensity and
frequency is needed.

In an adiabatic process, the internal energy of a magnetic system is equal to the magnetic work
done on it [35]:

u= —pOSEMdH ®)

During a complete magnetic field cycle, the power dissipation in the magnetic system is equal
to the internal energy divided by the time field cycle. Thus, during several field cycles the power
dissipation, is equal to internal energy multiplied by the frequency:

P=uf (6)

The power dissipated in superparamagnetic NPs, due to the application of an AMF of maximum
strength H, and frequency f (w = 27f), was suggested to depend on magnetic moment relaxations
and is given by [35]

P(f, H) = Uf = muox" Ho*f (7)

where 1 is the permeability of free space and x” is the imaginary part of the susceptibility x
(x = X’ —ix”). In the linear response theory (LRT) the magnetization, M is assumed to have linear
relation with the applied magnetic field, H, and thus x remains constant with increasing H (M = xH).
The LRT can be applied for very small magnetic fields. Therefore, it can be stated that the LRT is valid
in the superparamagnetic regime where Hpax < kT /1yMsV and when the magnetization of MNPs is
linearly proportional to the applied magnetic field. Therefore, in the LRT the magnetic fields should
be much smaller than the saturation field (the field required to produce saturation magnetization) of
the MNPs (Hmax < Hk). Here, Hpax is the amplitude of the AMF and H is the anisotropy field [23].
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Thus, when the LRT is assumed, the real part (in-phase component) of the magnetic susceptibility, x” is
given by

1
X = xo———— ®)
1+ (27'CfT of f)
The imaginary part (out-of-phase component) of the susceptibility, x” is given by [36,37]
2nfT
X = xo———L 5 &)
1 + (anTe f f)
The initial constant susceptibility xp is given by
_ RMIV
=" (10)

The heating efficiency is represented by the specific absorption rate (SAR) which is also referred
to as the specific loss power (SLP). SAR is measured in watts per gram and is given by [38]

SAR(f,H) = = 11)

P(f, H) _ muox"H*f
P P

where p is the mass density of the magnetic material.

In order for the MNPs to have a practical safe application in MH the MNPs should produce
large SAR values. This is needed because of two reasons: (a) for safety measures, the MNPs should
be used in small concentrations, and (b) in living organs, the water-based medium around the cells
absorb a lot of the heat generated by the MNPs. In Rosensweig’s theory or LRT, the heat generation
of the MNPs depends on several factors such as: strength and frequency of the applied magnetic
field, the solvent viscosity, the size of the particles, the saturation magnetization and the magnetic
anisotropy of the MNPs. For safety requirements, the strength and frequency of the AMF cannot have
any value for applications on living organs. This is because eddy currents are induced in a conductor
due to an AMF and thus produce heating in the conductor. As water is a conductor, in human body
eddy currents can be induced under an AMF which could result in damaging effect. In general, the
parameters that determine the heat generation in MH using MNPs can be classified into two categories:
intrinsic and extrinsic parameters. Intrinsic parameters are related to properties of the single isolated
MNP. Magnetic anisotropy, size, composition, structure, magnetization, and shape are examples of
intrinsic parameters. On the other hand, extrinsic parameters are related to effects that have to do with
environment of the MNPs such as the parameters of the AMF (frequency, strength, homogeneity, ... ),
the distance between the MNPs (concentration or agglomeration), the viscosity of the medium, and
electric conducting properties of the tissues. In the following sections, we will focus on one intrinsic
parameter which is the anisotropy and on two extrinsic parameters which are the agglomeration
parameter and the AMF parameters (frequency and amplitude).

3. Intrinsic Parameters

3.1. Overview of Intrinsic Parameters

Intrinsic parameters include, structure, composition, phase (crystalline or amorphous), shape, size
distribution, magnetization, and magnetic anisotropy. Several actions can affect the intrinsic parameters
of MNPs such as doping [39-41], surface and interface effects [26,42]. Under an AMF, heat generation
by MNPs is determined by hysteresis loss and relaxation effects [43]. Magnetic hysteresis loss occurs in
large MNPs with more than one magnetic domain. Domain wall motion due to the applied magnetic
field will cause heat loss [44]. These large MNPs will always display magnetic hysteresis regardless if
the applied magnetic field is constant (DC) or is AMF. In small MNPs with single magnetic domain
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(these are called superparamagnetic nanoparticles), heat loss is caused by magnetic relaxation processes.
In these small MNPs no magnetic hysteresis is displayed in DC applied magnetic field. However,
when these MNPs are placed in an AMF magnetic hysteresis will be displayed due to Brownian and
Neel relaxation processes.

In addition to the MNPs volume and the viscosity of the medium in which they exist, Brownian
and Neel relaxation processes are determined also by the magnetocrystalline anisotropy of the material.
This type of anisotropy determines along which direction the magnetic moments of the material tend
to align. However, SAR values depend not only on the magnetocrystalline anisotropy, but on the
effective anisotropy which is the net magnetic anisotropy of the MNP.

3.2. The Effective Magnetic Anisotropy

To minimize the negative side effects, the dosage of MNPs required for MH treatment should
be reduced. Thus, it becomes necessary to use MNPs with the best heating capability. Magnetic
anisotropy is an important intrinsic parameter of MNPs that can be tuned to vary the heating efficiency.
However, tuning the magnetic anisotropy of MNPs is a challenging task. The effective anisotropy
has four main components: (a) the magnetocrystalline anisotropy, (b) shape anisotropy, (c) surface
anisotropy, and (d) exchange anisotropy at the interface of core-shell MNPs. All these types can be
tuned. The magnetocrystalline anisotropy can be modified by doping the iron oxides with other
elements [41]. The shape anisotropy can be changed by changing the shape of the MNPs from spherical
to cubic or other shapes [45-47]. Surface anisotropy which results from surface spin effects can be
modified by coating the MNPs [48].

The magnetic anisotropy of MNPs can be varied by synthesizing particles with bimagnetic
core-shell phases [49,50]. Theses bimagnetic core-shell MNPs with two different magnetic phases
exhibit very interesting properties [51,52]. The magnetic properties (including magnetic anisotropy) of
the bimagnetic core-shell MNPs can be tailored by manipulating the interfacial exchange interaction
between the core and shell phases [48,53]. This can be achieved by several ways: (a) selecting of the
many possible combinations of the core—shell phases, (b) controlling core and shell dimensions [54],
and (c) by controlling the interface quality [55-57]. Exchange coupling at the core-shell interface of the
MNPs could result in extremely large SAR values [41]. Large number of reports discussed the exchange
bias in MNPs with bimagnetic core-shell structures [58-60]. However, the origin of the exchange
bias is not fully understood. One of the interesting models reported to describe the exchange bias in
bimagnetic materials is based on the existence of interfacial spin-glass-like structures. The interfacial
spin-glass-like structures prevent the direct exchange coupling of the core and shell moments.

Low symmetry near the surface causes large contribution to the local magnetic anisotropy, resulting
in spin canting [61]. Lattice mismatching between the shell and core materials in the core-shell MNPs
could result in large degree of interfacial structural disorder. The smaller the core diameter, the larger
is the interfacial structural disorder [62]. This is suggested to case also at the core-shell interface
where interfacial canted spins can freeze into spin-glass-structures. Randomly spread spin-glass-like
phases at the interfaces of bimagnetic layered and core-shell interfaces were suggested to significantly
influence the exchange bias effect [58,63,64].

4. Extrinsic Parameters

4.1. Parameters of the AMF

In all types of experimental methods (which will be discussed in the next section), a source of
AMF is needed to heat the MNPs. Heat will be conducted to targeted cells through the living tissues.
This displays the necessity to understand such heat conduction and to accurately monitor the changes
in the target temperature. The AMF is usually generated using a solenoid [65] or Helmholtz coil [66].
The coil diameter is determined by the sample size. The sample is insulated from the coil by vacuum or
amaterial that has low thermal conductivity and is placed at the center of the coil where the field is most
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homogeneous. The well-controlled cooling process of the coil is an important task to maintain during
the experiment. If the coil becomes very hot, indirect heating of the sample by the heat irradiated from
the hot coil itself will occur. On the other hand, if the coil is cold, the sample might get cooled by
the coil [67]. If one of these processes occurs, the SAR data will not be reliable. For effective cooling,
the coils are usually made of copper tubes to allow cooling water to go through the wire.

As discussed in the previous section, the SAR values depend on the frequency, f, and amplitude,
H,, of the AMF. In theory, large amount of heat can be generated by increasing these two parameters.
However, practically this is not possible due to two main reasons: (a) difficulties in designing equipment
needed to generate large frequency and high field and (b) increased harm to healthy cells due to
induced eddy currents at high f and H,. The frequency of AMF that will cause reasonable heating in
MH is limited within the range of 50 kHz < f <1 MHz. Above 1 MHz, negative physiological reposes
might occur [21]. On the other hand, the field amplitude is limited to H, < 15 kA /m, which is based on
estimation of the heat dissipation by the induced eddy current [21]. Several safety conditions in terms
of the product H, f were suggested [68]. One of these safety conditions is called Atkinson-Brezovich
limit of H,f < 4.85x 108 Am~'s™1 (6 x 10° Oe Hz) [69], which was suggested based on real tests on
patients who were exposed to AMF for a duration that exceeds 1 h. The value of the product H, f at
which the patents started feeling considerable discomfort was found to be 4.85 x 103 Am~s~!. Another
safety condition was suggested to be H,f < 5x10° Am™'s™" (6.25 x 107 Oe Hz) [69]. This limit is
10 times greater than the Atkinson-Brezovich limit and was suggested to be applied to small regions of
the body of patients whose lives might be in jeopardy. A third safety condition was suggested to be
H,f < 2x10% Am™'s~" [70]. This limit is based on a simulation study of the heat resulted from the
electromagnetic field distribution in a model of human body. As can be realized that none of these
limits is based on real measurements of the effect of the AMF parameters on the functions of cells, and
thus further research is needed. Based on Atkinson-Brezovich limit, if the frequency of the AMF is
fixed at 100 kHz (which is very suitable for medical applications), H, must have values be between
4.85 x 103 Am~! (60 Oe) and 50 x 10> Am~! (625 Oe) [71].

4.2. Role of Interparticle Interactions on the Heating Efficiency

The dipolar interaction is a long range interaction where the interaction energy is proportional
to 1/r°, where  is the interparticle distance. Therefore, dipolar interactions between MNPs decrease
strongly with increasing the interparticle distance. This means that particles with small concentrations
will experience small dipolar interactions. Strong dipolar interactions are expected to have an impact
on the magnetic relaxations of MNPs, and thus on their heating efficiency in the existence of an
AME. In clinical treatments using MH, the concentrations of MNPs is 112 mg Fe/mL, while in MH
experiments the concentrations used are much smaller, usually between 0.1 and 30 mg/mL [72-83].
The high concentration of MNPs in clinical treatments result in smaller interparticle distances and
thus large dipolar interactions that could lead to agglomerations or aggregates. The agglomerations
could have a negative influence on the heating efficiency of the MNPs due to hindered relaxation
processes [31,73]. Although several theoretical and experimental studies were conducted to reveal the
role of dipolar interactions on heating efficiency in MH, there is no complete understanding of this
topic yet due to contradiction results that could have several sources [24,84-86]. By calculating wt
in some conflicting reports [31], the authors suggested that MNP concentration always suppresses
the relaxation time. However, this reduction in relaxation time could have opposite effects on SAR
depending on whether the value of wT > 1 or wt < 1. They suggested that when wt < 1, SAR decreases
as the relaxation time and T decreases, whereas for wt > 1, SAR increases as T decreases.

4.3. Beyond the LRT

LRT is only applicable at very small applied magnetic fields. Therefore, for MNPs with low
anisotropy energies the LRT will not be applicable where the magnetization saturation is reached at small
magnetic fields. In such case, the Stoner-Wohlfarth model is an option. The standard Stoner-Wohlfarth
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model is applicable when T = 0 (or in the limit of infinite frequency). If the magnetization of the
MNPs needs to flip direction between the two equilibrium positions (potential wells) it must overcome
the energy barrier between the potential wells. Since T = 0, thermal energy cannot provide such
energy. Thus, the applied magnetic field will provide the needed energy. Researchers investigated a
modification to Stoner-Wohlfarth model where thermal activation of magnetization and the sweeping
rate of the AMF were included [23]. The role of frequency and finite temperature on the areas of
hysteresis loops and coercivity were studied where analytical formulas for such dependence were
obtained. In other studies, the dynamics of rotatable MNPs in aqueous phase (which resembles the
cytoplasm) were studied in a large AMF using numerical simulations [87,88].

Monodisperse spheroidal MNPs with non-magnetic surfactant layers were considered. The MNPs
were considered to be uniformly dispersed with no aggregation due to the absence of dipolar
interactions. A two-level approximation was used where thermal activation causes reversals between
two meta-stable directions. The outcomes of the study could not be explained by the conventional
models that consider a linear response of thermodynamic equilibrium states (Hy = 0, T # 0) or the
Stoner-Wohlfarth model of magnetic field-driven reversals (Hy # 0, T = 0).

In MH experiments, the MNPs are dispersed in a liquid medium. The application of an AMF will
result in complex dynamics of MNPs in such viscous liquid. These complex dynamics are ignored in
the conventional LRT causing oversimplification of the real situation. Stochastic equations of motion
were used to study the dynamics of an assembly of MNPs dispersed in a viscous Liquid [89]. It was
found that SAR values of an assembly of MNPs in a liquid can be considerably enhanced by selecting a
suitable mode of magnetization oscillations. For Hy = 200-300 Oe and f = 300-500 kHz, with magnetic
parameters typical for iron oxides, the SAR values can be of the order of 1 kW/g. This result clearly
displays the significant difference between the magnetic dynamics of MNPs dispersed in a viscous
liquid from that of immobilized MNPs in a solid matrix.

Uniaxial superparamagnetic particles suspended in a viscous fluid and subjected to an AMF were
studied [90]. Néel and Brownian magnetic relaxations were considered. Significant contribution to
the full magnetic response of the particles (and thus to the specific loss power) was obtained due to
the viscous losses because of the particle motion in the fluid; a modification to the conventional LRT,
where the field-dependent Brownian relaxation time is suggested to replace the field-independent one.

In [23], the authors reported three types of theories can be used to describe hysteresis loops of
MNPs: the LRT, equilibrium functions, and theories based on Stoner-Wohlfarth model. Limitations
and domains of validity of each theory were discussed. The authors proposed that the separation
between “hysteresis losses” and “relaxation losses” is artificial and not correct. The LRT was shown to
be pertinent only for MNPs with strong anisotropy. Theories based on Stoner-Wohlfarth model should
be used for particles with small anisotropy. On the other hand, the LRT including Brownian motion
was suggested to be valid only for small magnetic fields [23,91].

5. Experimental and Theoretical Limitations in the Determination of SAR

There are two main experimental approaches that can be used to measure SAR. The first
approach is based on the magnetic properties of MNPs, whereas the second method is based on their
thermodynamic (calorimetric) properties. In a recent review [92], the experimental methods to measure
SAR were discussed along with the possible uncertainties. Comparison between magnetic methods
and calorimetric methods were also discussed. Here, we focus on the calorimetric methods.

Thermodynamic properties of MNPs (or any material) are not easy to be measured since they
should be done in thermal equilibrium. To minimize external heat transfer, measurements of heating
power of MNPs should be done in adiabatic conditions which are not easy to achieve. Most
of calorimetric experiments using MNPs are done in nonadiabatic conditions, and thus result in
appreciable errors [92-94]. Thus, there are always some inaccuracies in such measurements and results
should be carefully discussed.
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However, because of the difficulty to build efficient adiabatic measurement systems and because
the measurements in such systems are time-consuming, the SAR measurements are usually conducted in
nonadiabatic conditions which results in some errors. It was suggested that accurate SAR measurements
can be made using nonadiabatic conditions by using suitable experimental and analytical methods
where heat losses from the nonadiabatic setup are accounted for [94]. Possible sources of the inaccuracy
in in nonadiabatic SAR measurement are (a) the spatial inhomogeneity of temperature in the sample
where the location of the thermal probe in the sample becomes important, (b) the delaying of heating
since it takes some time for the heating curve to take off after the start of the heating process, (c) the
change of heat capacity with temperature, (d) the inhomogeneity of the magnetic field through the
volume of the sample, and (e) heating due to the experimental set-up itself (peripheral heating) and
not due to heated MNPs.

In calorimetric experiments, an AMF is applied to the sample of MNPs and the variation of
temperature is measured with time. The SAR is usually obtained from the initial slope of the
(temperature—time curve) measured data using this equation.

The induced increase in the temperature of the water dispersion enables us to calculate SAR using
Equation (12),

C dT

12)

where C (in J/K) is the heat capacity of the sample (which includes the MNPs and the suspending
medium), mpnp is the mass (in g) of the MNPs in the sample, and ’% is the initial slope of the
temperature-time curve. The heat capacity of the sample is the sum of the specific heat multiplied by
the mass of the components of the sample. For example, if the MNPs are suspended in water, the heat
capacity of the sample will be C = cyinpmamNp + CwaterMwater, Where cynp and cuarer are the specific heat
values for the MNPs and the water, respectively, and .y is the mass of the water in the sample [95].
The rationale behind the use of the “initial slope” method relies on three assumptions at the very initial
stage of heating (a) heat transfer between the sample and the environment does not exist yet and thus
adiabatic conditions are applicable, (b) temperature variations within the sample are very small and
thus can be ignored, and (c) constant temperature approximations of heat transport properties results
in very small errors and thus can be valid [96-99].

This “initial slope” method depends only on the initial temperature changes and ignores the entire
heating curve and thus it does not display the entire temperature dependence of SAR [100]. In addition,
it was shown that fluctuations and non-linear temperature rise can occur in the initial heating
stage [96,101], which contradicts the main assumption of the initial slope method. This commonly
used initial slope method was suggested to underestimate values by up to 25% [94]. The full-curve fit
method was found to improve upon the “initial slope” method, but underestimation by up to 10%
could result. A third method, the “corrected slope” method [94], was found to be the most accurate
method. More details about several proposed methods to calculate SAR from heating data can be
found in [92,94,101]. In [98], the validity of measured trends of SAR values with varied experimental
conditions was discussed. The SAR values for obtained for magnetic nanoparticles depends on the
geometry, saturation magnetization, coating used for functionalization, and parameters of ac magnetic
field used for the measurements.

SAR values for of several ferrite nanoparticle systems are listed in Table 1.
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Table 1. Specific absorption rate (SAR) values of ferrite nanoparticles with respect to size, shape, surface
coating, and parameters used for obtaining hyperthermia measurements.

Shape & Size (kA/m)  Frequency

(am) Material Coating Field (kHz) (W/g) SAR  Reference
Octahedral-43 Fe;04 CTAB 63 358 2483 [102]
Rings-73 Fe;04 mPEG 35 400 2213 [103]
Disc-225 Fe304 CTAB 47.8 488 5000 [104]
Cubes-19 Fe304 PEG 29 520 2452 [48]
Sphere-14 MnFe, Oy GO 60 240 1588 [105]
Core-shell @i;[’:;?e?& DMSA 373 500 2250 [41]
Nanoclusters-33 Fe;0y4 PMA 23.8 302 253 [106]
Sphere-45 Fe30y4 GO 325 400 5160 [107]
Sphere-45 Fe;04 PVP 325 400 1100 [107]

6. Thermometry in Magnetic Hyperthermia

For in vivo hyperthermia, the temperature of the targeted tissue or cells must be measured
accurately using noninvasive methods. Tracking the temperature change in the tissue is important
during the whole hyperthermia experiment, because a large increase in the temperature could cause
damage to healthy cells. On the other hand, low temperatures of the tissue will not result in the
required amount of heat to kill tumor cells. Several thermometry methods in magnetic hyperthermia
are being investigated. The most used thermometry method is based on optical fibers. This method is
being used mainly in hyperthermia in aqueous suspension and in vitro experiments. This method
has two main limitations: (a) it cannot provide a detailed scan of temperature within the sample
because the dimensions of the fiber tip are larger (~200 um) [67], and (b) it is an invasive technique
which is not preferred for in vivo applications. Noninvasive thermometry methods that depend on
optical properties were investigated [108,109]. However, as these methods depend on properties of
the light they face the limitation of short penetration depth into tissues. One of the good noninvasive
thermometry method is based on magnetic resonance imaging (MRI) technique [110]. When conducting
the magnetic hyperthermia treatment, the tumor tissue is placed at the center of the coil generating
the AMF, whereas MRI thermometry requires the placement of the tumor tissue at the center of
the MRI cavity. However, MRI uses high constant magnetic field (usually 3 T), which can pin the
magnetic moments of MNPs and prevent them from rotating while they are exposed also to the AMF
of hyperthermia. This will lead to a narrow dynamic hysteresis loops and thus will slow down heat
generation of the MNPs in the hyperthermia process [111,112]. Thus, MRI thermometry might not be
the optimum choice of thermometry in hyperthermia treatment. Several other noninvasive methods
which depend on the magnetic response of MNPs to the applied magnetic field were proposed [113-122].
In these methods, the temperature-dependent of coercively [117,123], the temperature-dependent of
magnetization, and the higher-order harmonics of the magnetization of MNPs were used as temperature
sensors. In these noninvasive methods, the MNPs will do the heating and at the same time will work
as a temperature probe.

7. Multifunctional Hybrid Magnetic Nanoparticles for hyperthermia Based
Biomedical Applications

Magnetic nanoparticles with efficient heating capacity are subjected to intense research for various
thermal based in vivo and in vitro studies for biomedical applications [124,125]. There are numerous
reports of the detailed investigations for the applications of magnetic nanoparticles for magnetic
imaging guided hyperthermia, magnetic actuated drug delivery, thermal cancer therapy, and biofilm
eradication [126]. Magnetic nanoparticle when combined with materials like graphene oxide (GO),
photoactive materials, mesoporous silica nanoparticles, and polymeric nanoparticles results in hybrid
materials with multifunctionality [126-128]. Schematic representation of various phenomena involved
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in magnetic hyperthermia, thermosensitive drug delivery, and biomedical applications using magnetic
nanoparticles are shown in Figure 1 [129].
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Figure 1. Schematic illustration of multifunctional ability of magnetic nanoparticles for various types
of biomedical magnetic hyperthermia applications and parameters affecting the efficiency of magnetic
hyperthermia treatment (reproduced with permission from Science Direct 2016) [129].

7.1. Graphene oxide-Fe3O4 Nanocomposites for Hyperthermia

Graphene oxide-Fe3O4 nanoparticle-based nanocomposites are widely investigated for various
biomedical applications like drug delivery, magnetic hyperthermia, and MRI (Magnetic Resonance
Imaging) contrast agents [130]. The unique chemical and physical properties of graphene oxide-based
nanocomposites enable designing nanocomposites as per the requirement of physiological system.
The presence of -OH, -COOH, and -CHO functional groups renders the easy attachment and release
of various anticancer drugs [131]. The anticancer drugs usually delivered using graphene oxide-based
composites as carrier vehicle, by change of pH or local heating via hyperthermia [132]. There are
various studies where graphene oxide-based composites are considered for diagnosis and treatment
of cancer. The first comprehensive report of graphene oxide-ferrite nanocomposite for magnetic
hyperthermia was reported by Peng et al. [105]. They have reported the synthesis of hydrophobic ferrite
nanoparticles attached to GO sheets using oleylamine as intermediary resulting in water dispersible
MFNPs/GO nanocomposites. MGONCs-4 and MGONCs-4-PEG water dispersions were subjected to ac
magnetic field, time-dependent temperature curves of MGONCs-4 and MGONCs-4-PEG were shown
in Figure 2. From the magneto thermic data, it is evident that the heating rate of MGONCs-4-PEG
was relatively lower than MGONCs-4. The difference in the heating rate could be explained by the
presence of long-chain polyethylene glycol (PEG) which significantly altered the heating conduction.
The field-dependent SAR values (Figure 2c) showed that the calculated SAR value of MGONCs-4
was greater than that of MGONCs-4-PEG. The SAR values of MGONCs-4 and MGONCs-4-PEG are
1541.6 and 1108.9 Wg ™! respectively. This finding is in good agreement with the other reported surface
coating effects in which the heating capability would be hindered as the surface coating increases due
to the suppression of the Brownian relaxation processes [133].
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Figure 2. Magneto thermic data of water dispersions of (a) MGONCs-4 and (b) MGONCs-4-PEG treated
with alternating magnetic field (AMF) (41.98-59.99 kAm™1) at 240 kHz frequency. (c) Field-dependent

SAR values of nanocomposite dispersions (reproduced with permission from Wiley Online Library
2012) [105].

Sugumaran et al. reported a GO-iron oxide-based nanocomposite system consisting of 45 nm
nanoparticles grafted on GO sheet with very high SAR value [107]. They were able to achieve a SAR
value of 5020 Wg~! with alternating magnetic field of 400 kHz and 32.5 kAm~!. Peng et al. have
also studied the Tp-weighted MR imaging contrast enhancing ability of GO-ferrite nanocomposites.
GO-ferrite nanoparticle system showed a high T, relaxation rate as 64.47 s (with r, relaxivity value
of 256.2 Fe mM ™! s71) with the MGONCs-4 with the iron concentration as low as 0.25 mM Fe. These
results suggested that the presence of the aggregation of MFNPs on GO could provide additional
enhancement of relaxation of water protons. The aggregation effect on relaxation process observed is
further confirmed by the other reports [134]. The aggregation of ferrite nanoparticles leads to higher
magnetic inhomogeneity in the water dispersion which causes the decrease in the transverse relaxivity
of water protons. The graphene oxide framework of the composite provides an addition advantage of
attaching water insoluble anticancer drugs and releasing them at the site of interest.

Sugumaran et al. have reported an in vivo magnetic hyperthermia studies for targeting of tumor
bearing mouse model using PEGylated GO-IONPs [107]. Tumors were induced in mice by injecting
4T1 cancer cells into the mammary pads of mice. The mice with tumor volumes of approximately
100 mm?® were treated with PEGylated GO-IONPs (Fe dose of 1 mg/cm?®) with PBS, PEG-GO-IONP
under magnetic field. Mice tumors are subjected to AMF with 400 kHz frequency and a magnetic
field of 32 kA/m for 10 min. Body weights and tumor volumes subjected to various conditions are
shown in Figure 3. The mice injected with PBS or PEG-GO-IONP alone without AMF application and
mice subjected to AMF alone, failed to suppress the growth of 4T1 tumor. The test group significantly
inhibited the 4T1 tumor growth, indicating that the antitumor efficacies of PEG-GO-IONP mediated
magnetic hyperthermia treatment were greater than that of either PEG-GO-IONP or AMF alone.
The tumor treated under ac magnetic field with PEG-GO-IONP completely disappeared. In addition,
no body weight loss (Figure 3d) was observed in the PEG-GO-NP-mediated magnetic hyperthermia
treatment, indicating the relative safety of the treatment and tolerability of the administered dosage.
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Figure 3. (a) Tumor volume versus days after the treatment with GO-NP and AMF. (b) Weights and
(c) photographs of excised tumors at the end point for different treatment groups. (Tumor completely
disappeared after hyperthermia treatment with PEG-GO-NP-45.) (d) Mouse weight after the treatments.
Thermal images showing the temperature at the site of tumor and entire body of mouse during
hyperthermia treatment: (e) control and (f) PEG-GO-NP-45+ AMF (reproduced with permission from
American Chemical Society 2019) [107].

7.2. Magnetic Nanogels for Thermosensitive Drug Delivery

Thermosensitive drug delivery agents are polymeric micelles which are synthesized using
thermo-responsive polymers. These magnanogels are formulated using self-assembly process of
amphiphilic block-copolymer [135]. Magnanogels are class of thermosensitive materials which are
activated by ac magnetic field, formulation of these nanoparticles was reported in detail by several
studies [136,137]. Nanogels are used in various biomedical applications like drug delivery systems,
analytical and diagnostic devices, and thermal therapy [138]. These nanocarries are functionalized with
target specific molecules, enabling differentiation between normal and tumor tissues [139]. Advances
in material fabrication and designing enables to use of thermosensitive nanocarriers for controlled
drug delivery in the future.

Nanogels were prepared in a batch reactor by conventional precipitation radical copolymerization
of oligo(ethylene glycol) methyl ether methacrylate in water, without using any surfactants [140].
Magnetic nanoparticles were synthesized by chemical coprecipitation of ferrous and ferric ions in basic
medium. To synthesize the magnanogel, a known quantity of nanogel is taken and pH is adjusted to
3.0 and magnetic nanoparticles are added drop wise into the nanogel solution under stirring at room
temperature. The anticancer drug doxorubicin is attached to magnanogel in HEPS buffer solution
under stirring for 24 h. The schematic of anticancer drug delivery using magnanogels is explained in
Figure 4.
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Figure 4. (A) Schematic illustration of the synthesis of magnanogels by radical copolymerization and
post-assembly of MNPs inside nanogels and (B) synthesis of MagMIPs by grafting of acrylic acid
compound in the surface of MNPs and the growth of the polymer in the presence of DOX for imprinting
polymerization. Loading and release of DOX under an AMF (reproduced with permission from MDPI
(open access) 2018) [141].

Intracellular DOX release experiments using magnanoels is reported by Esther et al. [140].
DOX release is stimulated by change of pH (internal stimulus) and externally applied AMF (external
stimulus). DOX release is highly pH sensitive at pH 7.5 25% of DOX is released after 4 h whereas at pH
5.0 the release of DOX is increased to 96%. These results are in good agreement with other reported
results of pH-sensitive nanogels functionalized with carboxylic acid groups [142,143]. Under the same
pH conditions DOX release increased under ac magnetic field of 335 kHz and 12.0 kAm~!. These studies
demonstrate that ac magnetic field helps in remotely trigger DOX release without macroscopic heating.
The diameter of the magnanogels decreases under ac magnetic field due to the generated magnetic heat.
The shrinkage facilitates the release of DOX at the site of interest. They have also studied in vitro DOX
release in cancer cells (PC-3) using DOX-magnanogels. PC-3 cancer cells were treated with 15 and 10 pg
of DOX-magnogels and DOX-Magnetic nanoparticles. The studies showed that the internalization
did not cause any toxic cellular response, demonstrating the biocompatible nature of both nanogels
and nanoparticles without DOX. Confocal images of cancer cells treated with DOX encapsulated
magnanogels and magnetic nanoparticles were shown in Figure 5b. Cell viability was more impacted
by the internalization of the magnanogels containing DOX than magnetic nanoparticles associated
with DOX. These results confirm that the payload is continuously released from magnanogels, but can
be delivered in larger amounts under AMF. By contrast, when DOX is bonded to the MIP, DOX is
inactive. Internalization and DOX release experiments using magnanogels showed the efficiency under
AMEF due to local heating of the magnetic nanoparticles.
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Figure 5. (a) DOX release profile (%) versus time under physiological conditions (pH 7.5, 0.1 M HEPES
sodium) and acidic (pH 5.0, 0.05 M citric acid and 0.1 M sodium phosphate) at 37 °C without and
with an AMF. (b) Confocal imaging of tumor cells (PC-3) having internalized: (A) Magnanogels and
(B) DOX-MagMIPs nanoparticles. (C) Cells incubated for 2 h with free DOX (D) Cell viabilities for
free DOX, DOX-magnanogels, and DOX-magnetic nanoparticles (reproduced with permission from
American Chemical Society 2017) [140].
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7.3. Magnetic Mesoporus Silica Nanoparticles for High Dose Delivery of Anticancer Drugs

Mesoporous silica nanoparticles (MSNs) have some unique advantage of large pore volume
with uniform mesoporosity, biocompatibility, and biodegradation [144,145]. This unique property of
silica nanoparticles renders high drug loading capacity. Conventional MSNs can load 200-300 mg of
anticancer drug per 1 g of silica. However, MSNs with hollow core-mesoporous shell structure can
achieve 1 g drug per 1 g silica [144,146]. Physical entrapment of anticancer drugs due to the hallow
core-shell geometry prevents uncontrolled burst release or poor drug loading [147]. In addition,
functionalization of MSNs with materials, such as magnetic nanoparticles, luminescent materials and
polymers introduces the multifunctional modality of targeted dug delivery and imaging. The polymers
attached to the core-shell nanoparticles act as thermosensitive gatekeepers for opening the pores
and release the drug using ac magnetic field. Thamos et al. has reported a nanomotor based on
MSPs with zinc doped ferrite nanoparticles in silica matrix [148]. These MSNPs were coated with
temperature-sensitive copolymer of poly-ethyleneimine and n-isopropylacrylamide which acts as
a gatekeeper and retains DOX into the polymer shell linked by electrostatic forces or hydrogen
bonds [149]. Once these nanomotors are administrated into cancer cells motors were activated by
applying ac magnetic field. This study shows that the polymer can be used as a gatekeeper for
controlled drug delivery along with the thermic effect of magnetic nanoparticles. The schematic
illustration of mesoporous silica-based nanomotors for drug delivery is shown in Figure 6.
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Figure 6. ZnNCs (1) are synthetically positioned at the core of the mesoporous silica nanoparticles
(2). The base of the molecular machine is then attached to the nanoparticle surface (3). Drug is loaded
into the particle and capped (4) to complete the system. Release can be realized using remote heating
via the introduction of an oscillating magnetic field (5) (reproduced with permission from American
Chemical Society 2010) [148].

Lee et al. has reported the synthesis of multifunctional nanocontainer with iron oxide and
mesoporus silica and cyclodextran as gatekeeper [150]. They have estimated the pore size of the using
Brunauer-Emmett-Teller (BET) nitrogen adsorption-desorption isotherms and Barrett-Joyner-Halenda
(BJH). The pore diameter obtained is 2.5 nm and pore volume is 1.756 cm®g~!. Eduardo et al. reported
the use of magnetic mesoporous core shell nanoparticles coated with thermoresponsive polymer (TRP)
for in vitro drug release using magnetic field, the schematic illustration of the same is provided in
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Figure 7 [151]. Magnetic nanoparticles used in this study were synthesized by simple coprecipitation
method and stabilized by exadecyltrimethylammonium bromide (CTAB) in water medium. The surfaces
of the nanoparticles were functionalized with polymerizable groups with 3-tris(trimethylsiloxy) prpyl
methacrylate. The polymer shell has a lower critical solution temperature of 42 °C, which can be
adjusted by altering the ratio between monomers. Below critical solution temperature the polymer
chains forms a mesh which is useful to block the pores of mesoporous silica, which in turn helps hold
the drug. Upon magnetic field treatment the polymer surface collapses and triggers drug release [152].
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Figure 7. Schematic of the synthesis method of MMSN@TRP (thermo responsive polymer). (a) TEM
image of the MMSN’s coated with TRP (b) hydrodynamic size of the precursor (MMSN-nanoparticles,
blue line) and the final nanocarrier (MMSN@TRP, orange line) (reproduced with permission from
American Chemical Society 2018) [151].

7.4. Multifunctional Drug Delivery Agents Through Magnetic and Photothermal Therapy

Photoactive multifunctional magnetic nanoparticles are designed for the synergistic therapy of
controlled drug release, magnetic hyperthermia, and photothermal therapy [153,154]. The combination
of magnetic nanoparticles and photothermal agents can be directed magnetically to the site of
interest (tumor), and their distribution in tumors and other organs can be imaged through MPI [155].
The controlled clustering of magnetic nanoparticles along with photothermal agents increases the molar
adsorption coefficient in the near infrared region. The conversion efficiency of near-infrared (NIR) light
energy into heat is also high for magnetic photothermal hybrid nanoparticles. The multifunctional
magnetic composite consists of quantum dots as local photothermal generators and magnetic
mesoporous silica nanoparticles (MMSN) or CQDs as drug carriers and magnetic nanoparticles
as thermal seeds. The schematic illustration of hybrid composites for dual therapy is shown in Figure 8.
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Figure 8. Schematic illustration of the synthesis of the DOX MMSN/GQDs nanoparticles and synergistic
therapy combined with controlled drug release using magnetic hyperthermia and photothermal therapy
(reproduced with permission from Wiley Online Library 2017) [156].

Yan et al. reported gold nanoshell-coated ferrite nanomicelles for MRI and light-induced drug
delivery and photothermal therapy [157]. Nanomicelles possess improved drug loading capacity
and good response to magnetic field for targeting the tumor. Nanomicelles show surface plasmon
absorbance in the near infrared region (808 nm). Cancer cells incubated with gold-coated nanomicelles
show good biocompatibility, and when treated with NIR and magnetic field they showed significant
cytotoxicity. The thermal effects are synergic in nature. Heating profile and DOX releasing behavior is
shown in Figure 9.
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Figure 9. (a) Temperature elevation in aqueous solutions containing CDF-Au-shell nanomicelles of
different concentrations under night-infrared (NIR) laser irradiation (808 nm, 2 W) measured every
10 s using a digital thermometer, over a period of 10 min. (b) NIR-triggered release of DOX from
CDEF-Au-shell nanomicelles. (Reproduced with permission from Wiley Online Library 2013) [157].

Yoa et al. has reported the drug release behavior under the stimuli of magnetic hyperthermia
and photothermal effect using magnetic mesoporous silica nanoparticles (MMSN/GQDs). FezOy4
nanoparticles are prepared and encapsulated by mesoporous silica matrix to obtain Fe304/S5iO;
(MMSN). MMSN nanoparticles are spherical and the particles size is estimated to be approximately
100 nm. The obtained nanoparticles were modified with amino groups and GQDs with hydroxyl,
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epoxy, and carboxyl groups are used to cap the outlets of mesoporous channels for the formation of the
DOX-MMSN/GQDs nanoparticles. GQDs prevent the DOX from leaking and uncontrolled burst of
DOX at the site of off target. This is unique composite which can be used for the delivery of both water
soluble and insoluble drug together. The organic nature of GQD frame work enables to attach water
insoluble anticancer drugs. The magnetic and photo thermic heating efficiency of the MMSN/GQDs
nanoparticles is shown in Figure 10. Temperature of the MMSN/GQDs suspension increased rapidly
under AMF, and the temperature increase rate is concentration dependent. The specific absorption
rate (SAR) value of the MMSN/GQDs nanoparticles was calculated as ~44 Wg‘l. MMSN/GQDs
suspensions were irradiated under NIR laser irradiation (A = 808 nm, 2.5 Wem™2). It visually confirmed
the rapid temperature increase for the MMSN/GQDs suspension by NIR irradiation. MMSN/GQDs
nanoparticles have the advantage of producing heat by dual methods that can be used for increasing
the temperature in physiological systems, which helps kill cancer cells.
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Figure 10. (a) (A) The magnetization curve of the MMSN/GQDs nanoparticles measured at 298 K.
(B) Magnetic heating curves of the H,O and MMSN/GQD:s suspensions under an alternating magnetic
field with a magnetic field strength of 180 G and frequency of 409 kHz. (b) (A) Photothermal heating
curves of MMSN/GQDs suspension evaluated by 808 nm laser irradiation (2.5 Wem™2). (B) The infrared
thermal images of the MMSN/GQDs suspension at a concentration of 10 mg mL~! with 808 nm laser
irradiation (reproduced with permission from Wiley Online Library 2017) [156].

Shawei et al. reported a multifunctional NaYF;:Yb,Er@PE;@Fe;04 nanocomposite with
superparamagnetic and photothermal performance. The multicomponent hybrid nanoparticles
were synthesized by layer-by-layer self-assemble method. Compared to bare Fe30O4 nanoparticles,
the multifunctional nanocomposites exhibited enhanced absorption at 808 nm and showed improved
near-infrared photothermal effect. The fluorescent imaging sensitivity is increased when it is combined
with magnetic field. The in vivo images of the mouse 4T1 breast cancer cells treated with hybrid
nanoparticles in the presence of magnetic field and without magnetic field are shown in Figure 11a.
The fluorescence images taken without magnetic field shows weak luminescent signals, whereas
in the case magnetic field treated cells the up conversion signals are observed from the 4T1 cells.
This demonstrates that the application of magnetic field for targeted drug delivery enhanced synergistic
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imaging sensitivity. Photothermal therapy ability of the NaYF;:Yb,Er@PE;@Fe304 nanocomposites for
killing 4T1 cancer cells is shown in Figure 11b. The cell viability results show that hybrid nanocomposite
treated with external magnetic field is highly effective for killing of cancer cells. The reasons might be
cancer cells were pushed close to the photothermal agents under the external magnetic field.
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Figure 11. (a) The fluorescence images of 4T1 cells after incubating with NaYF,: Yb, Er@PE;@Fe;0,
nanocomposites (A) without or (B) with external magnetic field. (b) Viabilities of the mouse 4T1 breast
cancer cells treated with hybrid nanoparticles under various conditions. Error bars were based on
standard deviations, * p < 0.05 and ** p < 0.01. (Reproduced with permission from Royal Society of
Chemistry 2019) [158].

7.5. Magnetic Particle Imaging and Hyperthermia in Vivo Applications

Magnetic particle imaging (MPI) is a new tomographic technique developed in the early 2000 [159].
MPI is tracer tracking technique that allows tracking and quantification of the signal from tracer
magnetic nanoparticles [160]. MPI gives quantitative 3D information of the region of the interest with
high spatial and temporal resolution which helps in real-time high resolution in vivo imaging. As a
tracer tracking technique MPI may lead to the new possibility of 3D in vivo real-time imaging which
will be of great help for real time treatment and imaging [161], human scanners will become available in
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a few years. The tracer used in the MPI imaging is usually superparamagnetic nanoparticles; this also
adds additional advantage as iron oxide nanoparticles are well investigated for MRI contrast agents
and their behavior in physiological environments is thoroughly understood [162]. Image-guided
treatment of tumors enables physicians to localize the treatment with great precision and minimal
damage to the healthy tissue. More details of the instrumentation and working principles can be found
in the recently published review reports [9].

Tay et al. has reported the in vivo studies of magnetic hyperthermia treatment and magnetic
particle image-guided modality [163]. This study demonstrated theranostic investigation of quantitative
MP image-guided treatment using spatial localization of magnetic hyperthermia to arbitrarily selected
organs. This addresses a key challenge of conventional magnetic hyperthermia affecting off-target
organs causing collateral heat damage. Superparamagnetic iron oxide nanoparticles were injected to
the tumor site and subjected to ac magnetic field. During MPI scan, negligible heating was observed in
the mouse when it is subjected low frequency (20 kHz). During a high-frequency (354 kHz) heating
scan without MPI gradients, all in vivo locations with nanoparticles heat up, damaging the healthy
liver. When the MPI gradients are used, only the tumor is heated while the liver is spared. Dual tumor
mouse was used to demonstrate arbitrary user-control of which tumor to heat. Only the bottom tumor
heated up while the top tumor was spared. Only the top tumor heated up while the bottom tumor
was spared, demonstrating arbitrary control of the site of heating just by shifting the MPI field-free
line. The results shown in Figure 12 for the experimental MPI guided hyperthermia confirm that
localization is achieved in vivo. A control mouse with saline instead of SPIONs was also subjected
to the same uniform AMF but showed no increase in tumor and liver temperatures, verifying that
this indiscriminate heating is not a result of nonspecific SAR from AMF interacting with biological
tissue. These studies show that, with MPI gradients, the user can arbitrarily control the location of
heating. With guidance from the initial MPI image, the treatment planning can design a heating to
avoid collateral damage to healthy tissue.
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Figure 12. In vivo experimental demonstration of localization of magnetic hyperthermia. All in vivo
local temperatures were measured by Neoptix fiber optic temperature sensors (reproduced with
permission from American Chemical Society 2018) [163].

8. Synthesis of IONPs

It is well known that MNP synthesis method has a significant role in determining MNP
magnetic properties, and thus their SAR values [164]. However, the synthesis mechanisms
needed to produce well controlled magnetic properties are not well established. Here, we present
several synthesis methods that are currently being used to produce IONPs. Various approaches
such as wet chemical [165-167], template-directed [168,169], microemulsion [170-172], thermal
decomposition [172,173], solvothermal method [174,175], solid state [176,177], deposition method [178],
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spray pyrolysis [179,180], self-assembly [181], physical, and lithographic [182,183] techniques have
been extensively used for the synthesis of a wide variety of magnetic nanoparticles including iron
oxide, metal, metal alloys and core—shell and composites structures. However, a comprehensive review
of various synthetic techniques, and we will give a short description of only those methods that offer
excellent size and shape control.

8.1. Thermal Decomposition

This method of synthesis involves the chemical decomposition of the substance at elevated
temperature. During this method the breaking of the chemical bond takes place. This method of
synthesis for magnetic nanostructures mostly use organometallic compounds such as acetylacetonates
in organic solvents (benzyl ether, ethylenediamine, and carbonyls) with surfactants such as
oleic acid, oleylamine, polyvinyl pyrrolidone (PVP), cetyltrimethyl ammonium bromide (CTAB),
and hexadecylamine. In this method the composition of various precursors that are involved in the
reaction determine the final size and morphology of the magnetic nanostructures. Peng et al. and
co-workers used the thermal decomposition approach for controlled synthesis (in term of size and
shape) of magnetic oxide [184]. Using this method, nanocrystals with very narrow-sized distribution
(4-45 nm) could be synthesized along with the excellent control of morphology (spherical particles,
cubes). When thermal decomposition method is used, iron oxide nano particles with excellent
control of size, morphology and good crystallinity have been resultantly fabricated by Alivisatos
and co-workers [185]. The preparation of magnetic nanoparticles for applications in biomedicine
have fabricated maghemite nanocrystals with size of 3-9 nm by thermal decomposition of FeCup3
(Cup: N-nitrosophenylhydroxylamine) at 250-300 °C, as shown in Figure 13. Recently, Sun and
Zeng et al. [186] have demonstrated the fabrication of monodisperse magnetite nanoparticles with size
ranges of 2-20 nm by decomposition of iron (III) acetyl acetone at 260 °C in the presence of benzyl ether,
oleic acid, and oleyl amine. In a more recent study, Nogues and co-workers have synthesized highly
mono disperse cubic and spherical maghemite (Fe;O3) nanocrystals by using thermal decomposition
method [187], as shown in Figure 14. The ratio of precursors and the thermal decomposition time can
be used to achieve size and morphology controlled nanocrystals.

Figure 13. Maghemite nanoparticles prepared by thermal decomposition of Iron precursors: (A) FeCups
and (B) Fe(CO)s5 (reproduced with permission from American Chemical Society 1999) [185].
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Figure 14. High-resolution TEM images showing the monodisperse (a) nanosphere and (b) nanocubes
achieved by thermal decomposition method (reproduced with permission from American Chemical
Society 2006) [187].

Nogues et al. showed that short decomposition duration (2—4 h) resulted in spherical whereas
longer duration (10-12 h) resulted in cubic morphology. The technique of thermal decomposition was
not only used for synthesis of metal oxide magnetic nanocrystals but metal magnetic nanoparticles of
transition metals (Co, Ni, and Fe) were also synthesized through introducing a reducing agent into a
hot solution of metal precursor and surfactant [26]. With precise control of the temperature and ratio
of metal precursor to surfactant, MNPs with the control size and shape were synthesized.

8.2. Hydrothermal Synthesis

Another important chemical synthesis technique that involves the use of liquid—solid-solution
(LSS) reaction and gives excellent control over the size and shape of the MNPs is the hydrothermal
synthesis. This method involves the synthesis of MNPs from high boiling point aqueous solution
at high vapor pressure. It is a unique approach for the fabrication of metal, metal oxide [188,189],
rare earth transition metal magnetic nanocrystals [190], semiconducting [191], dielectric, rare earth
fluorescent, and polymeric [192]. This synthetic technique involved the fabrication of magnetic metallic
nanocrystals at different reactions conditions. The reaction strategy is based upon the phase separation
which occurs at the interface of solid-liquid-solution phases present in the reaction. For example,
the fabrication of monodisperse (6, 10 and 12 nm) Fe3O4 and MFe,O4 nanocrystals is demonstrated
by Sun et al. and co-worker [193]. Wuwei and co-worker have synthesized oblique and truncated
nanocubes of x-Fe;O3 by one step facile hydrothermal method. This group studied the effect of volume
ratio of oleylamine and acetylacetone for the fabrication of a-Fe,O3 with two different morphologies as
shown in Figure 15. The synthesize magnetic nanoparticles were used for photocatalytic degradation
of organic dye, and it was observed that truncated nanocubes possess much higher photocatalytic
degradation activity as compared to oblique nanocubes [194].
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Figure 15. (a) TEM image of oblique nanocubes, (b) HRTEM image, FFT pattern and geometrical model
of oblique nanocubes, (¢) TEM image of truncated nanocubes, and (d) HRTEM image, FFT pattern
and geometrical model of truncated nanocubes (reproduced with permission from Royal Society of
Chemistry 2013) [194].

The mechanism of formation of the x-Fe;O3 nanoparticles with oblique and truncated morphology
is given below in Figure 16. The main cause of formation of two different morphologies is the presence
of oleic acid. The presence of oleic acid led to the formation of oblique nanocubes, whereas truncated
nanocubes are formed in the absence of oleic acid.

Fe(acac)y  w + o riented Attachment . -
$ = 0
Hacac . '
i a-Fe,O, a-Fe,0; oblique
nanoparticles nanocubes

E ‘L Aggregation e Ostwald Ripening '

a-Fe,0y a-Fe,0y a-Fe,0; truncated
nanoparticles nanoclusters nanocubes
Toluene ANVW OAm MW 0A

Figure 16. Mechanism of formation of oblique and truncated nanocubes (reproduced with permission
from Royal Society of Chemistry 2013) [194].
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Zeng et al. have synthesized novel Fe3O4 nanoprism by a hydrothermal process using oleylamine
(OAm) both as surfactant and reducing agent. The synthesized Fe30,4 exposed two kinds of crystal
planes (111) and (220), as shown in Figure 17 [195].

Figure 17. TEM images of Fe3O4 nanoprisms (a) lying flat and (b) self- assembled on the substrates (c),
and (d) HRTEM images of Fe30, nanoprisms with a spacing of 0.301 nm (reproduced with permission
from Royal Society of Chemistry 2010) [195].

They experimentally proved the crystal plane dependent electrochemical activities of nanoprism
as clear from Figure 18b. Oleylamine was found to plays key role in the formation of different planes
Fe304 nanoprism, because the amine group of oleylamine absorb at certain planes and slows their
growth while allowing the growth of other planes leading to different morphology.

(A) Nanoprisms
with OAm

/

(B) Nanoprisms
without OAm

Figure 18. (a) Schematic illustration of Fe3O4 nanoprisms redox reaction. (b) Cyclic voltammograms
of electrodes made of (A) Fe30,4 nanoprism with OAm (B) Fe3O,4 nanoprisms without OAm in 1 M
Na,SOj3 (reproduced with permission from Wiley Online Library 2006) [195].

208



Magnetochemistry 2019, 5, 67

8.3. Microwave-Assisted Synthesis

Microwave-assisted method is a chemical method that use microwave radiation for heating
materials containing electrical charges for instance polar molecule in the solvent or charge ion in
the solid. Compared with other heating methods, microwave-assisted solution fabrication methods
have got more focus of research because of rapid processing, high reaction rate, reduce reaction time,
and high yield of product. Wang reported the synthesis of cubical spinal MFe,O4 (M = Co, Mn, Ni)
high crystalline structure in a short time of just 10 min by exposure the precursors to microwave
radiation [196] shown in Figure 19; they also used the microwave radiations for the synthesis of
magnetite (Fe30,4) and hematite (x-Fe;O3), and used FeCls, polyethylene glycol, and N,H4.H,O as
precursors, finding that the amount of NoH4.H,O has a key role in controlling the final phase of
Fe304 [197].
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Figure 19. (a) TEM image of the MnFe,Oy and (b) the histogram showing particle size (reproduced
with permission from Springer 2007) [197].

8.4. Template Assisted Fabrication

Another fabrication method used for the synthesis of MNPs is the template-assisted
fabrication [198]. The active template-based synthesis involves the growth of the nuclei at the
holes and defects of the template. Subsequently, the growth of the nuclei at the pre-formed template
yields the desired morphology of the nanostructures. So through proper selection of base template,
the size and shape of the MNPs can be controlled. This technique has two important advantages over
the chemical routes:

(i) Template use in the fabrication process determines the final size and morphology of
the nanostructures.

(i) Complex nanostructures such as nanobarcodes (segmented nanorods) nanoprism, nanocubes
hexagons, and octahedrons MNPs can be fabricated in an easy manner, with full control on size
and morphology.

However, this method has also some drawback. It is a multistep process, first requiring the
fabrication base templates and then the subsequent deposition of magnetic material within the template.
In the following discussion, we will highlight important recent progress that has been done in the
template-assisted synthesis of complex magnetic nanostructures. Mirkin et al. have demonstrated
the synthesis of nanobarcodes (segmented nanowires with excellent control of composition along
the length) of metals and polymers magnetic and non-magnetic materials. They demonstrated the
fabrication of two component rod structure that was made by deposition of hydrophilic Au block
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and hydrophobic Polypyrrole block on anodic alumina oxide template. Due to the difference in the
diameter of hydrophilic Au and hydrophobic Polypyrrole these sections were assembled in unique
and exclusive pseudo-conical shape with three-dimensional bundle- and tubular-shaped structure as
shown in Figure 20 [199].

Figure 20. (A) SEM image of self-assembly of Au-Polypyrrole rods into a tubular shape. (B) SEM
image showing the alignment of the ferromagnetic portion in a bundle of Au-Ni rods (reproduced
with permission from Wiley Online Library 2006) [199].

8.5. Sol-Gel Method

The sol-gel process is a versatile chemical approach for the synthesis of nanoparticles with precise
shapes and size. Sol-gel synthetic strategy makes use of a gelling agent to form a homogeneous
gel where a metal salt is stirred [200]. This process involves the hydroxylation and condensation of
metal precursors in solution to form a colloid. Sol-gel method provides a wide range of synthesis
temperature, for instance, we managed to obtain nearly monodispersed «-Fe;O3, y-Fe;O3 and Fe3O4
with same procedure and same starting reagent through a medium temperature sol-gel route [201].
Uniquely, the formation of different final iron oxide structures is only dependent on the drying process
(Figure 21). The size displayed by TEM revealed that 4.9 nm of Fe304 nanoparticles are obtained by
the centrifugation of sol, whereas slight increment in size of y-Fe;O3 was formed when xerogel was
heated at 150 °C. Yet, directly drying of wet Fe30, gel at 150 °C without the formation of xerogel first
allowed phase transformation to 10.1 nm a-Fe,O3 [201].

FeCl, ethanol solution Propylene oxide

} Heating at boiling point

Fe,0, containing solution

Centrifugation/
150 °C
Fe,0, Wet gel |emmmmmmd «a-Fe O,

Drying at 100 OCl

150 °C
Xerogel v-Fe,0;

Figure 21. Scheme flow for the preparation of a-Fe,O3, y-Fe;O3 and Fe304 nanoparticles (reproduced

Drying

with permission from Science Direct 2013) [201].

The sizes of obtained magnetite nanoparticles are readily tailored by longer annealing temperature
range under vacuum environment. The magnetic behavior, particle size and crystallinity of magnetite
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nanoparticles is very sensitive to the annealing temperature where these physico-chemical properties
increase as annealing temperature was adjusted from 200 °C to 400 °C [202]. Combination of microwave
heating with this route provides a fast and energy efficient synthesis methodology to metal oxide
nanoparticles [203]. The reaction mixture of Fe(acec)s that dissolved in benzyl alcohol was heated
at 170 °C by exposure to microwave radiation for 12 min and accomplished to yield 5-6 nm of
nanoparticles [204].

8.6. Synthesis of GO-Fe304 Nanocomposite

8.6.1. Coprecipitation Method

Graphene oxide was synthesized by well-known Hummers method [205]. To synthesize the
GO-Fe304 composite, a weighed amount of as-synthesized graphene oxide, prepared by Hummers
method, was dispersed in distilled water by sonication. An aqueous solution containing FeClz and
FeCl,.4H,0 was then added into the graphene oxide dispersion kept under constant stirring. After 2 h
of stirring, CH3NH, was added drop wise into the dispersion to precipitate Fe3O4 nanoparticles [206].

8.6.2. Organometallic Decomposition and Ligand Exchange Method

Ferrite nanoparticles with high saturation magnetization, narrow size distribution, and better
shape control is achieved by organometallic decomposition method. Nanoparticles synthesized
by organometallic decomposition method are not dispersible in water and they are functionalized
with biocompatible molecules for further use. GO-nanoparticle composites were synthesized using
emulsification process, the details of which are described in Figure 22. The particles are coated with
GO and PEG which improves water dispersibility and biocompatibility of PEG-coated particles is
well recorded.
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Figure 22. Schematicillustration of the formation of (a) amphiphilic graphene oxide sheets (GO-g-OAM),
(b) water-dispersible NP/GO nanocomposite (MGONC), and (c) PEGylation of MGONC (reproduced
with permission from Wiley Online Library 2012) [105].

8.7. Cytotoxicity of Ferrite Nanoparticles

The cytotoxicity of the ferrite nanoparticles is thoroughly studied and there are numerous reports
of cytotoxicity of ferrite nanoparticles functionalized with various polymeric coatings [207,208]. Ferrite
nanoparticles are usually functionalized with chitosan, polyethylene glycol, and graphene oxide [209].
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Iron oxide NPs coated with different substances have shown variable cell viability results [210].
There are various in vitro methods, and the LDH, MTT and MTS assays are most widely used for
assessment of nanoparticles cytotoxicity [211]. Magnetic iron oxide NPs have been observed to
accumulate in the liver, spleen, lungs, and brain after inhalation, showing its ability to cross the
blood-brain barrier [212].

9. Conclusions

MH is a cancer therapy method which involves delivering MNPs to the tumor cells and heating
them by applying AMEF. The world is witnessing great progress in understanding the principles and
applications of this noninvasive and localized therapy technique. In this report, we discussed the
basic principles of MH using MNPs. The basics of heat generation under an AMF were discussed.
Some of the extrinsic and intrinsic parameters that influence heat generation by MNPs were explained.
Calorimetric measurements were introduced along with the sources of errors. Several synthesis
methods of MNPs where presented. The interesting features of multifunctional hybrid MNPs were
also introduced.
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