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ABSTRACT

Combining magnetic nanomaterials with materials of other classes can produce multicomponent
nanoparticles with an entire ensemble of new structures and unique, enhanced, synergetic, and/or
complementary functionalities. Here we discuss the most recent developments in the synthesis of
multicomponent magnetic nanoparticles, describe the resulting structures and their novel properties,
and explore their application in a variety of fields, including multimodal imaging, nanomedicine, sensing,
surface-enhanced Raman scattering, and heterogeneous catalysis. The current synthetic methods (usu-
ally bottom-up approaches) of multicomponent nanoparticles can produce a number of tailored mor-
phologies (core@shell, yolk-shell, core-satellite, Janus, nanochains, anisotropic, etc.), making them
invaluable for applications in biology, medicine, chemistry, physics, and engineering. But like any new
technology, their synthesis methods need to be optimized to be simple, scalable, and as environmentally
friendly as possible before they can be widely adopted. In particular, the use of life cycle assessment
(LCA) to guide future works toward environmental sustainability is highlighted. Overall, this review not
only presents a critical and timely summary of the state-of-the-art of this burgeoning field in both
fundamental and applied nanotechnology, but also addresses the challenges associated with under-

standing the particular structure-property relationships of multicomponent magnetic nanoparticles.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

generation of MNPs, which incorporate the combination of several
materials in a single nanoparticle (NP), has appeared. The inclusion

In the past years, we have witnessed a burst in the development
of novel nanomaterials with unique properties and the generation
of unprecedented progress in material science. Magnetic nano-
particles (MNPs), among the different nanomaterials, are the ones
that have more rapidly spread to technological and biological areas
becoming the main enablers in different technologies. Their
nanometric size, biocompatibility, and response to magnetic fields
and field gradients have substantially contributed to the develop-
ment of areas such as magnetic data storage, catalysis, sensing,
environmental remediation, medical imaging, or pharmacology
among others. Together with this development, the second
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of properties coming from those materials, such as fluorescence,
plasmonic response, or catalytic activities, has facilitated their
applicability and opened new opportunities for more fundamental
research as well as the appearance of novel applications.

Because of the nanometric size, NP properties are altered from
their bulk material and become size-dependent. In particular, the
behavior of MNPs can strongly vary by tuning their sizes in this
relatively small range. For example, below ~30 nm ferromagnetic
and ferrimagnetic NPs can become single-magnetic-domain to
exhibit a superparamagnetic behavior at temperatures above their
blocking temperature. Superparamagnetic behavior facilitates the
colloidal dispersion and handling of the NPs since they do not
magnetically interact with each other, but respond to an applied
magnetic field, and when the external field ceases can be easily
dispersed again [1,2]. Furthermore, the effect of size on magnetic
properties such as coercivity and saturation magnetization has also
been reported [3]. An increase in saturation magnetization and
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coercivity with an increase in particle size has been observed for
small NPs up to a threshold size, depending on the material, where
they become size-independent [4].

Apart from the nature of the material and size, the shape
anisotropy of the NP also affects these parameters, which have a
direct impact on their performance. Thus, exploring different
morphologies of nanomaterials is necessary to fully understand the
possible advantages and disadvantages that each one of them
possesses with respect to specific applications. The morphological
structure-properties relationship, as well as the selection of syn-
thetic methods in terms of simplicity, uniformity, scalability, and
surface chemical properties, will provide the bases for the synthesis
of more complex multicomponent magnetic nanoparticles
(MMNPs) [5].

Chemically, the materials that provide the magnetic properties to
the NPs are iron, cobalt, or nickel, their oxides, and some other el-
ements combining several metals, such as materials based on cop-
per, zinc, manganese, strontium, and barium. Among these
elements, in the last decade, superparamagnetic iron oxide NPs
(SPIONs), and in particular, magnetite (Fe304), maghemite (y-Fe,03),
and metallic substituted ferrites (MFe;O4 (M = Co, Cu, Ni, Mn, Mg,
etc.) have attracted almost completely the attention due to their
biocompatibility, chemical stability, low cost, and unique magnetic
properties [6]. Among all morphologies, spherical NPs have been the
most extensively explored and the most common applications of
MNPs (magnetic resonance imaging [MRI], hyperthermia, or tissue
regeneration) have traditionally relied on that geometry [7—9].
Moreover, in MMNP systems, the magnetic properties of the NPs can
be tuned by their composition, affecting the saturation magnetiza-
tion and the coercivity of the resulting multicomponent systems [5].
Different models of nucleation and growth are beyond the scope of
this review but can be explored elsewhere [10].

As the properties of MMNPs are strongly dependent on their
dimension, composition, size, and structures, extensive efforts have
been made to achieve fine control over these parameters. Methods
such as co-precipitation, microemulsion, sol-gel, and hydrother-
mal/solvothermal methods have all been employed to synthesize
NPs with magnetic properties. Overall, organic phase synthesis of
MNPs possesses several advantages over conventional hydrolytic
processes and gives a much tighter control over the NPs uniformity
and structure [11]. Also, due to the large surface area, surface en-
ergy, and magnetic dipolar interactions, magnetic nanomaterials
may tend to agglomerate and should be stabilized by a layer of
organic or inorganic material. Further, the presence of that stabi-
lizing layer can also aid in providing multifunctionality to the NPs.
Hence, MNPs have been coated with, for example, biological mol-
ecules (for biomedicine-related applications) such as gluconic acid,
lactobionic acid, folic acid, glycans, or specific antibodies, allowing
the particles to bind to certain molecules, surfaces, or biological
entities. Polymers, either natural or synthetic, are also commonly
used to coat the NPs and can be achieved during the synthesis
process of the NPs or after it. Dextran, chitosan, alginate, poly-
ethylene glycol (PEG), polyacrylic acid (PAA), polyvinyl alcohol
(PVA), or polyamidoamine, among others, have been used to pro-
duce that surface modification [12]. Not only organic
components but also inorganic ones (such as silica and gold), have
been used to coat the magnetic core, often further functionalized
with organic molecules, and often providing biocompatibility,
protection from corrosion, and other interesting characteristics
(like surface plasmon resonance (SPR) in gold, for example).

Closely related to the coating process, the formation of multi-
component nanomaterials is a key factor in order to achieve the
desired multifunctionality. In this review, multiple morphologies
(core@shell, yolk-shell, core-satellite, Janus, or anisotropic) and
their applications will be presented. In the area of imaging, for
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instance, gold and iron oxides are often used together for multi-
modal imaging techniques [13]. Other morphologies, like yolk-shell
for example, can add multifunctionality to conventional drug de-
livery systems since the void space between yolk and shell can be
loaded with the desired drug and delivered to the target area by
means of magnetic fields [14]. In sum, the morphology does not
only affect the properties of the nanostructures but is also a key
factor in the specific multifunctional response to be achieved.

Understanding the inter-dependent relationship existing
among synthesis, structure, properties, and performance/applica-
tion is one of the essential goals in materials science [15—17].
Structure-property relationships have been applied to select ma-
terials for specific applications. Accordingly, in this review, we
provide robust examples of the existing structure-property re-
lationships in MMNPs to support proper selection and design for
subsequent biomedical, sensing, or catalytic applications. For
example, an adequate understanding of the structure-properties
relationship in MMNPs can provide routes for improving their
catalytic activity by tuning the electronic and morphological
configuration [18]. We first focus on the representative synthetic
strategies that allow controlling the chemistry and morphology of
MNPs as a crucial step in the design and synthesis of more complex
MMNPs. Then, the possible coating strategies as well as the
different achievable morphologies of MMNPs are shown together
with the description of some of the properties associated with
those structures. The fourth part is devoted to applications where
MMNPs have shown outstanding potential. After that, consider-
ations regarding the environmental impact and circular economy
implications are presented, as these are becoming a cause of
increasing concern. Finally, future trends in MMNPs engineering
and applications are briefly addressed.

2. Nanoparticle chemistry and morphology

Chemical, physical, and biological methods have been reported
for synthesizing MNPs. Among them, chemical methods (also
called wet-chemical or bottom-up methods) are the most
employed due to their simplicity, tractability, scalability, and effi-
ciency. Besides, the size, shape, and composition of NPs can be well
controlled, obtaining high yields with inexpensive materials. On
the contrary, physical methods do not allow easy control of the
uniformity and use expensive equipment such as deposition of gas-
phase or electron beam lithography, as an advantage, it does not
require the use of hazardous chemicals. Finally, biological methods
rely on magnetotactic bacteria for their synthesis. They provide, in
general, highly reproducible NPs, but their synthesis is laborious
and time-consuming [19]. Accordingly, chemically synthesized
MNPs are much more widespread, especially those based on iron
oxides, and multicomponent NPs are mainly based on them.

The synthesis of MMNPs involves, in general, many steps that
depend on the type of used materials. The synthesis of noble metal
NPs (Au, Ag, Cu), for instance, is produced by the reduction of salts
and is generally well documented. In silica NPs, the Stober method
is the preferential synthesis route, while the synthesis of semi-
conductor metal oxide NPs follows similar methods to MNPs.
Although some examples are given in Section 3, the full description
of all synthesis methods is beyond the scope of the current review.
Here, the most used wet-chemical methods for synthesizing MNPs
based on iron oxides are described as the bases of the MMNPs. A
summary of those methods is shown in Table 1.

2.1. Co-precipitation

Co-precipitation is the most common method, along with
thermal decomposition, for the synthesis of MNPs, and it is used
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Table 1

Summary of synthetic methods of magnetic nanoparticles.
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Synthetic method

Co-precipitation

Microemulsion

Thermal decomposition

Sol-gel

Solvothermal/Hydrothermal

Synthetic
conditions

Reaction T (°C)
Solvent

Main reagents

Easy to prepare in alkaline
solutions, inert
atmosphere

25 to 90

Water

Inorganic salts of Fe*>

Co-precipitation inside a
reverse micelle

25
Water in oil

Inorganic salts

High temperature in
organic media

100 to 320
Organic solvents

Organometallic compounds
(Fe(CO)s, Fe(acac)s, etc.)

Easy to prepare, starts in
ambient conditions, but

an annealing is needed
>1000

Organic solvents in
presence of capping agents
Metal alkoxides (RO™)
(where R = CH3, CoHs,

Easy to prepare, starts in
ambient conditions, but
an annealing is needed
130 to 250
Organic/water

Organometallic compounds/
inorganic salts

and M*2 (M = Fe, Mn, of Fe*3 and
Co, Ni, Zn) M*2 (M= Fe, Mn,
Co, Ni, Zn) and
surfactants
Uniformity Low uniformity. Narrow size distribution.
and shape Nanorods, nanowhiskers, Few 1D MNPs
control nanowires (using shaping  (rods, wires, tubes)
ligands)
Scalabilty Easy Difficult Easy
Reference [36,38,39] [44,45] [52,55]

Very narrow size distribution.
Nanocubes, nanooctopods.

CsHy) or hydrated inorganic
salts

Narrow size distribution.
Nanowires, nanotubes

Very narrow size distribution
Nanorods, nanotubes,
nanoflowers, nanocubes

Difficult
[56,62,68,69]

Affordable
[70,78]

both at industrial and laboratory scales. This method consists of
precipitating aqueous solutions of Fe?* and Fe3* ions with alkaline
solutions in an inert atmosphere at room or higher temperatures.
NaOH, N(CH3)40H, and NH4OH are the typical bases used during
co-precipitation [2]. Usually, surfactants, polymers, or other organic
species are added, which act as capping ligands to achieve the
desired size and enhance the dispersion of particles due to steric
impediments between them. Magnetite and substituted ferrites
reaction steps are shown in Eq. (1) [20,21], where M = Fe, Mn, Co,
Ni, Zn, etc., while maghemite is a product of the oxidation of
magnetite [22]. During the synthesis process of magnetite, the ratio
of 1:2 in Fe?*:Fe>* is kept to avoid the formation of other magnetic
structures such as goethite or maghemite. Thus, the reaction tem-
perature, the concentration of precursors, types of used salts, ionic
strength of the media, and pH values are the key parameters that
need to be optimized to control the size and shape of the formed
MNPs [21,22]:

M?* 4 2Fe’* +80H™ — M(OH), + 2Fe(OH)5(s) — MFe;04(s)
+4H,0
(1)

For the sake of comprehension, the reaction is explained using
magnetite (M = Fe) as a model. First, the precipitation of ferric and
ferrous hydroxides takes place. In a slower reaction, ferric hy-
droxide decomposes to intermediate specie, FeOOH. Finally, a
ferrous hydroxide and FeOOH complex is formed, where a
condensation reaction results in Fe304. The whole reaction takes
place in 10—30 min, depending on the parameters selected for the
reaction, which can be carried on at room temperature (25 °C). The
most used precursors for magnetite NPs are FeCl, and FeCls;
however, other anions, such as sulfates, nitrates, or perchlorates,
are also used and directly influence the size of the particles. Overall,
NP size decreases with the ionic strength of the solution. Further, an
increase in anion size leads to higher diffusion resistance, slowing
down the growth of the NPs [23], while smaller cations from the
added basis: Na™, NH4, N(CH3)4, perform a better screening effect,
leading to smaller size NPs [24].

Typically, the formation of MMNPs requires non-aggregated
monodisperse particles to favor their subsequent surface modifi-
cation. In this sense, the co-precipitation method is not the best
approach as it is challenging to control the size and size distribu-
tions of MNPs, principally for particles below 20 nm. However,

obtaining NPs with these characteristics is possible by carefully
adjusting the pH of the solutions or adding capping agents [25].
Regarding the effect of the pH, the synthesis mainly occurs under
alkali conditions. At stable high pH values (from 9 to 12), the
negative charge of MNPs increases, and thus the strong attraction of
cations yields smaller NP sizes in the range of 10—20 nm [20,26].
However, traditional synthesis processes start in acidic pH, and a
base is added during the reaction. Gnanaprakash et al. studied the
effect of the initial pH before alkali addition. When the starting pH
was below 5, the obtained product was 100% magnetite, where the
size increased with the initial pH values from 6.47 to 9.94 nm.
However, above pH = 5, magnetite showed goethite impurities
[27].

During the synthesis of spinel structures (magnetite and
substituted ferrites), a reaction temperature of 95 °C, instead of
room temperature, results in increased mean size, crystal size, and
homogeneity of the crystals as a result of the acceleration of the
chemical reactions. It is not clear in the literature if higher tem-
peratures enhance the formation of other crystalline structures,
such as goethite, hematite, or maghemite. Nevertheless, it is
established that at a temperature above 60-70 °C, the particles’
coercive field (H¢) and remanent magnetization (M;) increase. This
effect can be attributed to random pinning of the magnetic domains
at the interface. Meanwhile, saturation magnetization (M;) de-
creases due to the substitution of M>* ions to Fe>* in the octahedral
sites, where the magnetic moment of Fe?* is smaller [28—30].

The use of surfactants, such as sodium dodecyl sulfate (SDS), is a
general strategy used in numerous synthesis methods to prevent
the agglomeration of NPs, delivering lower hydrodynamic di-
ameters [31]. Furthermore, soluble acids in aqueous media (citric,
oxalic, lauric, and stearic acids) that can be chelating agents have
also been used as capping agents, serving as an electrostatic sta-
bilization of magnetite in water and narrowing the size distribu-
tion, which is a common handicap of this method [32,33]. Similarly,
the coating of MNPs with polymers such as PVA can also be used to
obtain good stabilization [34]. These kinds of organic molecules/
polymers have been used, acting as shape-directing ligands or
templates, for the synthesis of elongated NPs, such as nanorods
(NRs), nanotubes, and nanowhiskers [35]. They can enhance the
anisotropic growth of MNPs by modifying the surface energy by
chelation with surface metal ions of specific planes and thus change
the reactivity of these planes [36]. These effects can lead to the
formation of rod-shaped MNPs of tunable aspect ratio by varying
the reaction time [36,37]. Moreover, the application of an external
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magnetic field during the reaction has been used to produce more
crystalline rod-shaped magnetite NPs, with larger lengths under
higher magnetic fields, while keeping the width intact [38]. How-
ever, similar experiments set at 90 °C produced sphere chain-like
structures, which exhibit uniaxial magnetic shape anisotropy like
NRs [39].

This method constitutes a simple route to synthesize SPIONs
and substituted ferrites, being the main drawback that irregular-
shaped and aggregated particles are usually obtained. This effect,
together with their higher degree of aggregation, makes the com-
bination of individual components in a single multicomponent NP a
more challenging process. In this sense, the NPs obtained by co-
precipitation, with the use of an external layer, organic, or inor-
ganic, is the best method to form MMNPs.

2.2. Microemulsion method

A microemulsion is a thermodynamically stable isotropic
dispersion of two immiscible water and oil phases in the presence
of a surfactant that helps the formation of micelles with nanosized
domains of one liquid in the other. The synthesis method of NPs is a
co-precipitation inside a reverse micelle, i.e. water in oil, where the
surfactant molecules form a monolayer at the interface providing a
confinement effect that limits particle nucleation, growth, and
agglomeration [40]. The preparation procedure of iron oxide NPs
(IONPs) in microemulsion consists of mixing a microemulsion
carrying iron salts with another emulsion of precipitating agents.
The reactant exchange is achieved through diffusion when micro-
droplets collide. The microemulsion method has several advan-
tages, including thermodynamic stability and ease of preparation.
Furthermore, compared with the traditional co-precipitation
method, it allows the control of particle size, even at diameters
lower than 20 nm, and morphology with narrow size distribution
and good dispersion [41]. However, large-scale production of MNPs
is limited as a consequence of the low temperatures and large
quantity of oil necessary for a satisfactory synthesis [42,43].

Surfactants such as SDS, cetyltrimethylammonium bromide
(CTAB), or dodecyltrimethylammonium bromide (DTAB) are the
most used in this method. Lu et al. studied the effect of different
surfactants obtaining nearly spherical Fe304 NPs of 10—20 nm
average size for all the surfactants employed. The lattice perfection
of Fe304 NPs synthesized decreased from cationic surfactant (DTAB)
to non-ionic surfactant (polyoxyethylene(4)lauryl ether, named as
Brij30) to anionic surfactant (SDS). SDS microemulsion showed
better dispersion than other surfactants. In addition, it was estab-
lished that the longer the hydrophobic tail, the longer the micellar
lifetime that affects the process of reverse micelles motion-collision
exchange and thus the growth rate of the NPs, decreasing the
crystal defects [44].

This method has not been used extensively for anisotropic MNP
fabrication due to its complexity during the control of the micelles’
shape. However, by increasing the surfactant concentration, mi-
celles can grow to less flexible rod-like micelles. Spontaneously,
surfactant molecules assemble to form highly flexible locally cy-
lindrical aggregates, making them ideal templates for synthesizing
1D NPs (rod, wires, tubes) due to the differences in the growth rates
of different faces. For instance, Wang et al. obtained large aspect
ratio (25:1) NRs of y-Fe,03 by injecting large concentrations of SDS
and 4 h of reaction [45].

2.3. Thermal decomposition method
In this method, organometallic compounds such as M(acac)

(acac = acetylacetonate), M(oleate), M(cup) (cup = N-nitro-
sophenylhydroxylamine), or M(carbonyl), where M is a metal
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element (usually transition metals), are thermally decomposed at
high temperatures in the presence of surfactants and organic sol-
vents, such as fatty acids, oleic acid (OA), oleylamine (OAm), and
hexadecylamine (HDA). Unlike the co-precipitation method, ther-
mal decomposition allows accurate control of the size, size distri-
bution, and shape. However, the use of toxic and expensive
precursors and organic solvents at high temperatures (a higher
energy amount is required) makes this process less environmen-
tally friendly [22]. The key factor of this method is the possibility of
obtaining a higher separation of the nucleation and growth steps,
following LaMer's theory of nucleation-growth [46]. In addition,
two different routes to get monodispersed NPs are available:
‘heating-up’ and ‘hot injection’. During heating-up, the solution
with all the reagents premixed is progressively heated to a given
temperature. In hot injection, the reagents are added into an
already hot surfactant solution, leading to homogeneous fast
nucleation. However, both processes follow the same formation
mechanism, where intermediate species originated from pre-
cursors act as monomers for the iron oxide nanocrystals [47].
Thermal decomposition of zero-valent organometallic precursors,
such as Fe(CO)s, generate metal NPs that are subsequently oxidized
by the media solvents or solvents derivatives produced when
exposed to oxygen. In contrast, the decomposition of cationic metal
centers, such as Fe(acac)s, leads directly to metal oxides NPs, where
the solvents' reductive effect, such as an excess of OAm, promotes
the transformation of Fe3* to Fe?* [22,48,49].

Belaid et al. studied the influence of temperature, reaction time,
and surfactant amount during the synthesis of iron oxide nano-
crystals via hot injection, employing Fe(acac)s as the precursor.
They observed an increase in the size of NPs (from 4.3 to 8.0 nm, at
200 °C and 300 °C), crystallinity, and anisotropy energy with
increasing temperature and time of reaction. Apart from avoiding
the aggregation of NPs, the effect of the surfactants on the size and
properties of the MNPs is not clear in the literature. While in
medical applications, the use of surfactants and fatty acids is a
drawback due to their hydrophobicity, they present a clear
advantage during synthesis due to their versatility in modification
with functional groups [50]. The main anisotropic NPs obtained
with the thermal decomposition method are nanocubes and octo-
pods. Different anisotropies were achieved by controlling the li-
gands' structure, the reaction's humidity, and the temperature
rates. Nanocubes are obtained using various combinations of li-
gands (sodium oleate (NaOIl)/OA) [51], OA/Oleylamine [52], OA/4-
bisphenyl carboxylic acid [53], where the combination of ligands is
what triggers the anisotropy [54]. Curiously, nano-octopods can be
obtained by non-hydrolytic thermal decomposition Fe(acac)s,
submitting the mixture to reflux after the nucleation phase [55].

Although this method requires relatively high-temperature
conditions, the reaction generally takes less than 2 h. The NPs
formed by thermal decomposition have an excellent potential for
developing MMNPs with tailored component sizes and shapes and
narrow size distribution. In addition, the final synthesized NPs
usually present an organic coating, making them colloidally stable
in many organic solvents and reducing the oxidation and
aggregation.

2.4. Sol-gel method

This process is based on the hydroxylation and condensation of
molecular precursors in solution, creating a ‘sol’ of nanometric
particles. Additional condensation and inorganic polymerization
produce a three-dimensional metal oxide network denominated as
a wet gel. The reaction is carried out at room temperature, and
additional heat treatments are necessary to achieve the final crys-
talline state [22,56]. Typically, the process entails various steps. The
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first steps are forming a stable solution of the precursors, called the
sol, followed by gelation by a polycondensation or poly-
esterification (Pechini method) reaction forming an oxide- or
alcohol-bridged network (the gel). Then, the aging of the gel is
produced by further polycondensation reactions, and the gel is
transformed into a solid mass. The gel network contracts and
expulse the solvent from gel pores until the gel is dried, sometimes
forming an aerogel (supercritical drying) or a xerogel (thermal
evaporation of the solvent). Finally, dehydration of M—OH groups of
the surface usually is achieved by calcination at temperatures up to
800 °C. This final annealing step leads to the aggregation of NPs
[57].

Traditional precursors used in the sol-gel method are metal alk-
oxides (RO™) that can be directly formed from a salt containing a
metal and an alcohol (ROH) where R=CHj3, C;Hs, or CsH7. However, in
recent years, the most used precursors are hydrated inorganic salts,
especially nitrates, for the development of substituted ferrites [58].
Moreover, the sol-gel method using citrate as stabilizer has been used
to synthesize substituted ferrites. In their research, Ben Ali et al
utilized hydrated nitrate salts as precursors in the presence of citric
acid to obtain spherical MNPs of cobalt and zinc substituted ferrites
(Cot1_xZnxFe;04) of 11-28 nm in diameter. An increase in the satu-
ration magnetization and a considerable decrease of the coercivity
with higher amounts of zinc in the nanostructure was found [59].

In the same way, other natural substances, such as tragacanth
gum [60] or Aloe vera, were used in more eco-friendly systems as
stabilizers in the synthesis of substituted ferrites [61]. Accordingly,
a combined method of chemical sol-gel and combustion methods
(sol-gel auto-combustion) has been explored in the last years. It is
based on the formation, of gels and subsequent combustion of an
aqueous solution containing salts of the desired metals and
reductant. Again, this route enables the use of natural organic
substances, such as glucose, maltose, starch [62], honey (glucose
and fructose mix) [63], urea [64], citric acid [65], cherry juice [66],
as gelling, stabilizing, reducing, and capping agents. The use of non-
natural surfactants is therefore avoided. In addition, this sol-gel
auto-combustion synthesis path has been assisted by microwave,
obtaining larger NPs with higher saturation magnetization than
those obtained by conventional heating, in the case of CoFe;04.
However, the instantaneous high reaction temperature in micro-
wave heating leads to the aggregation of NPs [67].

Nanotubes and nanowires have recently been synthesized by
the templated sol-gel method. Ebrahimi et al. developed strontium
hexaferrite (SrFe12019) nanowires and nanotubes, introducing the
sols in porous anodic aluminum oxide templates by employing spin
coating, vacuum suction, and dip coating. Uniform nanowires and
nanotubes of 60 nm diameter and lengths of several microns were
successfully synthesized by the dip coating sol-gel process at
2000 rpm and calcination temperature of 650 °C [68]. Similarly,
CoFe;04 nanowires were synthesized by a sol-gel Pechini method
in a porous silicon template, introducing the Si template in the sol
solution, where the penetration of the sol in the template was
assisted by ultrasound and then was sintered at 800 °C for 1 h [69].

2.5. Solvothermal/hydrothermal method

The solvothermal method, usually called hydrothermal method
when water is used as the solvent, is one of the oldest ‘Green
chemistry’ methods for the successful growth of crystals of many
different materials. The synthesis at relatively low temperatures
(130—250 °C) [22], lack of further annealing steps, closed system
conditions (so no toxic gases are expulsed), recyclability of unused
components, and the availability of using water as solvent make
this efficient method a green process. In addition, the products are
large amounts of high crystalline nanocrystals with well-controlled
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dimensions, which can be obtained at a low cost [70]. The use of
microwaves as the heating system has drastically improved the
usability of this synthesis method. The main advantages are the
rapid and uniform heating rates (the whole process can take 30 min
instead of several hours) and less risk of contamination of the NPs
by heating elements and walls of the reactor. Furthermore, the
precise control of reaction time makes the method more affordable
for industrial-scale production [71].

The process can be briefly described as a heterogeneous
chemical reaction in supercritical or near supercritical conditions,
in the presence of a solvent above room temperature and high
pressure [72]. The reactants and solvents used for hydro/sol-
vothermal synthesis are iron-complex precursors in high-boiling
point organic solvents and fatty acids or amines as stabilizing
agents. Mainly, inorganic salts are used in aqueous media and
organometallic compounds in organic solvents.

The control of the reaction time, temperature, surfactants, initial
concentration of reagents, and solvents used are the key parame-
ters to obtain the desired crystal structures and size of MNPs. In
terms of NPs’ sizes and shapes, this method is very versatile,
allowing the fine-tuning of the particle dimensions in a wide range.
In general, larger reaction times can lead to bigger NPs. Besides, at a
certain point, the excess of time leads to inhomogeneous NP dis-
tributions and the formation of agglomerates. Similar behavior is
observed with metal reactants, neither excessively low nor high
concentration is favorable for the formation of uniform nano-
spheres [73]. Besides, higher concentrations of surfactants protect
the particles more thoroughly immediately after their formation,
generally leading to smaller sizes [74,75].

This method has been used to synthesize non-spherical NPs such
as NRs, nanocubes, or nanoflowers. Sun et al. synthesized uniform
magnetite NRs of 63 nm long and 6.5 nm in diameter by using
Fe(CO)s, OA, and HDA as raw materials and n-octanol as solvent at a
6 h reaction. During the solvothermal process, the decomposition of
Fe(CO)s and the hydrolysis of iron oleate should coexist, where the
hydrolysis of iron oleate and controlled releasing water promotes
the formation of iron oxide NRs. The length of the NRs was tuned by
changing the reaction time and the HDA amounts. Interestingly, FeO
nanocubes were obtained for reaction times shorter than 80 min
[76]. Recently, a green, simple, and efficient method has been re-
ported for the development of pure Fe304 iron oxide nanocubes of
26 nm by solvothermal method assisted with B-amyrin (olean-12-
en-3beta-ol, C3gHs500), a pentacyclic triterpene commonly extrac-
ted from plants of the Burseraceae family. In the absence of this
compound, the same size spherical NPs of magnetite were obtained
[77]. Saeed et al. developed a series of PEG-coated Fe30O4 nano-
flowers (Fe-NFs) in a diameter range of 70—250 nm. They used
FeCls-6H;0, sodium acetate trihydrate (NaAc-3H,0), and PEG dis-
solved in EG. The largest NPs were obtained with the lowest per-
formed ratios between FeCl3-6H,0 (40 mM) and NaAc-3H,0
(330 mM). The growth of Fe304 spherical nuclei develops the
flowerlike structure due to Ostwald ripening [78].

3. Multicomponent magnetic NPs: synthesis and structure-
properties relationship

A step forward from synthesizing different morphologies in
homocomponent NPs, the possibility of combining multiple ma-
terials into the same system allows functional combinations to be
achieved [79]. Several heterostructures have been generated in
order to take advantage of the benefits that each component pos-
sesses. For instance, porous NPs are very promising in the field of
drug delivery since they allow the loading and controlled release of
therapeutic agents (Fig. 1a) [80,81]. On the other hand, metal NPs
may provide plasmonic or catalytic properties [82,83], which are
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Fig. 1. (a) Schematic illustration of hollow NPs. Reproduced with permission of Wiley-Vch from the study by Kim et al. [79]. (b) Illustration of the design, preparation, and
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with permission of Wiley-Vch from the study by Kim et al. [79]. NP, nanoparticle.

useful in the detection of diseases such as SARS-CoV-2 [84,85].
Together with the choice of material, the type of heterostructure
morphology plays a crucial role in how those functions are
expressed, i.e. in the structure-properties relationship, generating
additional synergistic effects when the correct morphology is
selected. For instance, Janus NPs (JNPs) (Fig. 1b) combine two
different functional materials in single NP units [86]. They differ
from core@shell NPs in the sense that both active surfaces are
exposed to the surrounding medium at the same time exhibiting
separated surface physico-chemical properties, but on the other
hand, they lack the protecting layer of the core@shell structure (as
seen in Fig. 1c) [87—89]. In Fig. 1d, a summary of some possible
multicomponent nanostructures that give rise to multifunctionality
is presented.

Heterostructured NPs encompass all morphologies in which
different components are combined into a single NP. They are often
categorized as either hetero-dimers, -trimers, or -oligomers. The
number of morphologies is very high, and in many cases, there is a
lack of consensus in the terminology describing them, leading to
the use of very imaginative names. For instance, names, such as
urchin-like [91], multipode [92], nanoflower [93], or nanostars [94],
are often used for the description of the same type of morphologies
[79]. In this part of the review, the structures are classified into a
reduced number of categories. We will focus on the main config-
urations that have been employed to provide multifunctionality to
the MNPs of different shapes, for which the synthesis methods have
been explained in the previous section. The aim is to present a
general overview of these structural classes, describing the
methods and materials that can be used, which can include organic,
inorganic, and biological coatings, and the properties associated
with such structures.

3.1. Core@shell NPs

The core@shell structure can be defined as the class of nano-
materials that have distinct boundary materials completely
covering the inner component, in a way that they can be separately
identified [95]. This structure is one of the most widely used and
synthesized structures and has found applicability in catalysis [96],
imaging [13], or optical sensing [97]. The formation of the shell
around the core can be achieved through different procedures. For
instance, when the coating material is inorganic, the process can be
carried out via adsorption of the coating elements from a precursor
[98]. If the coating material is polymeric, then the covalent
attachment of polymer shells to the surface of the cores can be
achieved either by a ‘grafting to’ or ‘grafting from’ methods. The
former involves the reaction of end-functionalized polymer mole-
cules with complementary functional groups on the surface of the
NPs, while the latter is a surface-initiated polymerization, with the
functional initiators linked onto the NP surface to initiate the
polymerization directly [99]. Moreover, particles with more than
one shell can also be synthesized with consecutive graftings [100].
Several properties can arise from this type of structure. One of the
main benefits is that the shell can protect the core structure from
degradation and prevent aggregation. For example, magnetite
(Fe304) is particularly sensitive to oxidation, and transforms to
maghemite (y-Fe;03) in the presence of oxygen [101], causing loss
of magnetism and dispersity. Thus, strategies for coating or pro-
tecting the magnetic component (such as the formation of shells)
are quite important [102]. The use of core-shell structure also al-
lows the enhancement of the magnetic properties by modifying the
surface anisotropy [103] (see Section 4.1.2), the improvement of the
microwave absorbance [93,104], or the tuning of the plasmonic
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properties of metal nanoshells by varying the shell thickness (see
Section 4.2.2).

Among others, gold is widely used as a coating material due to
its plasmonic properties, its electrical conductivity, stability, and
ease of modification with organic molecules (via thiol groups and
amines). Core@shell MNPs have been coated with gold for appli-
cations in magnetic-field-enhanced photothermal therapy (PTT)
[98]. In this case, spherical Fe304 NPs were synthesized via a high-
temperature hydrolysis process and directly coated with gold by a
single hydrothermal method. First, a Fe304 solution (8.6 mg/mL)
was injected into 0.1 mol/L of HAuCl4.4H,0 solution and stirred for
3 h. After that, 0.8 mL of ammonium hydroxide was added to the
system. Finally, the mixture was heated to 40 °C for 1 h. The
transmission electron microscopy (TEM) images (Fig. 2a) showed
uniform morphology and good dispersity, with the magnetic core
surrounded by a layer of gold with a thickness of approximately
20 nm. Dynamic light scattering analysis gave a mean diameter of
100 nm and hysteresis curves showed a saturation magnetization
of around 30 emu/g.

Another strategy that has been extensively utilized to grow
nanoshells [105] combines the techniques of molecular self-
assembly with the reduction chemistry of metal colloids. This
method is based on functionalizing the surface of the core part with
silanes, such as 3-Aminopropyltriethoxysilane (APTES) or 3-
aminopropyltrimethoxysilane so that the amine groups extend
outward of the surface of the core. When the coated structure is
added to a solution containing gold NPs, they can covalently bond
to the amine group of the organosilane. The next step is to form a
nanoshell, using these coated particles as nucleation points. To
achieve this, the chloroauric acid in a potassium carbonate solution
is reduced by sodium borohydride or formaldehyde [106]. The
thickness of the gold shell is related to the amount of precursor
solution as well as the concentration of Au>* ions in it. This method
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As mentioned above, polymers have been employed in order to
produce coatings and stabilize the magnetic cores. A novel method
to produce a polymeric coating around inorganic semiconductor
nanoparticles, including ZnO, TiO,, and Fe304 was reported. The
method consists of continuous aerosol-photopolymerization,
which allows the condensation of monomer vapor around the
surface of the particles that is polymerized ‘in-flight’ using ultra-
violet (UV) light radiation [99]. Fe304 NPs and butyl acrylate (BuA)
were used. A bubbler at 50 °C was used to generate vapor of BuA, in
a carrier gas at a flow rate of 0.5 L/min. The cooling to room tem-
perature produced supersaturation, which in turn allowed the va-
por to condense around the NPs. Then, the mixture of condensed
vapor and NPs passed through a chamber irradiated with UV light.
A summary of the process is shown in Fig. 2b. TEM investigations
conclude that most NPs were appropriately coated, and no isolated
particle was observed. Hence, this method demonstrated prom-
ising characteristics since it is fast and low-cost. Furthermore, it
does not require surfactants, co-initiation, or surface modification
of the NPs, which is a common feature among many grafting
methods.

One issue that appears when implementing core@shell NPs in
the biomedical context is that biocompatibility must be assured
while also maintaining stability. A typical material that achieves
good results in terms of improving the colloidal stability of the
particles is silica, although the capping agents commonly employed
with it present biocompatibility issues [109]. To palliate this, one
possibility is to employ proteins such as capping agents since they
are highly compatible biological materials [110]. For instance,
Maboudi et al. reported the synthesis of multi-layered MNPs,
coating iron oxide MNPs clusters with a thin silica shell (MS par-
ticles) and subsequently surrounding them with bovine serum al-
bumin (BSA) [108]. The OA-coated magnetite NPs are synthesized
by the co-precipitation method, starting from FeCl;e6H,0 and
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Fig. 2. (a) (1) TEM images (left, scale bar 100 nm), (2) magnetization curve, (3) DLS analysis, (4) energy dispersive X-Ray spectrum, (5) Z potential and 6) UV—Vis NIR extinction
spectrum of Fe304@Au NPs. Reproduced with permission from MDPI from the study by Hu et al. [98]. (b) Schematic diagram of the continuous experimental setup for aerosol-based
fabrication of core@shell materials. Reproduced with permission from The Royal Society of Chemistry from [99]. (¢) (1) SEM image of MS particles, (2) their size distribution, (3) and
(4) TEM images of magnetite and silica (MS particles). Reproduced with permission of Elsevier from the study by Maboudi et al. [108]. DLS, dynamic light scattering; NIR, near-
infrared; SEM, scanning electron microscopy; TEM, transmission electron microscopy; UV, ultraviolet.
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nanocomposites were produced via the hydrolysis-condensation of
tetraethyl orthosilicate and finally surface-treated with amino-
silane and coated with a BSA shell. SEM images (Fig. 2c) showed
MS NPs with an average size of 147 + 20 nm. With regard to the
magnetic properties, the normalized saturation magnetization was
72.6 emu/g for the NPs, 82.4 emu/g for the MS particles, and 81.8
emu/g for the final particles with the BSA shell. The effect of clus-
tering the NPs increases the magnetization, which in turn is slightly
decreased due to the diamagnetic nature of the Si and BSA shells.
Furthermore, cytoviability measurements confirmed that the
addition of the BSA layer improved the cytotoxicity compared with
the MS NPs alone.

3.2. Yolk-shell NPs

In contrast with the core@shell structure, yolk-shell nano-
particles (YSNPs) consist of a movable core inside the hollow shell
of the same or different materials [111]. Much in the same way as
core@shell NPs, YSNPs retain the functionalities of both the core
and the shell components. However, since the core NP is located in
a hollow cavity enclosed within an outer shell, it modifies the
structure-properties relationship with respect to core-shell struc-
tures. In this case, the properties of the two materials tend to be
more independent of the other components and behaving like the
same homo-component substructures when they are alone.
Therefore, properties such as magnetic or plasmonic can be better
predicted in the formation of yolk-shell structures. Finally, the void
space between the two components adds an additional property
providing the capacity to load and carry molecules for sensing
[112], catalysis [113], or therapeutic activity [114] in highly effective
drug delivery systems [79].

The synthetic process slightly differs from the core@shell.
Among the different strategies, selective etching methods based on
the Kirkendall effect or the Ostwald ripening [115] can be
mentioned. However, a sacrificial-template mediated approach is
the most often chosen route to produce YSNPs [116]. In this case, a
system with two shells is synthesized in which the intermediate
material is later removed by selective etching or dissolution.
Among those materials, SiO; is one of the most employed inorganic
materials, while polymeric coatings are typically employed as
sacrificial organic layers.

The space between yolk and shell presents unique opportunities
concerning targeted drug delivery, having unique advantages (such
as preferential tumor accumulation) and disadvantages (like the
inability to convey high enough levels of drug concentrations in
comparison with organic particles). To circumvent the obstacle of
drug resistance, a yolk-shell Fe30,@MgSiO3 nanoplatform has been
reported [14]. The goal of this nanoplatform was to specifically
deliver and concentrate doxorubicin (DOX). Initially, Fe30,@MgSiO3
core@shell NPs were synthesized. The presence of this magnetic
core allowed magnetic targeting to accumulate the nano-
composites on the tumor site. Afterward, a Fe30,@MgSiO3 yolk-
shell structure was created by mixing the previous NPs with
MgCl,e6H2,0 and NH4Cl, creating magnetic mesoporous nano-
composites (MMNs). The MMNs were functionalized with PEG and
APTES (50 mL) in an N; atmosphere, resulting in MMNs-PEG/NH,
nanocomposites. Finally, these nanocomposites were mixed with
50 mg of folic acid (FA, a promising candidate for tumor targeting)
dissolved in 10 mL of dimethyl sulfoxide (DMSO). The synthesized
MMNs-PEG/FA nanocomposites were loaded with DOX by immer-
sion (Fig. 3a).

YSNPs have not only been used with biomedical purposes but
also in other fields such as photocatalysis. The main advantage of
the Y-S structure in catalysis is that the light that falls on the
surface of the particles can be reflected several times in the inner
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cavity between yolk and shell so that much more light can be
absorbed by the materials. Xiang et al. were able to synthesize
ZnFe,04@ZnFe;04 MNPs with yolk-shell structure [117], following a
self-templated solvothermal method, by dissolving in 10 mL of
glycerol and 50 mL of isopropanol, 0.5 mM of Fe(NO3)3e9H,0, and
0.25 mM of Zn(NOs3),e6H,0. Then, this precursor needed to be
annealed at 350 °C for 2 h. The catalytic performance was investi-
gated on tetracycline, under irradiation with visible light. The
mechanism for tetracycline degradation is shown in Fig. 3b. Also,
changing the annealing rate to 1 °C/min produced solid ZnFe;04
solid nanospheres, without the yolk-shell structure.

Finally, it is worth mentioning that the yolk-shell structure is not
limited to spherical NPs. For instance, the fabrication of ellipsoidal
silica yolk-shell magnetic structures has been reported [118]. a-
Fe,03 ellipsoids and resorcinol-formaldehyde resins were used as
cores and sacrificial templates, respectively, and then, constructing
the ellipsoidal hierarchical nanostructures composed of o-
Fe,03@Si0O, as yolk-shells. Similarly, nanoscale magnetic stirring
bars have also been successfully produced for applications in
catalysis [119]. In the first place, a-Fe;03 magnetic spindles were
prepared and, with the assistance of tetraethyl orthosilicate,
cetyltrimethylammonium bromide, and PVP, a mesoporous SiO;
coating was formed outside. Calcination produced mSiO; shells,
and the cores were reduced to Fe under a hydrogen atmosphere.
Finally, Pd NPs were formed through in situ galvanic replacement
reaction between the Fe core and NayPdCly. The final product could
be used as catalysts for hydrogenation reactions of phenols, olefins,
and other chemicals since Pd can dissolve 700 times the volume of
hydrogen at room temperature.

3.3. Core-satellite NPs

In core-satellite nanostructures, a single core NP has several
other satellite NPs (of a different element) attached to it. In general,
heterogeneous nucleation and growth is the most popular
approach to synthesizing this structure [79]. This method consists
of overgrowing several phases at the surface of the seed (core) NP
to form the heterostructure. Another approach is to use ligands to
form covalent or physical attachments of preformed satellite par-
ticles to the core NP, in a similar way as the Oldenburg method
discussed in Section 3.1. Several properties can be identified for this
structure that differ from core-shell structures with continuous and
complete shells. The space between satellites allows the solvent to
access the surface of the inner core, which could decrease the
protective properties but can be very convenient in applications
such as heterogeneous catalysis (Section 4.4) or biomedical imag-
ing (Section 4.1.4). Additionally, the gap formed between the sat-
ellites can generate electromagnetic hotspots when they are made
of noble metals, which has been highly exploited in surface-
enhanced Raman scattering (SERS) sensing (section 4.2.2).

Qiu et al,, for instance, synthesized magnetic Fe304—Au NPs for
SERS detection [120]. The Fe304 NPs were synthesized following a
solvothermal approach, where 0.45 g of FeCl3e6H,0 was dissolved
in 14 mL of ethylene glycol. After that, 1.2 g of NaAc and 0.3 g of PEG
were added. After stirring for 30 min, the mixture was sealed in a
Teflon-lined stainless-steel autoclave and heated to 200 °C and left
to react for 8 h. In parallel, the Au NPs were synthesized from
HAuCly, obtaining particles of around 20 nm size. Finally, the
Fe304—Au NPs were prepared by adsorption of the Au NPs on the
surface of the Fe304 NPs through electrostatic interaction (Fig. 3c).
The synthesized nanostructures were further functionalized with
Raman active molecules and antibodies for labeling.

More complex structures can also be fabricated, for example, if
the basic core-satellite structure is further coated with another
compound in order to form a core-satellite@shell structure. In this
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Fig. 3. (a) Schematic illustrating the DOX-loaded MMNs-PEG/FA with dual-targeting for overcoming the drug-resistant cancer by intravenous injection. Reproduced with
permission of Elsevier from the study by Wang et al. [14]. (b) Photo-Fenton mechanism for TC degradation over the yolk-shell ZnFe,04 sphere under visible light irradiation.
Reproduced with permission of Elsevier from the study by Xiang et al. [117]. (¢) Schematic illustration of the synthesis of Fe30,—Au NPs. Reproduced with permission from The
Royal Society of Chemistry from the study by Qiu et al. [120]. DOX, doxorubicin; FA, Fe304@SiO,—Au; MMNSs, magnetic mesoporous nanocomposites; PEG, polyethylene glycol.

sense, Fe304—Au@TiO, (FAT) structure has been reported, with
applications in detection and photo-reduction of Cr(VI) [121]. First,
Fe304@SiO,—Au (FA) NPs were synthesized following a procedure
by which Fe304 particles were wrapped first in a SiO; shell. These
structures were decorated with the cationic polyelectrolyte poly(-
diallyldimethylammonium chloride) that acts as a bridge for the
connection between the Au NPs and the silicon oxide shell [122].
Then, the colloid TiO, NPs were synthesized by mixing 12.5 mL of
tetrabutyl titanate with 4 mL of isopropyl alcohol, and shaken until
a homogeneous solution appeared. After that, this mixture was
added dropwise to a solution containing 150 mL of deionized water
and 2 mL of HNOs; with vigorous stirring at 70—80 °C. Finally, to
coat the FA NPs with TiO,, polyelectrolyte functioned FA-PSS (—)
was prepared through a layer-by-layer method. 3 mL of this FA-PSS
(—) were dispersed in 1-20 mL of TiO, colloids and shaken for
20 min, forming the FAT structures. The final nanocomposite had a
374 nm Fe304@SiO, core surrounded by 20 nm satellite Au NPs,
with a 5 nm gap between the Au NPs. All this structure was coated
by a 2 nm layer of TiO,.

3.4. Janus NPs

JNPs, also called heterodimers, are defined as those that present
two distinguishable and joined subunits with physicochemical
differences [87]. They present two material surfaces that can be
independently functionalized and generate a broken symmetry
that imparts directionality. This unique property has been applied
in very diverse applications, like the generation of catalytic nano-
motors (also called nanojets or nanoswimmers) [123], or the cre-
ation of specific interactions with biological surfaces and interfaces
[124]. This is the case, for instance, of cell membranes where JNPs
have been proposed to transport drugs to the cell interiors through
an engulfment process [125]. This broken symmetry has also been
used to create nanoamphiphiles that can stabilize interfaces, like in
the case of oil-water emulsions [126], or guide the self-assembly to
obtain higher hierarchical supra-structures [127]. Together with
these properties-structure relationships, these types of structures
present easy access of the solvent to the two surfaces that, like in
the case of core-satellites structures, can facilitate heterogeneous
catalysis or enhance the contrast in multimodal imaging techniques
(section 4.2 and 4.1.1).

One of the Janus MMNPs that has attracted more interest is the
one formed by magnetic materials such as magnetite with gold to
combine magnetic with plasmonic properties. These types of ]NPs

have been successfully synthesized through a thermal decompo-
sition method [128]. In the first place, 4, 7, and 10 nm Au NPs were
synthesized by OAm reduction of HAuCl,, which were used as the
starting point for a seed-mediated growth method. The Au NPs
were added to a solution containing 1 mM of (HDA)eHCl with 12 mL
of 1-octadecene (ODE) and 1 mL of OAm at 120 °C. After that, the
solution was heated to 180 °C and 2.0 mM of Fe(CO)s was added to
form the 4—15 nm Au—Fe heterodimer NPs. The same reaction
conditions, with varying masses of Au NPs of different sized, gave
distinct heterodimers, namely, 7—13 nm Au—Fe and 10—11 nm
Au—Fe. At last, to form the Au—Fe304 NPs, a dispersion of the
previous heterodimer Au—Fe NPs was mixed and magnetically
stirred with 20 mL ODE and 1 mL OAm, then heated to 160 °C for
15 min to oxidize the Fe into Fe304. TEM and high-resolution TEM
images of the particles confirmed the formation of heterodimers.
The surface oxidation of Fe forms a Fe304 shell that prevents further
oxidation of the Fe in the core. UV—Vis spectra showed a localized
SPR absorption peak at 520 nm for the Au NPs (which is indepen-
dent of the particle size), but shifts to 538 nm when the Au NPs
were coupled to Fe3O4 in the heterodimers due to the pull of Au
electrons by the attached iron oxide. Fig. 4a shows the TEM images
of the Au—Fe304 heterodimers.

In a similar way, Au—Fe,C JNPs can be synthesized via a three-
step process: preparation of Au seeds, the formation of Au—Fe
heterostructures, and the carburization process of Au—Fe,C Janus
NPs [129]. In first step, 1 mL of 9 nm Au NPs, 8 mg of NH4Br, 15 mL of
ODE, and 100 mL of OAm were mixed and stirred in a 10 mL four-
neck flask under standard gas (5% H in Ar) atmosphere. Then,
the system was heated to 100 °C and degassed for 2 h. After that,
the temperature was raised to 180 °C, and 100 mL of Fe(CO)s was
injected into the solution. The carbonization process was carried
out by injecting the Au—Fe heterostructures in hexane via a syringe,
degassed at 120 °C for 30 min, and finally heated to 300 °C for
another 30 min. With this process, the Au—Fe,C JNPs were obtained
(more details can be seen in Fig. 4b). ]NPs have also been synthe-
sized with different morphologies, like nanostars [88], or they have
been modified to give them interesting features, such as self-
propulsion [130].

Dumbbell-like NPs, named after their characteristic shape, can
also be regarded as a kind of JNPs with two lobes of similar diam-
eter (as opposed to snowman-like NPs that present very different
sizes between the two materials). Gold-iron dumbbell-like NPs
have been obtained by the thermal decomposition of iron-oleate
complex (Fe(OL)3) in the presence of Au seeds at 310 °C [131]. In
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Fig. 4. (a) TEM images of the Au—Fe3;04 heterodimer NPs with different lobe ratios (1) 4—15 nm, (2) 7—13 nm and (3) 10—11 nm. Reproduced with permission of The Royal Society of
Chemistry from the study by Jiang et al. [128]. (b) (1) Schematic depiction of the synthetic process of Au—Fe,C JNPs. HRTEM images of Au—Fe (2,3) and Au—Fe,C (4,5) Janus NPs
[129]. Copyright 2017 American Chemical Society. (c) HRTEM images of (1) 5 nm Au NPs, (2,3) dumbbell-like Au—Fe;04 heterostructures, (4) 10 nm Au NPs, (5,6) flower-like
Au—Fe304. Reproduce with permission of the American Chemical Society form reference [131]. Copyright 2011 American Chemical Society. (d) Schematic showing the sulfur-
mediated coupling of Au—Pt—Fe304 heterotrimers to form higher-order hetero-oligomers, and TEM images of possible branched structures, along with the cartoon representa-
tions. Scale bars are 10 nm. Reproduced with permission from Macmillan Publishers Limited from the study by Buck et al. [132]. HRTEM, high-resolution transmission electron

microscopy; NP, nanoparticle; TEM, transmission electron microscopy.

this work, they demonstrated that the shape of the hetero-
structures depended on the size of the Au seeds. When the seeds
were small (4 nm), dumbbell-like structures were obtained
(Fig. 4c). Histogram analysis of TEM images showed that the Au
sizes were in the range 2.8—5.8 nm and the Fe304 in the range of
11—15 nm, with mean sizes of 5 and 12 nm, respectively. Hysteresis
loops at 300 K gave a saturation magnetization (normalized to the
unit weight of Fe304) of 41 emu/g.

3.5. Magnetic nanochains

Magnetic NPs can also be easily arranged into 1D chain-like
structures, called nanochains (NCs), either by magnetic fields or
by the use of biological synthesis in magnetotactic bacteria
[133,134] (Fig. 5a). This offers a unique structure to further obtain
MMNPs, for instance, by a subsequent coating to form core-shell
NCs. NCs special disposition influences their magnetic properties
creating directionality and magnetic anisotropy as opposed to
isolated NPs or the bulk material [135,136]. These structures have
shown potential in several applications in fields such as micro-
mechanical sensors [137] given their particular interparticle
interactions.

In addition, it has been demonstrated that such special dispo-
sition can influence the properties of the NCs, differentiating them
from the isolated NPs or the bulk material [135,136]. In this sense,
several groups have been interested in the synthesis of NCs and the
tunability of their properties. For instance, Tadic et al. produced
maghemite (y-Fe;O3) NCs and studied their morphology,
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functionalization, colloidal stability, and magnetic properties,
comparing them to the individual maghemite NPs that composed
the chain [138]. First, maghemite NPs were synthesized by pre-
cipitation from an aqueous solution. Subsequently, nanoclusters of
these NPs were produced, and their size was controlled by the
combination of PAA and polyvinylpyrrolidone. These nanoclusters
were further coated with silica so they could be later arranged in
chain morphology and magnetically separated from the solution.
The synthesized MMNPs had an average crystallite size of 9.8 nm,
80—100 nm cross-diameter, and 600 nm length (Fig. 5b) and were
coated with a shell of silica of around 10 nm or 40 nm. Importantly,
the large absolute zeta potential value for the NCs, provided by the
silica coating, gave rise to an excellent colloidal stability. M(H)
curves at 300 K exhibited a superparamagnetic behavior for both
the NCs and the clusters. The magnetic moment of the NPs within
the chain was larger than the one corresponding to isolated
counterparts, thus beautifully demonstrating the structure-
property dependence.

Another interesting case of this morphology was highlighted by
the group of Yonghui Deng, who produced mesoporous alumino-
silicate nanochains (MMAS-NCs) (Fig. 5¢) with a well-defined core-
shell-shell sandwich structure [139]. In this case, magnetite NPs of
160 nm diameter were synthesized via solvothermal method, so a
silica shell could be coated latter. These Fe304@SiO, structures were
arranged into NCs by exposing them to a 28.5 mT magnetic field.
The NCs were coated again by a mesoporous silica shell to yield a
Fe304@Si0,@mSiO; structure. Depending on the water/n-hexane
ratio used during the synthesis, diverse porous sizes were
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Fig. 5. a) Schematic representation of magnetotactic bacterium with a magnetosome chain. Reproduced with permission from the study by Kralj [134]. (b) Field-dependent
magnetization curves and TEM images of (1) nanochains and (2) nanoparticle clusters at 300 K. The red line represents the fit to the Langevin function. Plot of M/Ms vs. H at
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electron microscopy; TEM, transmission electron microscopy.

obtained. Moreover, upon the combination of these porous struc-
tures with AICl3-6H,0, MMAS-NCs (Fe304@SiO,@mSiAlOy) were
fabricated. According to TEM images, the magnetite NPs had a
uniform size of around 200 nm, comprising 10 nm nanocrystals. In
this sense, the Fe304@SiO, NCs had an average diameter of 300 nm
with a silica layer of around 50 nm, and chain lengths ranging from
5 to 10 um. Each of the NPs was separated from the others by a
20 nm silica interlayer. The resulting MMAS-NCs had a well-
preserved 1D chain structure, with a diameter of around 350 nm
and abundant mesopores. Owing to their properties, these struc-
tures could be used as green solid acid catalysts, where the mag-
netic core could concomitantly act as a magnetic separator and
recycler, and the mesoporous outer shell possesses open channels
with a large number of acidic sites adequate for mass trans-
portation and diffusion. The peculiar structure of NPs arranged into
chain-like structures offers distinct functional properties useful in
applications such as wave absorption [140—142] or drug delivery
systems [143].

3.6. Anisotropic NPs

Controlling anisotropy (this is, the change in properties
depending on direction) at the nanoscale presents a new oppor-
tunity to access new functionalities [144]. Thus, many efforts have
been devoted toward obtaining NPs exhibiting a variety of aniso-
tropic shapes, therefore, enabling different avenues to further tailor
the material's response. For instance, Au NRs have been extensively
studied since their anisotropy originates two SPR dipolar modes:
longitudinal and transversal [145]. An interesting approach was
presented in our work [146], where core@shell Fe304@Au NRs,
showing potential for both magneto- and photothermia synthe-
sized. First, the Fe304 magnetic NRs were produced by a sol-
vothermal method. Then, the NRs were functionalized with APTES,
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and 2—-3 nm sized Au NPs were synthesized as well. The func-
tionalized NRs were added to the solution containing the Au NPs to
form core-satellite NR structures. The surfaces of these satellites
were used as growing sites for the formation of a complete Au shell.
Further, the NRs were included inside agarose hydrogels, and the
vibrating sample magnetometer (VSM) measurement yielded a
saturation magnetization of Ms = 83.1 A m?/kg. Moreover, these
NRs could be oriented within the hydrogel with an external mag-
netic field where they were arrested, showing the effects of
anisotropy in the angle-dependent magnetization curves. The
feasibility of these NPs was demonstrated in applications of com-
bined magnetothermia and photothermia, where tunability and
enhanced effect were produced by modifying the application angle.

Multicomponent NRs have also been studied as mechanochro-
mic materials with predictable color changes in response to me-
chanical stimuli [147]. Mechanochromic films with precise
colorimetric response were prepared with magneto-plasmonic NRs
synthesized by colloidal methods. FFOOH NRs were first synthe-
sized by a high-temperature hydrolysis reaction. Then, they were
reduced to magnetite by a polyol process with a silica shell. These
Fe;04@SiO, NRs had a blocking temperature of 190 K, indicating
superparamagnetism. Thereafter, the NRs were overcoated with a
layer of resorcinol phenol (RF), the SiO, layer etched, and a single
Au layer was grown perfectly parallel to the magnetic NR. This
alignment allowed the control of the plasmonic resonance via a
magnetic field, demonstrating that only some of the modes were
activated. Further, mechanochromic devices, able to respond to
torsion and pressure with changes in color, were prepared by
mixing the multicomponent NRs with polydimethylsiloxane
(PDMS).

Smart assemblies of NP clusters also allow the realization of
anisotropic structures [148]. Magnetic-field induced assembly, for
instance, has demonstrated the possibility of creating 1D structures
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(nanochains), 2D structures (nanosheets), or even 3D crystals [149].
This assembly has been used, for example, to create orientation-
dependent photonic systems [150]. Prussian Blue (PB) nanocubes
were synthesized and coated with a layer of silica, and transformed
into Fe304@SiO; nanocubes by a polyol process. The cubes had a
Ms = 32.5 emu/g. Upon application of a magnetic field, the nano-
cubes tend to align into chain-like structures with parallel align-
ment to field directions. Compared with chains of NPs, these
assemblies with nanocubes showed a strong dependence of the
light diffraction on the chain orientation (this is, the orientation of
the magnetic field), rather than only on the field strength. They
demonstrated the applicability by creating encrypted patterns in
polymeric films that could only be observed in certain directions.

Nanoplatelets also seem to present differences in their proper-
ties owing to their anisotropy. For instance, it has been demon-
strated that the substitution of Sc in barium hexaferrite, which is a
strategy employed to decrease the values of Ms, actually has the
opposite effect on nanoplatelets [151], where this incorporation
increased the magnetization from circa 16 A m?/kg to over 38 A m?/
kg. These magnetic nanoplatelets can be actuated to disrupt
phospholipid membranes, hence destroying cancer cells. The
structures were exposed to a uniaxial alternating magnetic field
(AMF) with frequencies ranging from 3 Hz to 100 Hz and ampli-
tudes from 2.2 mT to 10.6 mT, while interacting with giant uni-
lamellar vesicles, used as a model system of a cell membrane. After
this interaction under the magnetic field, the membrane bending
constant of the giant unilamellar vesicles decreased from
1.3x107 9] t0 0.86 x 10~1%], showing that the magneto-mechanical
actuation disrupted the membrane.

3.7. Other heterostructures

While the most common structures are summarized in the
previous sections, there are other structures more difficultly cate-
gorized but that can present properties that are highly convenient
for specific applications. Here we report some of those examples in
relation to their properties and specific applications.

Polymeric vesicles (polymersomes), for instance, have been
successfully synthesized with the incorporation of MNPs either in
the surrounding layer interior or the vesicle interior [152,153]. Pol-
ymersomes have been widely employed as versatile drug delivery
systems due to certain unique characteristics such as compart-
mentalization, chemical structure, and plasticity, ease to encapsu-
late different species, mechanical integrity, and colloidal stability.
The most evident property-relationship of this structure is the high
loading capacity and, when combined with MNPs, the high total
magnetization for external manipulation. An elegant method for the
controlled release of DOX using magnetically activated polymer-
osomes has been reported [153]. Ultrasmall superparamagnetic iron
oxide nanoparticles were loaded inside polymersomes external
layer by a solvent assisted method. First, the copolymer labeling was
adjusted to 0.2 mol% by adding unlabeled Poly(trimethylene car-
bonate)-block-poly(L-glutamic acid) (PTMC-b-PGA). A solution in
anhydrous dimethyl sulfoxide (DMSO) at 10 mg/mL was prepared.
The hydrophobically coated Ultrasmall superparamagnetic iron
oxide nanoparticles were added at a feed weight ratio (FWR = mygad/
Mpolymer X 100) of 30%. The resulting solution was mixed with car-
bonate buffer (50 mM, pH 10.5). Possible applications of these pol-
ymerosomes include drug liberation upon the application of an
AMEF. In a different example, Ye et al. formed poly(lactic-co-glycolic
acid) vesicles via emulsion-evaporation. This process of vesicle for-
mation allowed the incorporation of a high number of elements. In
this case, the vesicles were designed for use in anticancer treat-
ments incorporating simultaneously an anticancer drug (busulfan)
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and inorganic NPs (IONPs and Mn:ZnS quantum dots) that added
the multimodal imaging capabilities.

The group from Lin et al. also used larger Au NPs, which provided
larger surface areas and multiple monocrystalline domains for
nucleation of Fe304 NPs, to obtain flower-like structures, with satu-
ration magnetization at 300 K of 51 emu/g [131]. Opposite to the
case-of the Fe304@Au described in the core-shell section, in this case,
the magnetic part is exposed and presents a multi-granular structure.
This structure affects the magnetic properties and allows the water to
be in contact with the surface. In Lin's study, it was noted that despite
these values being smaller than that of bulk magnetite (90 emu/g),
they were larger than previously obtained data from particles pre-
pared by similar procedures. A seeded-growth approach is generally
the selected method for the synthesis of flower-like structures, where
thermal decomposition can be used to obtain precise control over the
size of the NPs. Following this procedure, as an example, Au—Fe304
heterogeneous nanocrystals have been obtained [154]. Although the
Au seeds could be obtained in a previous step or in situ, the former
approach better controls the monodispersity of the final nano-
crystals. In this work, the flower-like structures were obtained by the
thermal decomposition of iron precursors (in particular Fe(CO)s and
Fe(acac)s) in the presence of Au NPs. They focused on how the
different conditions of the synthesis affected the final product. For
instance, when Fe(acac)s was used as a precursor instead of Fe(CO)s,
the heterostructures presented a more rounded shape, which sug-
gests a different nucleation regime depending on the precursor.
Furthermore, the molar ratio of Fe to Au also influenced the
morphology of the crystals (and not only the nucleation of the iron
oxides, as expected). In particular, in the presence of higher iron
concentration, heterogeneous nucleation and growth are favored
and, therefore, the larger presence of iron precursor led to multiple
heterogeneous nucleations on the surface of Au NCs. Also, the coating
layer and the surfactant play important roles in the synthesis process.
Depending on whether the surfactant is OA or OAm, the morphology
and aggregation of the nanocrystals changed. They concluded that
both OAm and OA are necessary for obtaining homogeneous
Au—Fe304 NCs, controlling aggregation, and size distribution. The
coating was chosen depending on the iron precursor (OAm and 1,2-
dodecanediol for Fe(CO); and only OAm for Fe(acac)s).

As the last example, it is possible to obtain MMNPs containing
multiple nanoscale domains joined together by solid-state interfaces.
This allows creating ad-hoc designed ‘artificial molecules’. Although
the complexity initially resided in the lack of a systematic approach to
design these structures, Buck et al. were able to show how to apply a
step-by-step synthesis procedure in a predictable manner [132]. Since
Fe304-noble metal multicomponent NPs are highly stable, they chose
the M-Pt-Fe304 heterotrimers (with M = Au, Ag, Ni, Pd) as the initial
building block for higher-order structures. Pt—Fe304 heterodimers
were synthesized by the thermal decomposition of Fe(CO)s in 1-ODE
that contained Pt seed particles. Then, heterogeneous nucleation of
Au on Pt—Fe304 was achieved through the reduction of a 1-ODE so-
lution of HAuCl with oleylamine (OLAM) in the presence of Pt—Fe304
heterodimers at mild temperatures (60—90 °C). The nucleation of the
metals could be produced on the Pt or Fe304 ends of the heterodimer,
on both ends, or even at their interface, thus giving different mor-
phologies. Noteworthy, they were able to take this synthesis one step
further, adding a third element to the already achieved nano-
structures, thus forming heterotetramers, or even couple several
Au—Pt—Fe304 heterotrimers to form hetero-oligomers, just by heat-
ing the heterotrimers to 120—150 °C with a trace amount of sulfur
powder in tricotylamine (Fig. 4d). The structure-properties relation-
ship in this kind of structures highly depends on the materials; it
allows access of the solvent to the individual components, in many
cases independent functionalization, and a versatile approach that
opens the possibility to generate more complex morphologies with
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Table 2
Summary of typical multicomponent nanostructures, preparation methods, materials and structure-properties.
Structure Preparation methods Materials Properties
Core@shell Adsorption from precursor (inorganic) Core Core protection with shell
Grafting to/Grafting from (organic) Iron oxide nanoparticles (Fe304, Fe;03), Magnetization enhancement
Molecular self-assembly Fe,P, inorganic semiconductors (ZnO, TiO;) SPR tuning in metal nanoshells
(Oldenburg method) Shell
Aerosol photopolymerization Inorganic (Au, Si), organic (BuA)
Yolk-shell Selective etching Yolk Loading capability

Core-satellite

Janus nanoparticles

Magnetic nanochains

Other heterostructures:

Kirkendall-effect-based methods
Ostwald ripening

Sacrificial template

Heterogeneous nucleation and growth
Covalent attachment of satellites

Seed-mediated growth

Thermal decomposition in the
presence of seeds

Precipitation from an aqueous solution
Solvothermal

Heterogeneous nucleation

Iron oxides (Fe30y4, Fe;03), ZnFe,04
Shell

SiOZ, ZnFe204, Mg5103

Iron oxide cores

Au satellites

Fe;04—Au
Fe,C—Au

y-Fe;03
Fe304@Si0,
M-Fe;0, (M = Pt, Au, Ag, Ni, Pd)

Independent properties of yolk and shell
Improved catalysis

Hot spots in the gaps between

satellites and SPR tuning

Access of solvent to the core

Broken symmetry and directionality
Independent functionalization

Access of solvent to the different parts
Magnetic shape anisotropy, magnetization
enhancement, stability.

Higher number of materials

hetero-oligomers
(artificial molecules)

Structure versatility
Incorporation in organic structures

high potential for futures applications. A summary of the aforemen-
tioned structures, the materials employed and the properties related
to those structures can be found in Table 2.

4. Multicomponent NPs for advanced applications
4.1. Biomedical

4.1.1. Multimodal imaging

Imaging techniques enable the understanding of complex bio-
logical processes. They have been implemented and become an
essential tool in the healthcare field for many years, facilitating the
diagnosis of, among others, complex diseases such as cancer, or
Alzheimer's. These imaging techniques have been classified into
two main categories: morphological (or anatomical) and functional
(or molecular) [155]. Morphological techniques (such as ultra-
sound, X-ray computed tomography (CT), MRI, and magnetic par-
ticle imaging (MPI)) are generally characterized by high spatial
resolution but lower sensitivity. On the other hand, molecular im-
aging techniques like positron emission tomography (PET), single-
photon emission computed tomography, or photoacoustic imaging
(PAI) show a higher sensitivity but lower spatial resolution.

MNPs have found applications in biomedical imaging for a long
time. They have been commonly used not only as contrast agents
for MRI generally as a T, (negative) contrast but also as a T (pos-
itive) contrast for the case of very small SPIONs [156]. They act also
as the basic contrasts agents in MPI, and when further functional-
ized with a radioactive isotope attached to them (or as doping
agents), they can be also employed in techniques like PET and
single-photon emission computed tomography. However, the
different characteristics of each imaging modality (penetration
depth, spatial and temporal resolution, exposure to ionizing radi-
ation, contrast of the different tissues, etc.) render almost impos-
sible to find a unique method that fulfills the conditions of whole-
body, highly resolved, and video-framed imaging at once [79].
Hence, multimodal imaging is one of the fields in which the
application of multifunctional and multicomponent nanostructures
offers more possibilities since the ability of these NPs to serve as
probes or contrast agents for two or more imaging methods (as
shown in Fig. 6) can supplement the limitations of individual
techniques and allow for better-rounded bioimaging.

Different materials can be used depending on the imaging
modality. For instance, MNPs (in particular superparamagnetic
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ones) can be applied as contrast agents for MRI, whereas NPs of
high Z-number seem to be appropriate for CT imaging due to their
high X-Ray attenuation coefficient [158]. One of the main issues
with the selection of materials is that, for them to be useful in a
clinical setting, it is paramount that those materials are biocom-
patible. Inorganic nanomaterials, such as the ones previously
mentioned, often show different downsides that impede their
approval for clinical use. Thus, we will focus here on the most
common materials that are being studied, namely iron and its ox-
ides. The combination of these components, or their functionali-
zation with other elements (e.g. gold, gadolinium), allows the
development of multicomponent nanomaterials for two or more
types of imaging techniques.

MRI is a non-invasive imaging technology that produces three-
dimensional, detailed anatomical images. Employing magnets that
produce a strong magnetic field, water protons in the body are
forced to align with that field. Then, when a radiofrequency current
is pulsed through the patient, the protons are taken out of equi-
librium. Upon releasing the alternate current, the MRI sensors are
able to detect the energy released by the protons when they realign
with the magnetic field. The time it takes for the protons to realign
(T1 in the direction of the magnetic field, longitudinal) or loss of
magnetic phase (T, perpendicular to the magnetic field, transverse)
depends on the environment and chemical properties of molecules,
allowing distinguishing between different tissues. Furthermore,
contrast agents can be introduced to modify the relaxation times,
producing contrast in the image (darker or brighter regions). The
capability of those materials to modify those relaxation times is
called the relaxivity (r; and r») and it is defined as the slope of the
inverse of the relaxation times with the concentration. Para-
magnetic materials are known to modify the longitudinal relaxa-
tion processes of the water protons (named Ty processes), whereas
superparamagnetic and ferromagnetic and ferrimagnetic materials
(like SPIONs) modify the transverse (or T) relaxation processes
[158].

Since Fe oxides are contrast agents for MR, it is also possible to
combine both materials to produce dual contrasts for T; as well as
T,. With this in mind, Li et al. synthesized multicomponent core/
shell Fe304/Gd203 nanocubes for enhanced T1-To MRI (Fig. 7a) via
one-step thermal decomposition of a mixture of iron oleate and
gadolinium oleate precursors. After preparing the multicomponent
nanomaterial, they compared the r; and r, relaxivity together
with that of Gd;O3 NPs and Fe304 nanocubes. The saturation
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Fig. 6. Schematic illustration of the different functions of MMNPs in biomedical diagnosis and treatment. Reproduced with permission of Wiley from the study by Tian et al. [157].

MMNP, multicomponent magnetic nanoparticle.

magnetization of the Fe304/Gd;03 nanocubes was 24.9 emu/g,
which was lower than one from the Fe304 nanocubes alone
(Fig. 7b), probably due to the reduction of iron oxide content in the
structure. Interestingly, the multicomponent Fe304/Gd,03 nano-
cubes exhibited r; and r, of 452 + 0.8 mM”/s and
186.5 + 6.0 mM /s, respectively, which is a two-fold increase from
those obtained for isolated Gd,03 NPs (23.16 + 2.2 mM~!/s) and
Fe304 nanocubes (93.27 + 2.6 mM~!/s), when MRI phantom studies
were performed. They attributed the r; increase to the slower
tumbling rate and the r, increase to an additional synergistic
contribution of T, shortening by the Gd ion sitting adjacent to the
iron in the multicomponent nanocubes [159]. Moreover, cytotox-
icity studies demonstrated that the nanocubes were indeed
biocompatible and in vivo imaging of rats at 3.0 T showed positive
and negative T; and T, contrast after injection (Fig. 7c).

As mentioned above, iron oxides are also widely used in
biomedical imaging since they present excellent in vivo biocom-
patibility, good colloidal stability, and tunable surface modifications
[160]. Even more, superparamagnetism in IONPs is especially
relevant since it allows to magnetically target and handle the par-
ticles and serves as contrast agents for To-weighted MRI[161]. As an
example, we combined an iron oxide core with a branched gold
nanostar in a Janus-like configuration, in which the final Janus
magnetic nanostar (JMNS) has two chemically different surface
regions [88,127]. The JMNS were synthesized starting from gold
nanospheres that were used as seeds for gold-iron oxide nano-
dumbbells, subsequently using those as seeds for the directional
growth of asymmetric gold nanostars. The seed—mediated growth
process offered high tunability on the nanostar size varying from 20
up to more than 100 nm while two versions of the iron oxide were
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obtained with 15 and 20 nm diameter size (Fig. 8a). The nanostar
morphology offered tunability on the SPR with excitation in the
near-infrared (NIR) region (biological transparency window), what
offers the possibility to be used as contrast agents in PAI where the
sample is excited with light and the recording is made with the
generated ultrasounds. Furthermore, the NPs offer contrast capa-
bilities for MRI (iron oxide lobe) and CT (Au X-ray attenuation).
Finally, the Janus nanostars offered several imaging capabilities for
ex vivo or in vivo experiments such as simultaneous bright and dark
field optical microscopy, and SERS sensing and mapping [88,162]. In
a similar example, PEGylated branched Au—Fe304 JNPs prepared
through a simple hydrogen reduction method (of Au—Fe(OH)s3
JNPs) and subsequent Au branched growth, resulted advantageous
for MR, and CT and PAI [163]. A large iron oxide core and a small Au
nanostar was found to be the best configuration for MRI, while the
presence of gold yielded promising results in CT (due to the high
atomic number) and PAI (because of the localized SPR of Au). Other
groups have explored the Janus configuration as well for iron, either
in combination with gold [129] or with polymers [164] with
multimodal imaging capabilities.

Another configuration that has extensively been explored for
multimodal imaging is that of core@shell structures. However, one
potential issue with these structures is that, when an inorganic
material is directly deposited onto the IONP, it seriously limits the
proximity of water protons to the magnetic material, reducing its
capacity to act as an MRI contrast. In light of this fact, Li-Sen Lin
et al. [165] proposed a sub-100 nm yolk-shell nanostructure in
which the Fe304 core is inside a hollow cavity and surrounded by a
porous Au shell (Fig. 8b). They used the iron oxide core, which was
surrounded by a SiO; interlayer and, after forming the porous Au
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Fig. 7. (a) Characterization of Fe304/Gd,03 nanocubes. (1) TEM image of the monodisperse nanocubes. (2) STEM-HAADF image of core/shell nanocubes. (3) EDX mapping images of
one nanocube. (4) EDX line profiles across a nanocube. (5) HRTEM image of one nanocube. Reproduced with permission of The Royal Society of Chemistry from the study by Li et al.
[159]. (b) Magnetic properties of Fe304/Gd;03 nanocubes. Field-dependent magnetization curves (M—H) of the Fe304/Gd;03 nanocubes (black line) and Fe;04 nanocubes (red line)
at 300 K. Inset shows both curves in the low-field region. Reproduced with permission of The Royal Society of Chemistry from the study by Li et al. [159]. (¢) In vivo MRI studies on
rats at 3.0 T. (1) T, and T, weighted MR images before and after intravenous injection of Fe304/Gd,03 nanocubes at a concentration of 2.0 mg of Fe per kg of rat bodyweight (top: T,
imaging, bottom: T; imaging, the arrow indicating the hepatic vascular). SNR changes in the liver of T, (2) and T; (c) weighted images after administration. Reproduced with
permission of The Royal Society of Chemistry from the study by Li et al. [159]. EDX, energy-dispersive X-ray spectroscopy; HRTEM, high-resolution transmission electron micro-
scopy; MRI, magnetic resonance imaging; SNR, signal-to-noise ratio; STEM-HAADF, scanning transmission electron microscopy-high-angle annular dark-field; TEM, transmission
electron microscopy.
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outer shell, the SiO, template was removed. To demonstrate the
effectiveness of this structure in preventing the decline in MRI
contrast, they compared the relaxivities of the yolk-shell nano-
structures with those of a core@shell NP with the same materials.
They found that the r for the yolk-shell was 149.4 s~!/mM,
compared to 61.9 s~! m/M for the core@shell, resulting in a better
contrast and signal-to-noise ratio for MRI. Furthermore, the nano-
shell configuration and presence of the hollow cavity caused a red-
shift in the localized surface plasmon resonance (LSPR) of gold,
yielding a strong NIR absorption from 650 to 850 nm (inside the
biological transparency window of biological tissues) and making
the yolk-shell structure particularly promising for PAL Finally, by
directly depositing a®4Cu radiolabeling agent on the Au surface,
they were also able to test the effectiveness of this structure as a
contrast for PET imaging. The maximum uptake values in U87MG
tumor-bearing mice were 8.55% injected dose-g~! 24 h after in-
jection. Apart from the imaging capabilities, the yolk-shell NPs can
potentially be used for drug delivery as is discussed below (section
41.3).

We also wanted to highlight the importance that MMNPs have
had on the development of novel, non-invasive imaging tech-
niques, such as MPI. MPI was initially proposed by Gleich and
Weizenecker [166] and is based on the use of time-varying mag-
netic fields to directly detect IONPs, instead of indirectly using them
on MRI. MPI promises high depth penetration, positive contrast, no
radiation, and nearly no background from tissues [167]. In this
sense, the synthesis of IONPs with high MPI signals has been re-
ported [164]. A thermal decomposition method of iron-oleate
complex in the presence of OA was utilized, with a fixed reaction
temperature of 310 °C and different reaction times. TEM images
showed relatively uniform sizes, from 14.1 to 16.2 nm depending on
the reaction time. Furthermore, the particles were encapsulated in
fluorescent semiconducting polymers to produce Fe3O4@semi-
conducting polymer NPs. The performance of the synthesized NPs
was compared with a commercial MPI agent (ferucarbotran) and a
commercial MRI agent (Feraheme). The MPI signal of the prepared
NPs was three times bigger than one of the commercial
agents (Vivotrax) and seven times higher than the other (Fer-
aheme) at the same concentration of Fe. Moreover, the
encapsulation of the particles on the semiconducting polymer Poly
[2,7-(9,9-dioctylfluorene)-alt-4,7-bis  (thiophen-2-yl)benzo-2,1,3-
thiadiazole] (PFODBT) did not produce negative effects on the
MPI signal intensity and, what is more, provided good labeling of
cells, having the potential for in vivo long-term cell tracking by MPI
and fluorescence imaging.

Finally, the use of MMNPs makes it possible to combine imaging
techniques for diagnosis with therapy applications becoming a
complete theranostics biomedical-tool. For instance, a theranostic
agent based upon the combination of gold-graphene (Au-rGO)
MMNPs decorated with SPIONs has been synthesized [168]. This
MMNP was built with four capabilities combined: self-guided MRI,
SERS, PTT, and chemodynamic therapy. This nanoprobe was syn-
thesized first by producing graphene oxide, which was later con-
verted into a multicomponent NP by developing 15 nm size gold
nanoseeds over the reduced graphene oxide (rGO) layers. Then, the
surface was modified with 4-aminothiophenol, which acts as a
SERS reported, and finally conjugated with the SPIONSs to obtain the
final MMNP. The final product presented superparamagnetic
behavior, and T relaxivity of 62.8 mM~'/s. A photothermal con-
version efficiency of 19.6% was also reported, with the ability to
raise the temperature from 27.6 °C to 43 °C in 5 min, when irra-
diated with a 2 W/cm™? laser (808 nm) at a concentration of 50 ug/
mL. In vivo studies also confirmed the efficacy of the nanoagents to
reduce tumor size in comparison with the control group. Other
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multicomponent materials have also been reported as theragnostic
agents [169,170].

4.1.2. Hyperthermia

Thermal therapies comprise all therapeutic treatments based on
the transfer of thermal energy into or out of the body. This includes
treatments in oncology, physiotherapy, urology, cardiology, or
ophthalmology among other areas of medicine. Thermal therapies
have experienced a renewed interest in the last two decades thanks
to the use of nanomaterials that can be activated via heating, also
called nanothermo-therapies, with special relevance in the treat-
ments of cancer tumors [171,172]. The use of NPs allows much
higher spatial and temporal control than conventional hyperther-
mia treatments. Different from other treatments, nanothermo-
therapies require two events for local heating: first, it is the pres-
ence of NPs in the tumor tissue, this is produced by enhanced
accumulation, passively by EPR effect or actively through targeting
and guiding strategies; and second, an external stimulus such as
electromagnetic radiation or AMF. This produces discrimination
between healthy and malign tissue in the region of stimulus
application as well as prevents the activity on other organs where
NPs tend to accumulate naturally (liver, kidneys, etc.). Moreover,
the structure of NPs can be made to accommodate active molecules
simultaneously allowing combinatorial cancer therapy with
different drugs, targeting, imaging, or biomimetics to bypass
cellular membranes and overcome drug resistance mechanisms.
Although the particles can be used on their own as a standalone
treatment, usually they are employed as sensitizers to enhance the
effect of other therapies [173].

Magnetic field-induced hyperthermia, also called magnetic hy-
perthermia (MHT), is based on the use of magnetic particles as
heating mediators when subjected to an AMF [174]. Depending on
the reaching temperature, the treatment can be differentiated be-
tween low-temperature hyperthermia (40—41 °C for 6—72 h),
moderate-temperature hyperthermia (42—45 °C for 15—60 min),
and thermal ablation or high-temperature hyperthermia (>50 °C
for > 4—6 min). Cancer treatment makes use of either moderate-
temperature hyperthermia or high-temperature hyperthermia.
While the requirements in terms of concentration and AMF for the
case of moderate hyperthermia are milder, this low hyperthermia is
in general not enough for complete treatment and is used in
combination with other cancer treatments such as chemotherapy,
radiotherapy, and so on. On the other hand, high-temperature hy-
perthermia produces complete ablation of the tumors but requires
more extreme conditions, such as the direct injection of a high
concentration solution of NPs in the tumor tissue and the appli-
cation of high magnetic fields and frequencies. The heating ability
of magnetic NPs under an AMF is expressed by the specific ab-
sorption rate or more correctly the specific loss power (SLP), which
provides a measure of the rate at which energy is absorbed per unit
mass of the magnetic NPs. Eq. (1) describes the calculation of SLP
through the measurement of the induced heating or directly
measuring the magnetization loop. m in Eq. (1) is the mass of heat-
generating material, C the thermal capacity of the whole sample
and (dT/dt) the rate of temperature increases as a function of time, f
the frequency, and M and H the magnetization and magnetic field
strength respectively. Alternatively, although not typically re-
ported, the intrinsic loss power could be used by normalizing the
SLP by the frequency and field amplitude and allows a better
comparison among different works [175].

Hinax

dT

SLP:%(E>HO =f J KoM (H)dH

max
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Increasing the magnetic field strength and frequency increases
the SLP; however, for a safe application of hyperthermia to patients,
it has been experimentally found that the product of the frequency
and the magnetic field amplitude (fH) should be smaller than a
threshold limit, between 4.85 108 and 9.6 10° A/m/s depending on
the analysis type [176—178]. To further increase the SLP at a
reasonable NP concentration, it is necessary to develop magnetic
NPs with a higher efficient magnetothermal conversion efficiency.
This involves the development of new synthesis methods with a
better control of composition, shape, size, and uniformity as well as
an improvement in our understanding of their effect on heating
efficiency. Although this is a complex task, it is known for instance
that surface and magneto-crystalline anisotropies play an impor-
tant role and highly increase the SLP from the bulk form [179,180].
Magnetothermal therapy is based on different mechanisms
including hysteresis loss, Néel relaxation and Brown relaxation to
convert the energy of an external magnetic field into heat [172,176].
The hysteresis mechanism of MHT takes place in multi-domain NPs.
During a quasistatic H-M cycle, a hysteresis is produced due to the
displacement of domain walls being pinned and released at in-
homogeneities and to the rotation process of magnetic moments
inside domains. Néel relaxation mechanism is produced in single
domain NPs, where the energy barrier for magnetization reversal
decreases, and consequentially, thermal fluctuations lead to relax-
ation phenomena also called Néel relaxation. In this case, the fre-
quency of the AC magnetic field is high enough that the physical
orientation of the particle remains unchanged while the moment
alternates between parallel and antiparallel orientations with an
energy barrier K-V (being K is the magnetic anisotropy and V the NP
volume). Néel relaxation prevails when there is a higher frequency
as well as smaller particle size. In fluid suspensions, another
relaxation path, called Brown relaxation, may take place due to the
ability of particles to freely rotate. In this case, heating of the NPs
occurs due to viscous drag between the particles and the liquid,
where the entire particle has a rotational movement with an
applied AMF, while the magnetic moment remains fixed relative to
the crystal axis. The Brownian relaxation is size-dependent being
dominant at the higher particle size and strongly viscosity
dependent.

Together with the improvement of the magnetothermal prop-
erties, these NPs offer unique properties in imaging (MRI, MP], etc.)
and, in general, good biocompatibility. Furthermore, the combina-
tion with other materials allows them to show enhanced properties
or to include new functionalities. One example of this is the for-
mation of core@shell NPs where the shell can act as a protective
shield for sensitive core materials. The interface of the two materials
can be also used to modify the anisotropy constant and therefore
produce superior heating properties [181]. Core@shell Fe@Fe,Oy
NPs, for instance, present a high magnetic moment core and they are
protected from oxidation by the Fe,Oy shell. However, for longer
terms, a deterioration of the NP can produce degradation and shrink
of the NP core diminishing the magnetic properties, therefore
requiring additional protection layers. Faminay et al. showed, by
using a coating strategy, a resistance of core@shell Fe@Fe,Oy@PMA
MMNPs (PMA stands for poly(isobutylene-alt-maleic anhydride)
over two months and an SLP value as high as 660 W/g [182]. Many
other combinations have been produced to optimize the magnetic
anisotropy through a core@shell structure, including Mn and Co
ferrites [183], and different ferrites of Co, Mn, and Zn, including
COF6204@MI1F6204, COF6204@F6304, MDF6204@COF€204, F6304@—
CoFe;0y, ZHO.4C00.5F6204@ZHO.4MH().6F6204, Fe304@CoxZnq_xFe;04
[184,185]. These materials have presented SLP values ranging from
100 to 450 W/g for single-component and between 1000 and
4000 W/g for core@shell NP (Fig. 9) [184]. Other core@shell NPs
include those coated by SiO; such as Cogg3MnggFe; 704@SiO;
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reaching an SLP value of 3417 W/g and the more biocompatible
Zng 3Fe; 704@Si0, NPs achieve SLP of 500 W/gmetal [ 186]. Fe304@Au
NPs have also shown enhanced hyperthermal properties with SLP
changing from 313 to 463 W/g upon the core@shell formation while
presetting the high biocompatibility of the two materials and the
stability given by the Au shell [187].

Together with MHT, PTT is the other major group of nanothermo-
therapies. In this case, the heat is produced by irradiating a NP-
containing sample with NIR light in the biological transparency
window [188]. The main groups of NPs are carbon-based and noble
metal NPs, mainly Au and Ag exhibiting a SPR [172,189]. Both MHT
and PTT present advantages and disadvantages, PTT is simpler to
apply with laser or LED illumination and requires mild conditions in
terms of light dose and NP concentration. Its main disadvantage is,
however, its low penetration depth typically in the order of 1 cm
when irradiating in the NIR, and the fact that it requires the use of
fiber optics insertion for non-superficial treatments. On the other
hand, MHT can be applied to any part of the body but it requires a
much higher NP concentration to achieve enough heating to cause
an effect. The combination of both therapies can be used to overcome
the single treatment drawback. Magnetic NPs such as IONPs present
absorption in the NIR and therefore can produce a photothermal
effect [190]. However, due to the low extinction coefficient, it re-
quires a high NP concentration. Alternatively, MM-plasmonic NPs
can be combined to produce simultaneous PTT and MHT effect. The
combined effect is not only limited to hyperthermia but also other
nanomaterials properties, such as being a multimodal imaging
contrast for simultaneously MRI, MPI, PA, and CT, magnetic guiding,
or spectroscopy surface-enhanced techniques, are highly beneficial
in any biomedical therapy.

Different NPs have been formulated to produce simultaneous PTT
and MHT, most of them combining FexOy:Au as both materials pre-
sent excellent biocompatibilities. Espinosa et al. showed, for
example, the use of assemblies of core-satellite NPs formed by a
multi-NP magnetic core of ~40 nm surrounded by smaller Au NPs to
obtain NPs between 47 and 63 nm [191]. Core@shell structures can
be also used to modify the plasmonic response of the NPs and pre-
sent absorption in the red and NIR part of the spectrum allowing its
use in simultaneous MHT:PPT (Fig. 10). Fiorito et al. synthesized
Fe304—Au—Cu,«S trimeric heterostructures that not only combined
PTT and MHT but also added 4Cu for radio-insertion for PET [192].
Abdulla-Al-Mamun et al. obtained Fe304@Au core@shell nanocubes,
where the combined effect produced temperature increases up to
22 °Cin 5 min [193]. The use of PTT with a very low intensity of
0.03 W/cm white light was enough to increase 6 °C with respect to
the Fe304 NPs in the simultaneous MHT:PTT hyperthermia treatment
obtaining a 100% killing of cancer cells in an in vitro assay of HELA cell
culture [193]. Core@shell NPs of Fe304 and Ag have also been assayed
with a flower-like Ag@Fe304 structure [194]. In this case, the SLP was
increased one order of magnitude after applying dual heating with
regard to MHT, from 10 to 130 W/g (for Hac = 200 Oe, f = 310 kHz
and P = 0.93W/cm?). The use of both heating mechanisms allowed
the use of mild conditions of the magnetic field and irradiation po-
wer; however, due to the lower wavelength of the plasmonic band of
spherical Ag, they required illumination with 422 nm laser, which
makes it impractical for in vivo applications.

To overcome the problem of low-wavelength response, strate-
gies to obtain more anisotropic NPs (that produce a red-shift in the
plasmonic band) are required. Espinosa et al. used Janus Fe304—Au
NPs where the Au part presents branched-nanostar morphology
[195]. The nanostar presents a plasmonic band in the 650—800 nm
highly suitable for PTT. They reported an SLPypyr of 15 W
gfel304+Au that corresponds to 140 W gEJ and a much higher SLPprr
of around 18 000 W gfe1304+Au at low concentrations
([Fe] = 0.05 mM) that substantially decreases for higher
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Fig. 9. (a) Morphological analyses and magnetic measurements of core@shell NPs: 1:

TEM image and 2: high-resolution TEM image of 15 nmCoFe,0,@MnFe,0,4, showing the

narrow size distribution and single crystallinity. 3—6: electron energy loss spectroscopy (EELS) mapped images: Co mapped image (3), Fe mapped image (4), Mn-mapped image (5),
and overlay image of 3—5. (b) SLP comparison of magnetic NPs. Schematic of 15 nm CoFe,04@MnFe;04 NP and its SLP value in comparison with the values for its components (9 nm
CoFe;04 and 15 nm MnFe;04). (c) SLP values of single-component magnetic NPs (Feridex and MFe,04; M%Mn, Fe and Co) and various combinations of core@shell NPs
(CoFe,04@MnFe;04, CoFe,04@Fe304, MnFe;04@CoFe,04, Fe304@CoFe;04, Zng 4Cog sFe204@Zng 4Mng gFe;04). (d) SLP values range from 100 to 450 W/g for single-component
magnetic NPs and values for core@shell NPs range from 1.000 to 4.000 W/g (f = 500 kHz, HO = 37.3 kA/m). Reproduced with permission of Nature Publishing Group from the
study by Lee et al. [184]. NP, nanoparticle; SLP, specific loss power; TEM, transmission electron microscopy.

concentrations due to the absorption saturation SLPprr = 104 W
gis04:au at [Fe] = 24 mM (470 kHz, 18 mT, and 0.8 W/cm™2,
680 nm). While at low concentrations, the MHT heating is negli-
gible in comparison with the PPT, at high concentrations the dual-
mode could be used to overcome the saturation produced in the
PPT, passing form SLPprr = 104 W gfel304+Au to a SLPpya; = 130 W
gfe13o4+Au at [Fe] = 24 mM. In the same work, the tumor treatment
was addressed applying the more effective PTT together with
magnetic guiding. The magnetic guiding increased the NP con-
centration at the tumor site after systemic intravenous injection
(3.4% in comparison with 1.5% without the magnet), which in turn
elicited an improved therapeutic action, leading to total tumor in-
hibition growth [195]. Together with this last work, many other
plasmonic MMNPs have been applied for combined PTT and mag-
netic guiding, highly improving the treatment efficacy. The
preferred materials for this case tend to be Au-Iron oxide due to the
proven biocompatibility of the two materials, and with the
morphology being a key parameter in the performance of the
system. Among the different morphologies are Au@Fe304 porous
core@shell [196], AuNanorod@Fe304 core@satelite-shell [197], and

Au@Fe@Au multishell [198]. The porosity created in some of the
cases allowed the combination with drug delivery generating a
multi-variable approach [196], in the goal of complete cancer
treatment with very low side-effects.

Finally, together with the hyperthermia capacity of magnetic
and plasmonic NPs, heat monitoring can be of special interest for
clinical translation of the therapy and fine-tune the therapeutic
effect. The temperature in the tumor tissue can be measured in
different ways, such as with optical fibers, infrared thermometers,
MRI, and so on. However, a more interesting approach is the
measurement of the temperature at the NP, ultimately the cause of
cell damage and therefore of the therapeutic effect, and where a
high discrepancy can appear with respect to the microenvironment
temperature. Recently, a direct measurement has been proposed
using X-ray absorption spectroscopy on a single component and
JNPs [199]; however, its use requires the use of a synchrotron
source. A simpler approach is the use of luminescent probes based
on the emission of one or several rare-earth elements. The tem-
perature in those cases is calibrated as a function of luminescent
intensity, relaxation time, or ratio between different band
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Fig. 10. In vivo hyperthermia performance. A solution of [Fe] = 150 mM of 47 nm NPs Mag injected into the tumor (T+). (a) Typical infrared thermal imaging pictures after 5 min
heating under MHT alone (110 kHz, 25 mT), PTT (PLASM) alone (680 nm, 0.3 W/cm*2), and bimodal MHT + PTT (same parameters). (b) Typical temperature elevation profiles of the
injected (T+) and non-injected tumors (T-, control tumor) as a function of time for the three treatments. Reproduced with permission from The Royal Society of Chemistry from the
study by Li et al. [148]. MHT, magnetic hyperthermia; NP, nanoparticle; PTT, photothermal therapy.

intensities [200]. Several magnetic multicomponent NPs have been
synthesized to include them, mainly as core-shell and core-
satellites morphologies. Pinol et al. synthesized Fe;03 NPs coated
with Eu>* and Tb3* complexes and stabilized by an amphiphilic
polymeric shell [201]. The heating of the NP could be monitored by
the relative intensities A = Itp/Igy achieving a maximum sensibility
0f 5.8%-K~! at 296 K. MNPs have also been coated with luminescent
inorganic materials to achieve higher stability. Some examples are
Fe304@Si0,@YVO4:Eu [202], ZnyMn;—xFe204@Si0,:,Nd3* [203].

4.1.3. Drug delivery

The development of new cancer therapies has been one of the
main focuses of medical nanotechnology in recent years. The
design of new therapeutic strategies that are much more efficient,
reducing side-effects associated with traditional therapies, such as
surgery, chemotherapy, and radiotherapy, and achieving superior
outcomes, is the goal of current research [204]. In this sense, tar-
geted and guided drug delivery is one of the most promising
alternative therapies, consisting in loading drugs inside different
nanostructures that act as carriers that release them in a controlled
manner in the region where the therapeutic effect is required. It is
clear that magnetic multicomponent NPs appear as a very inter-
esting platform for realizing this application since they can be
directed towards the target region, where the drug is to be released.
In particular, SPIONs are particularly useful, since their super-
paramagnetic behavior prevents them from aggregating and are
highly biocompatible. As the main drawback, they lack high loading
capability in comparison with organic nanostructures, and the
attachment of drugs at their surface can compromise their stability
in the case or hydrophobic compounds. In this sense, the use of
MMNPs with empty interior regions can solve these problems and
offer additional advantageous functionalities coming from the
different used materials and, at the same time, offer more func-
tionality apart from drug carrying [205,206].

Different nanostructures have been proposed to act as drug
delivery systems. One of those structures is that with vesicle
morphology, where polymersomes, as seen in Section 3.6, present
high stability, and ease of incorporation of inorganic NPs in the shell
layer [207]. These vesicles can be loaded with magnetic NPs as well
as with different drugs in order to achieve a targeted release of the

treatment. DOX-loaded magnetic polymersomes have been re-
ported as theranostic agents for imaging and chemotherapy [208].
Two important parameters should be considered for drug delivery
applications. One of them is the Feed Weight Ratio (FWR), defined
as:

mass of engaged drug

FWR = - x 100 3)
mass of carrier

and the other is the Loading Content (LC), defined as:

LC— mass of encapsulated drug 100 (4)

mass of carrier

In this work, hydrophobically modified maghemite (y-Fe;03)
NPs were encapsulated within the membrane of PTMC-b-PGA block
copolymer vesicles using a nanoprecipitation process. They were
embedded together with the efficient antitumor drug DOX into the
membrane by one-step nanoprecipitation. The incorporated
maghemite SPIONs, with a radius of 4.7 nm, were used to generate
heat, producing a relatively small SLP value of 0.07 W/g (at
f =500 kHz and H = 2.12 kA/m). On the other hand, the size of the
vesicles was controlled by the water flow rate that triggered self-
assembly. An almost instantaneous addition (5 s) led to small
vesicles with a hydrodynamic radius of 45—67 nm while a slower
addition (15 min) gave rise to 187—202 nm vesicles (Fig. 11a). The
maximum FWR was 70 wt% and 50 wt%, respectively. The authors
attributed the larger loading capacity of the smaller vesicles to a
much faster kinetics of formation, which minimized the probability
of SPIONs’ clustering before the completion of co-assembly with
the copolymer. Dual loading with SPIONs and DOX was performed
by nanoprecipitation at pH 10.5, which maximized the loading
content to 34%. The authors studied the dynamics of DOX release
upon the application of the AMF, observing that the DOX release
content was multiplied by a factor of 2 under the MHT compared to
the vesicles in normal conditions (Fig. 11b). The authors attributed
this increase in release to the moderate heat produced by the
SPIONSs via Néel relaxation, which could increase the fluidity of the
semicrystalline polymeric membrane, dramatically increasing the
diffusion of the DOX out of the membrane. The same group also
demonstrated the applicability of the system in an in vitro scenario
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Fig. 11. (a) (1) TEM image of large polymersomes (scale bar 1 um). (2) Close-up view of the vesicle containing approximately 1500 SPIONs measured by image analysis (scale bar
300 nm); (b) influence of AMF on the in vitro release kinetics at constant temperature of 23 °C (e indicates B = 0T and B AC magnetic field (f = 500 kHz, By = 2.65 mT)) [208].
Copyright 2017 American Chemical Society. (c¢) Relative viability of HeLa cells at 72 h post-exposure to SPION loaded polymersomes (Np—Fe), SPION and DOX-loaded polymersomes
(Np-Fe-DOX) and free DOX for different doxorubicin concentrations. Reproduced with permission of Elsevier from the study by Oliveira et al. [153]. AMF, alternating magnetic field;
DOX, doxorubicin; SPION, superparamagnetic iron oxide nanoparticle; TEM, transmission electron microscopy.

with Human cervical carcinoma (HeLa) cells [153]. They loaded the
polymersomes with different drug concentrations and compared
the results with the free DOX. As expected, the encapsulation of
DOX decreased cell toxicity significantly, supporting polymersome
stability and the slow drug release rate (Fig. 11c).

One of the main problems faced by therapeutic agents in cancer
treatment is tumor penetration, which prevents efficient drug de-
livery and therapeutics. In trying to overcome this problem, Bhana
et al. prepared a new type of dual magnetic/plasmonic structures
that combined PTT and photodynamic therapy in one platform
described as Au nanopopcorns (NPCs) containing self-assembled
iron oxide cluster (I0C) as the magnetic core [209]. In this case, a
photosensitizer acting as a predrug was loaded in the MMNPs.
Although this is not technically a drug, the photodynamic therapy
taking place on the photosensitizer generates highly reactive spe-
cies that can have a drug-like activity that chemically acts on the
tumor tissue. The synthesis of these NPs started with poly ethyl-
enimine (PEI)-coated I0Cs that were further coated with a layer of
negatively charged polymer to reverse the surface charge for the
subsequent growth of a popcorn-shaped Au layer. The photosen-
sitizer, silicon 2,3-naphthalocyannie dihydroxide (SiNC), was then
loaded into the NPs. Finally, the NPs were stabilized with a PEG
linker (MUA-PEG) to form MUA-PEG/SiNC/IOC-Au NPCs (Fig. 12a).
The SiNC release property was studied under a cellular environ-
ment, with incubated SK-BR-3 cells in a medium containing the
MUA-PEG/SINC/IOC-Au NPCs. The results showed a biphasic drug
release, with a fast liberation in the first 2 h and a slow increase to
78% released after 5 h. Furthermore, thanks to the magnetic
component of the NPs and the ability to concentrate them in the
cell environment, the amount of SiNC released increased signifi-
cantly, from 37% to 52%, after 30 min of incubation. The addition of
the plasmonic part added the hyperthermia capabilities for
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combined synergistic therapy, generating heat with 62% energy
conversion efficiency.

Lastly, mesoporous silica (mSiOzy NPs are another nano-
structures that have attracted much attention in the field of drug
delivery since they can respond to different stimuli (temperature,
redox, light, pH or magnetic fields) and can be functionalized with
several kinds of capping agents, including NPs and other coatings
that change their conformation upon environmental changes [109].
Taking advantage of these stimuli-responsive characteristics is
essential to reduce side toxicity and enhance the therapeutic effect,
acting as an important tool to improve traditional chemotherapy. In
particular, magnetic fields can act as a non-invasive stimulus and
possess high penetration in tissues. Guisasola et al. embedded
SPIONs in a mesoporous silica matrix, thereafter coating the
external silica surface with a thermosensitive polymer shell which
acted as a gatekeeper of chemotherapeutic drugs trapped in the
pore network [210]. The polymer shell, formed with N-iso-
propylacrylamide, N-(hydroxymethyl)acrylamide, and N,N’-meth-
ylenebis(acrylamide), was designed to have a lower critical solution
temperature of 42 °C. Hence, above this temperature the polymer
suffers a collapse, creating gaps in its structure and allowing the
drug release. The complexes were loaded with DOX and introduced
via direct injection in tumor-bearing mice, the selected tumor
model being C57/BL6. The tumor volume was evaluated after the
last hyperthermia treatment (day 3) and 48 h after it (day 5). As
shown in Fig. 12b, the tumor volume of all the controls was doubled
from day 3 to day 5, whereas the tumor growth in the group with
the complete treatment was inhibited. The therapeutic effect
demonstrates that the heating effect of the nanocarrier under the
AMF overcomes the heat dissipation, causing the lower critical
solution temperature of the polymer and thus the release of the
DOX.
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Fig.12. (a) Scheme of the synthetic route of MMSN@TRP. (1) TEM image of the nanocarriers coated with TRP and SPIONs placed inside the silica matrix and (2) hydrodynamic size of
the precursor (MMSN-MPS, blue line) and the final nanocarrier (MMSN@TRP, orange line). (b) Tumor growth calculated as the ratio between the tumor volume and the initial
volume. Day 3 corresponds to the measurements after the last hyperthermia treatment. Day 5 corresponds to 48 h after the last treatment [210]. Copyright 2017 American Chemical

Society. SPION, superparamagnetic iron oxide nanoparticle.

4.2. Sensing

4.2.1. Electrode-based sensors

NP-based sensors are gaining increased attention in a wide
range of applications in analytical and sensing science. Some of
their properties are rapid performance, low-cost, ability to work at
room temperature, portability, ease of operation, as well as the
ability to generate wireless control, high sensitivity, and selectivity
[211]. With the use of MNPs, processes such as the separation and
removal processes, alignment at surfaces and interfaces, attach-
ment to monitoring electrodes, and easily modifiable platforms for
growing new active layers are possible [212]. The combination with
other materials makes them more specific to certain analytes while
adding extra functionalities such as optical or conductive response.
All of these characteristic advantages make them ideal for quick
diagnosis and analysis to maintain public safety [213]. The combi-
nation of MMNPs with sensing electrodes has given rise to very
novel methods of detection with higher flexibility and low limits of
detection. Here, we describe some examples of their use in the
sensing of different analytes, including biomedical sensors for vi-
ruses, bacteria or health-related substances detection, organic
pollutants, and heavy metals.

As evidenced nowadays, the development of accurate and quick
sensors for virus detection is essential to limit its propagation, thus
reducing the risk of it becoming pandemic and the consequent
economic impact they might have [214]. Their detection and
quantification by electrode-based sensors was achieved through
associated AuNPs, which are commonly used as a detectable label
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to amplify electrochemical signals due to their outstanding optical
and electrical properties. Recently, detection systems based on
MMNPs containing iron oxide as the magnetic component have
been explored. The use of these magnetic systems helps in the
cleaning and purification steps, orientating the NPs to a convenient
direction, and stacking the AuNPs onto the electrode. Combining
the magnetic and conductive character in MMNP systems, through
different structures, enhances the selectivity of the sensors and
makes sample processing easier.

Lee et al. developed an Au/iron-oxide magnetic NP-decorated
carbon nanotubes (CNT) (Au/MNP-CNT) for influenza and
norovirus-DNA sensing channels. Iron oxide magnetic NPs were
synthesized and functionalized with gallic acid monohydrate (GA)
and used as a reduction agent to form Au NPs from Au>* ions over
the CNT surface. In addition, benzene groups in GA attached the
IONPs to the surface of CNTs through m-m interactions. Fig. 13a
shows a scheme of the MMNP. TEM images showed sizes of Au NPs
varying from 20 nm to 200 nm, whereas GA-MNP size was around
12 nm. The Au/MNP-CNTs were aligned and deposited on a planar
Pt-interdigitated electrode (Pt-IDE) by an external magnetic field as
can be seen in Fig. 13a. In a previous study of the same group, Au/
MNP-graphenes (GRPs) with a similar design were employed to
detect norovirus-like particles, a virus that causes gastroenteritis
symptoms [215]. In that case, multicomponent GRPs were
magnetically stacked, instead of directly aligned on the Pt-IDE. As a
result, the electron passway of multicomponent CNT on the elec-
trode was shorter than that of the MMNP GRP. A DNA probe was
modified with —SH groups in order to attach it to the surface of Au
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NPs through thiol chemistry that behaves as an influenza virus or
norovirus DNA sensing channel. By using a potentiometer, the
sensor measures the change in electrical resistance through I-V
curves, depending on the hybridization between the DNA probe
and a tDNA on the Au/MNP-CNT surface. In both cases, excellent
tDNA selectivity performance was obtained, displaying limits of
detections of 8.4 pM and 8.8 pM for influenza virus DNA and nor-
ovirus DNA, respectively. This sensor system, with the specific
probe and surface modification, could be a universal detection
system for different types of DNA [216].

However, the most pursued strategy in virus and pathogen
detection is the employment of sandwich-type MMNPs, where a
pair of receptors bound to different sites of the same target analyte
is used [217]. This method was followed by Sayhi et al. in the
development of an electrochemical-based immunoassay
combining modified Fe304 MNPs for immunomagnetic separation
of anti-M2 antibody with Au NPs used for both catalytic activities
and sensitive detection of influenza A virus, using an
immobilization-free carbon microelectrode. Fetuin A-modified
AuNPs were conjugated with the magnetic-virus to form the
AuNP—fetuin—virus—M2—MNP sandwich complexes. All the pro-
cess is represented in Fig. 13b. Once the complex was formed, it was
magnetically separated from the solution and re-rinsed. Before the
analytical measurements, the complexes were destroyed by using
an HCl acid solution and sonication. Thus, MNPs can be magneti-
cally removed from the solution containing the AuNPs. These
mixtures were deposited on the surface of screen-printed carbon
electrodes, which were used for chronoamperometric measure-
ments in the catalytic reduction of protons to hydrogen. A potential
difference of + 1.35 V for 1 min and of — 1.00 V for 100 s was applied
and the generated current was recorded and was considered as the
analytical signal for the influenza virus detection as hydrogen ion
reduction is clearly dependent on the concentration of AuNPs
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solution deposited on the surface of the screen-printed carbon
electrodes. The cathodic current decreases as the virus concentra-
tion increase in the range of 8—128 hemagglutinin units (HAU)
(defined as the amount of virus needed to agglutinate an equal
volume of standardized avian red blood cells). A limit of detection
(LOD) of more than 8 HAU was achieved. Although the LOD is
almost higher than other reported immunosensors [218—220], the
process simplicity and short detection time (160 s) of this method
are remarkably better [221].

In a similar sandwich-type MMNP, an attomolar sensitive elec-
trochemical genosensor was developed for the detection and
quantification of cauliflower mosaic virus 35S (CaMV35S) gene,
encouraged by its common use in genetically modified organism
(GMO) inserts and the potential common toxic effects that they
may cause some genetically modified (GM) foods [222]. On the one
hand, a core@shell Fe304—Au@Ag nanocomposite (Complex 1) was
biofunctionalized with a thiol-modified DNA signal probe (sDNA),
where MNPs had double functionality in separation and catalytic
processes [223]. On the other hand, AuNPs and a carboxylated
MWCNTs-modified glassy carbon electrode (AuNPs/cMWCNTs/
GCE), here named as Complex 2, was subsequently bio-
functionalized with thiolated complementary DNA (cDNA/AuNPs/
cMWCNTs/GCE). Finally, the genosensor was obtained after conju-
gates a CaMV35S target DNA (tDNA), from genetically modified
tomatoes, with the modified electrode and magnetic nano-
composite, obtaining complex 1/sDNA/tDNA/cDNA/Complex 2. The
whole synthesis procedure is schematically represented in Fig. 13c.
They analyzed the electrochemical catalytic activity in the reduc-
tion of HyO, by differential pulse voltammetry (DPV) measure-
ments, as the synthesized NPs present peroxidase-like activity. In
Fig. 13¢, insert DPV curves are represented obtained on different
electrodes in Ny-saturated phosphate-buffered saline (0.1 M, pH
7.4) containing 20 mM H,0,. The DPV response of Complex 1 sDNA
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Fig. 13. (a) lllustration of the synthesized Au/MNP-CNTs, preparation of the magnetically aligned NPs on the Pt-IDE for DNA sensing channels, and a SEM micrograph of the whole
system. Reproduced with permission of Elsevier from the study by Lee et al. [216]. (b) Schematic illustration of the strategy used to develop the Au NP-based chronoamperometric
magneto-immunosensor for influenza virus. Reproduced with permission of Elsevier from the study by Sayhi et al. [221]. (¢) Diagram of the fabrication and detection procedures of
the genosensor with an inserted graph of DPV curves obtained on different electrode in Nj-saturated PBS (0.1 M, pH 7.4) containing 20 mM H,0,. a: blank control, b: DNA con-
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probe was the highest of all the different signal probes tested,
where a synergistic effect in the catalysis process was observed
between Fe304 NPs and Au@Ag NPs. The sensor showed an ultralow
LOD 0f 1.26 x 10-17 M and a linear range of 1 x 10716 —1 x 10" 10 M.
They also achieved excellent selectivity, stability, and reproduc-
ibility with good performance in real samples of transgenic to-
matoes [224].

Bacteria represent the second type of pathogen where MMNPs
can offer a rapid and efficient sensing capability. The same strategy,
as described above, has been employed for the detection of
different bacteria. A sandwich immunosensor based on dual-
aptamer for the detection of Staphylococcus aureus (S. aureus) was
proposed. Aptamers functions are similar to antigen-antibody in-
teractions; they are single-stranded oligonucleotides (typically
DNA or RNA) or peptides with high affinity and specificity with
their targets [225]. In that case, a biotinylated anti-S.aureus aptamer
was immobilized on streptavidin-coated magnetic beads suspen-
sion. Then, a sample of S. aureus was added, where the aptamer
captures the bacterium. Finally, Ag NPs conjugated with a sec-
ondary thiolated anti-S.aureus aptamer (Apt-AgNP) was added to
complete the sandwich. The complex (MBeads/Apt/S.aureus/Apt-
AgNPs) was magnetically separated and resuspended in a HNO3
solution to fully dissolve AgNPs. Again, the magnetic part of the
complex was removed and the remaining Ag™ ions were measured
by differential pulse anodic stripping voltammetry since the Ag™
ions concentration was directly proportional to S. aureus concen-
tration in the sample. They obtained a good LOD of 1.0 cfu/mL and
an ample linear range of 10—108 cfu/mL. Further, the results of the
analysis of real water samples were comparable to those obtained
by the plate counting method. The simplicity, reduced measuring
time, low cost, and high sensitivity are some advantages of this
biosensor compared with conventional methods [226].

Analogously, some researchers have developed a new bacteria
sensor based on currently existing point-of-care (POC) electro-
chemical devices using MMNPs as high selective platforms. Jun Bu
et al. introduced an electrochemical sensor for Escherichia coli
0157:H7 (E. coli 0157: H7) quantification that employs a hand-held
hydrogen detector as the transducer. They applied a sandwich-type
MMNPs of magnetic beads attached to a peptide—Cu3(PO4); with
embedded PtNPs to catalyze the dehydrogenation of
ammonia—borane and generate H,. The synthesis and analytical
process are schematically represented in Fig. 14a. The LOD of that
(POC) immunosensor was 10 CFU/mL in a linear range from 10 to
10* CFU/mL [227]. Likewise, Bai et al. made use of a personal
glucose meter as signal readout in the detection of E. coli 0157: H7.
On the one hand, a sandwich-type MMNPs of Fe304 embedded
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synthesized, for the magnetic capturing of the bacteria. On the
other hand, they also prepared an invertase embedded cecropin
P1—Ca3(PO4), flower-like nanocomposite (PIPs), to be used as
“detection” framework. The combination of both complexes is
represented in Fig. 14b. In that work, they employed magainins I,
and cecropin P1 antimicrobial peptides (AMPs), that display high
affinities and specificities for bacterial cells, instead of using
aptamers or antibodies for the biorecognition of E. coli 0157: H7.
Finally, the invertase enzyme in the complex hydrolyzes sucrose to
glucose. Under optimal conditions, an extended linear range of
10—107 CFU/mL with a LOD of 10 CFU/mL was calculated. Further-
more, comparable results were obtained from spiked milk samples
[228].

Apart from pathogens, MMNPs have also been studied in the
development of protein quantification systems that help in the
diagnosis of several health disorders. A MMNP with a sandwich-
like nanostructure was presented for the detection of human
platelet-derived growth factor (PDGF) protein (an indicator of tu-
mor angiogenesis [229]) in a homogeneous solution without the
need for separation. The proposed MMNP was composed of a yolk-
shell-like silica core with Fe304 NPs shell and a continuous poly-
dopamine (PDA)-Au coating. Then, 4-mercaptophenylboronic acid
was assembled onto the surface of the SiO,@Fe304,@PDA@Au yolk-
shell-like composite, for the immobilization and enrichment of
PDGF. On the other hand, a signal probe of aptamer-SiO,- methy-
lene blue (MB) nanostructure was synthesized and used to specif-
ically bind with PDGF. The sandwich-like sensor final conjugate,
after all the selective binds, results in yolk-shell-like composite/
PDGF/aptamer-SiO,-MB. This conjugate is collected on the surface
of the GCE with an external magnetic field behind the electrode.
Fig. 15a shows a scheme of the synthesized NPs and the employed
sensor. DPV measurements were performed, resulting in an
analytical signal due to the reduction of MB. The developed
biosensor LOD was determined to be 0.22 fM. This method has the
potential for developing an ultrasensitive quantitative analysis of
PDGF-BB or other glycoproteins in complex samples [230].

Aside from using sandwich structures, that usually allows the
detection of a single substance, electrochemical sensors are also
capable of quantifying different substances simultaneously. Cin-
catto et al. designed a novel nano-magnetic electrochemical sensor
selective for amitriptyline, melatonin, and tryptophan. The sensor
comprises Fe304 magnetic NPs decorated with carbon quantum
dots (MagNPs/Cdots) magnetically held onto a GCE by locating
behind a miniature neodymium magnet, as shown in Fig. 15b.
Magnetic NPSs of 20 nm were synthesized through the co-
precipitation method. Carbon dots were synthesized via the
amperometrically controlled electrolysis of a propanol solution and

Fig. 14. Schematic representation of the immunosensors for E. coli 0157:H7 bacteria (a) using a H, detector as signal readout and (b) the synthetic process for antimicrobial peptide-
phosphate nanocomposite pair and of the personal glucose meter-based immunoassay. Reproduced with permission of Springer Nature from the study by Bu et al. [227] and Bai

et al. [228].
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anchored on the surface of MNPs (Fig. 15b). Then, MagNPs/Cdots
MMNPs were magnetically confined onto the surface of a GCE.
Electrochemical measurements were carried out simultaneously in
the oxidation of amitriptyline, melatonin, and tryptophan by DPV,
where high selectivity was displayed for the three studied sub-
stances compared to potential biological interfering substances
such as uric acid, ascorbic acid, dopamine, estriol, and 17p-estra-
diol, which analytical responses were very low (Fig. 15b). Low
detection limits of 5.9 nM, 4.4 nM, and 4.2 nM were obtained for
amitriptyline, melatonin, and tryptophan, respectively [231]. In this
line, magnetic molecularly imprinted polymers (MMIPs) have been
recently developed to determine 17p-estradiol. MMIP consists of
core@shell NPs of Fe304@SiO, coated with a polymer of
methacrylamide crosslinked with ethylene glycol dimethacrylate.
MMIP absorbs 17-estradiol and is immobilized magnetically on
the surface of a carbon paste-based electrode. The measurements
were carried out by differential pulse adsorptive stripping vol-
tammetry, performing a low LOD of 0.02 pumol/L. It presented
comparable results to those obtained by high-performance liquid
chromatography for samples of river water and raw milk [232].
These sensors open new possibilities to develop low-cost, rapid,
disposable, and portable medical sensors for mood disorders and
reproductive-related substances.

Some electrochemical sensors have focused on non-degradable
industrial pollutants, such as heavy metal ions, which can cause
many diseases and have been a matter of concern during decades as
a global problem [233]. Miao et al. proposed an electrochemical
sensor for simultaneous determination of Ag* and Hg?*, based on
DNA probes, labeled with ferrocene (Fc) and MB, modified
Fe304@Au NPs and magnetic GCE. The synthesis process is shown
in Fig. 15c¢. High selectivity is achieved in the recognition of Ag™ and
Hg®" due to strong bindings with DNA duplexes C—C and T-T
mismatches, respectively. The other two DNA probes labeled with
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Fc and MB are designed to contain mismatched sites with DNA 1
probe, and the hybridization events occur on the basis of C— Ag™ —C
and T— Hg?t —T coordination chemistry. Due to the magnetic
property of the electrode, the modified Fe304@Au NPs can be easily
immobilized on the electrode surface in just 2 min, making the
solution transparent. Afterward, the electrochemical species can be
detected by square wave voltammetry to represent corresponding
target heavy metal ions as is shown in Fig. 15c¢. A significant current
peak (Fc) at 0.36 V appears in the presence of Ag+, and the current
peak (MB) at —0.39 V emerges in the presence of Hg?*. Both of the
two discrete current peaks can be observed simultaneously in the
detection of Ag™ and Hg?*. The LOD for Ag* assay is found at 3.4 nM
(about 0.37 ppb) and as low as 1.7 nM (about 0.34 ppb) for Hg>™,
meeting the USEPA (United States Environmental Protection
Agency) guidelines. The amplification-free feature of this method
also makes it less time-consuming compared with other sensitive
methods, which involve signal amplifications. The signals for Ag*
and Hg?* are independent, and no interferences were observed,
even with other metal ions in the sample [234].

4.2.2. SERS-based sensors

SERS has proven to be an extraordinary tool for ultrasensitive
detection in field-based or POC applications and is a clear example
of the extraordinary potential of MNPs. Raman spectroscopy is a
characterization technique that offers structural information of
molecules. It allows high discrimination of molecules, and the
possibility of measuring in aqueous samples (as opposed to IR
spectroscopy). However, Raman is a quite inefficient process, with
only 1 out of 108-10% scattered photons being a Raman photon.
SERS highly increases the efficiency, converting Raman in a sensing
technique for low and ultra-low concentration analyses. SERS is
based on the electromagnetic field enhancement that takes place at
the surface of metal NPs and rough metal surfaces, i.e. plasmonic
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materials [235—238]. Analytes at those surfaces experience an
enhancement of the electromagnetic field Ejoc/Ep from one to three
orders of magnitude, which is translated into an electromagnetic
enhancement factor EF = Isgrs/IRaman= (Eioc/Eo)* of 10% to 102,
which can be further increased by a chemical enhancement [239].
Engineering NPs for exhibiting high local electromagnetic
enhancement regions, also known as hotspots, is crucial to improve
the enhancement and therefore to decrease the LOD [236]. These
hotspots appear at the tips of elongated morphologies, sharp edges,
and corners, known as intrinsic hotsposts, or at the junctions be-
tween NPs when they are placed at very close distances (below
10 nm), known as extrinsic hotspots.

Despite the high potential of SERS, its practical use still en-
counters several challenges, such as the requirement of affinity of
analytes to the surface, the interferences from the complex matrix
of real samples, the limited concentration/enrichment effect of the
substrate for target or the SERS substrate fabrication, or the
reproducibility in the fabrication of SERS substrates. The unique
properties of multicomponent MNPs may provide efficient solu-
tions to some of these challenges [240,241]. By manipulating
magnetic force, it is possible to easily and rapidly separate analytes
from a sample matrix to reduce the interference; generate an
enrichment of the sample for ultra-low concentration detection;
form a controllable aggregation of substrates, which can generate a
favorable extrinsic hotspot for further enhancement.

With these advantages in mind, several types of MNPs have
been synthesized for the detection of low concentration of sensitive
analytes. Commonly, the MMNPs for these tasks are made of iron
oxide (Fe304 and y-Fe;03) as magnetic material and Au and Ag as
the plasmonic metal with a LSPR from the visible to the near IR by
varying its shape. Ag is in general better plasmonic material for
SERS due to its lower attenuation in the visible region (lower
imaginary part of the dielectric function) but, differently than Au, it
is prone to oxidation. Therefore, a rational choice depending on the
application is required.

Among the different morphologies, there are core@shell,
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morphologies offer the advantage of the shell protection to the
magnetic core. These structures although they do not have intrinsic
hotspots, highly benefit from the magnetic core for controlled ag-
gregation and therefore creation of extrinsic hotspots. Furthermore,
the LSPR offers high tunability through the selection of the shell
thickness what allows their adaptation to the desired incident laser
wavelength of the Raman instrument [242—244]. Core@shell
structured such as Fe304@Au and Fe;04@Ag, have been broadly
used as versatile SERS substrates [245—253]. A combination of Au
and Ag has shown to produce beneficial characteristics, such as a
better tuning of the plasmon band [254], and a general improve-
ment of the EF. Han et al. showed that in Fe,0;@Au@Ag structures
the addition of the Ag layer produced a much higher signal
enhancement than the initial Fe,03@Au. Interestingly, the highest
enhancement was obtained for partially Ag-coated NPs presenting
small cavities, or pinholes, that could add further plasmon reso-
nances [255]. Further development in the multi-shell structure
with intermediate dielectric materials can produce new LSPR
modes that can be exploited for a higher EF [242,256,257].
Fe304@Ag@SiO,@Au particles displaying long-range plasmon
transfer of Ag to Au were also synthesized. The particles presented
higher protection due to their external Au layer, and an EF of
2.2 x 104 superior to the 0.67 x 10% Fe304,@Ag NPs and attributed
to the new transfer plasmonic modes (Fig. 16) [258].
Core—satellite magnetic NPs have obtained increasing interests
as attractive SERS substrates. They present multiple hotspots
generated at the gap between adjacent satellite plasmonic NPs
exhibiting a high-intensity electromagnetic enhancement that is
added to the extrinsic hotspots formed when the NPs magnetically
aggregate [120—122,259—-266]. Fig. 17a shows the formed hotspots
among the different plasmonic surrounding NPs, i.e. satellites, as
well as the ones formed between two adjacent core-satellite NPs
[261]. With this configuration, EFs of 10°-107 have been obtained.
The hotspot formation will be dependent on many parameters,
including the material, the size, and the gap between the satellites,
as well as the packing between different NPs. Several of those pa-
rameters are connected and can be easily controlled during the
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Fig. 16. (a) Schematic illustration of magnetic enrichment and in situ SERS detection by Fe3;04@Ag/SiO,/Au microspheres. (b) Comparative UV—Vis spectra of Fe;0,@Ag,
Fe30,4@Si0,/Au, and Fe;0,4@Ag/SiO,/Au microspheres. (¢) Raman and SERS spectra of Rhodamine B (RhB). a: Raman of 0.2 M in aqueous solution. b-e: SERS spectra of 1 x 1076 M on
b: Fe30,@Ag microspheres, c: Fe304@Ag/SiO, microspheres, d: Fe;0,@SiO,/Au microspheres, and e: Fe;04@Ag/SiO»/Au microspheres (785 nm laser excitation) [258]. Copyright 2017

American Chemical Society. SERS, surface-enhanced Raman scattering; UV, ultraviolet.
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Fig. 17. (a) Schematic representation of the two types of plasmonic hotspots formed on Fe;0,@Au NPs. Calculated electromagnetic enhancement with 785 nm excitation. Adapted
from the study by Du et al. [261]. (b) Synthesis procedure of Fe;0,@Ag/PEI/Au@Ag core—shell—satellite particles, and approach for the detection of Thripan. Adapted from the study
by Wang et al. [269] with permission from The Royal Society of Chemistry. NP, nanoparticle; PEI, polyethylenimine.

synthesis. For instance, the average gap between the satellites will
depend on their number and their size, i.e. on the amount of Ag or
Au that is added either in the form of preformed NPs or in the form
of the reagent in the growing steps. On the other side, the extrinsic
hotspots between adjacent core@shell NPs are less controllable and
will be formed by an ensemble of different packing configurations.
In the same way that for the case of core@shell NPs adding an in-
termediate layer may be used to increase the stability, facilitate the
assembly of satellites, further enhance the Raman signals, or
protect the satellites from aggregation. Examples of these types of
NPs are Fe304—Au@Ag [259], Fe304@SiO,—Au [122], Fe304@Ag/
mSiOZ/ALlNPS [264], Fe304—Au@Ti02 []21 ], F8304—AU@Si02 [267],
or CoFey04@HNTs/AuNPs [268]. Fig. 17b shows the synthesis steps
to form core-satellite NPs with an intermediate Ag plasmonic layer
and Au satellites with an intermediate PEI layer, as well as their
application through a separation/enrichment process [269].

While engineering spherical morphologies may result simpler
in many cases, the development of anisotropic shapes offers many
other advantages such as intense intrinsic hotposts or tunability of
the plasmonic response [236]. Anisotropic NPs having large aspect
ratios, sharp tips, and edges present remarkable enhancements at
the high curvature regions. Among the different shapes are star-
shaped NPs, also called urchin-shaped or flower-like [270—-275],
Janus nanostar [162], spindle- or needle-like [276], durian-like
[277], dumbbell-like [278], or bigger assemblies and composites
[279—-288].

All mentioned MMNPs allow the application as SERS substrates
with the advantages of magnetic NPs, for separation and enrich-
ment. They allow selectivity thorough sample modifications and
recovery to avoid unnecessary NP pollution. In many cases, the NPs
can be also reused through specific cleaning procedures [272]. Their
direct application involves first an incubation time with the analyte
in a determined liquid matrix. The nano-size characteristic offers
the advantage of low diffusion distances between the analyte and
the NPs, and therefore low incubation times. After this time, the
NPs are separated and concentrated with the help of a magnet. This
process is often called magnetic solid-phase extraction and is the
one reflected in Fig. 17a and b. The process can be also improved
through adapted syringes with actionable magnets [289] or with
the use of microfluidic systems [290]. This last case, together with
the new smaller and affordable portable Raman instruments, offers
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enormous potential for field-based or point of care applications
that are affordable and easy to handle by a wider variety of final
users.

The direct application, however, is limited to a small number of
molecules that are prone to be adsorbed at the surface of the NPs
and own a Raman cross-section high enough to be analyzed at the
required LOD. Different strategies can be followed to increase the
adsorption of the target analytes to the NPs by modifying the sur-
face physicochemical characteristics. Of special relevance are those
that produce high selectivity, such as the use of aptamers and an-
tibodies that together with the increased adsorption, decrease the
binding of other molecules and therefore reduce the matrix in-
terferences [252]. Similarly, the use of molecularly imprinted
polymers [291] and metal-organic-frameworks can be used in
search of this selectivity [292]. On the other hand, strategies based
on SERS tags can be applied to improve the Raman cross-section
and therefore the sensitivity. These tags can be added to a probe
molecule that also binds to the analyte, in this way a sandwich
structure of NP-analyte-probe can be used for the detection anal-
ysis [293]. Alternatively, SERS tags can be bound directly to a
plasmonic NP. A sandwich strategy may be used for an analyte
binding a magnetic NP and a plasmonic NP containing the SERS tag
[294]; moreover, the use of MNPs helps to the formation of hotspots
between the MNP and the tag-containing plasmonic NP producing
extrinsic hotspots and therefore higher enhancement of the tag
molecule Raman signal [295,296].

Given the versatility of SERS, these systems have been applied to
a very wide range of sensing applications. For instance, in envi-
ronmental pollution, they have been used in the detection of
several types of organic molecules. Among them are molecules
such as polycyclic aromatic hydrocarbons (PAHs) [297], pesticides
[298], or pharmaceutical and personal care products [299,300].
SERS has been also used to detect toxic heavy metals including
Cr(VI) [249], Hg>* [262], As (II) or As(V) [251].

Together with environmental applications, biomedicine is the
other major area of applications in which SERS detection has
proven to be a powerful tool. A MM-plasmonic NP may present
several simultaneous functions such as diagnosis, drug delivery,
and hyperthermal treatment forming a complete multifunctional
medical nanodevice. In diagnosis, magnetic SERS has been widely
used in the detection of many illnesses that range from malaria
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[301] to breast cancer and leukemia [302,303]. Their potential
dramatically expands to many other biomedical areas thanks to
their ability to easily detect DNA/RNA fragments [250,304] and
proteins and antigens [305,306].

Easy detection of pathogens is also of high interest. Their
detection in situ applies not only to the above-cited fields of envi-
ronment and biomedicine but it is also of interest in fields such as
food safety. Among the different types of pathogens, where mag-
netic SERS has been applied, are bacteria such as E. coli, S. aureus, or
Salmonella typhimurium [248,307,308]. There are many other areas
of research where magnetic SERS is of high interest, including the
detection of explosives [309,310], the monitoring of different re-
actions [121,311,312], or the detection of illegal food additives [281].
The number of applications is continually expanding and certainly
will grow with the design of more complex MNPs with new
functionalities and higher sensitivity and selectivity.

4.3. Catalysis

4.3.1. Catalysis for the synthesis of compounds

Metal nanoclusters [313], metal NPs [314], and metal oxide NPs
[315] have proven to be efficient for catalytic reactions in many
synthetic processes. In spite of the good catalytic performance
showed by many homogeneous catalysts, heterogeneous catalysts
are preferred as they can be easily removed from the reacting
medium, allowing product purification and catalyst recyclability
[316]. Even in the case of heterogeneous catalysts, the separation
process is a complex task as a result of their small size, resulting in
inevitable catalyst loss by conventional separation approaches. A
solution to simplify catalyst recovery is the development of
magnetically separable catalysts [317,318]. To enhance the limited
catalytic activity of magnetic catalysts, they are combined with
other catalytically active materials such as transition metals, metal
oxides, or organic materials such as graphene.

Palladium (Pd) is among the most widely used metal catalyst in
modern organic synthesis. For instance, Pd NPs were immobilized
onto Fe304 upon the reduction of Pd®* to obtain new nanocatalyst
useful for the aerobic oxidation of alcohols to aldehydes or ketones
along with the formation of O, and H,O (Fig. 18a) [319]. Using
0.2 mol% MMNPs, a good activity on the oxidation of primary
benzyl alcohol with different substituents was observed, reaching
selectivity values above 99% with yields up to 97% for reactions
carried out in water at 80 °C during 4 h (17% yield for the poorer
catalysts formed by bare Fe304). This is a worthy area of research
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because the selective oxidation of alcohols using oxygen as the
terminal oxidant is a relevant reaction in organic synthesis [320].
More recently, ~35 nm Pd NPs were stabilized onto Fe304 for
Suzuki-Miyaura C—C cross-coupling reactions, which is a common
reaction for the preparation of biaryls compounds used in the
pharmaceutical and polymer synthesis fields [321]. The conversion
of various aryl halides into the corresponding biaryl derivatives by
Suzuki-Miyaura reaction was achieved in only 5 min. Reaction
yields of 99% using 10.5 x 10~2 mM of NPs were achieved following
a solvent-free process. Remarkably, Pd—Fe304 outperforms previ-
ously reported heterogeneous catalysts in time and yield through a
green solvent-free synthesis process.

Apart from the bicomponet examples shown above, tricompo-
nent MMNPs have also been developed for catalysis. In this sense,
Au NPs were immobilized onto rose-like Pd—Fe304 NPs for the
tandem synthesis of 2-phenylindoles from 2-iodoanilines with
phenylacetylenes, which is rarely found in the literature [322]. A
good catalytic activity was achieved due to electron transfer across
the interface and avoidance of the stoichiometric transmetalation
by-products, which are common effects in cross-coupling reactions.
As a consequence, an improved performance relative to previously
reported Cu, Au complexes, and Au NPs in terms of turnover
frequency value and conversion degree was obtained. In another
work, Pd NPs were embedded into C@Fe304 core@shell nano-
spheres to produce an efficient catalyst for cyanation to the corre-
sponding nitriles [323]. The cyanation reaction of aryl iodides,
bromides, and chlorides with different solvents and bases and
K4[Fe(CN)s] as a green cyanating agent was evaluated. The effect of
Pd morphology (spherical vs. cubical) on the catalysis was analyzed,
showing that cubical Pd NPs are more reactive as a result of a larger
number of {100} surface facets. This work provides useful infor-
mation to design novel catalysts thanks to the achieved catalytic
efficiency, ease of synthesis, high stability, reusability, and magnetic
separation ability.

Due to its peculiar properties, graphene oxide (GO) results very
useful in diverse catalytic reactions [324]. Unfortunately, GO sheets
tend to aggregate, lowering the exposed surface area and thus
reducing their catalytic efficiency. This problem was solved by
developing sulfonic acid-modified Fe30,@G0O MMNPs, which were
proven useful as heterogeneous Brensted acid-based catalysts
[325]. Sulfonation and subsequent oxidation steps served to sta-
bilize the NPs, improving the efficiency of the heterocyclic inda-
zolophthalazinetrione synthesis after the coupling of aldehyde,
dimedone, and phtalhydrazide (Fig. 18b). Not only GO but also

a) b) Fe,0,@GO-Pr-SO3H
OH PANPS@P2VP-Fe,0, i Dimedone 2 o
+
Ry Ry water, Oy, 80 °C Ry Ry phthalhydrazide A EtOH, reflux
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/ \ CN / \ CHoNH;
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Fig. 18. Examples of catalytic reactions using MMNPs as catalysts: (a) Pd@Fes0, catalysts for aerobic oxidation of alcohols. Reproduced with permission from Springer Nature from
the study by Nabid et al. [319]. (b) Fe304@GO for heterocyclic indazolophthalazinetrione formation. Reproduced with permission of Elsevier from the study by Doustkhah and

Rostamnia [325]. (¢

c) Nitrile reduction with NiNPs@Fe;04—Si0,—P4VP. Reproduced with permission of John Wiley & Sons Ltd from the study by Nabid et al. [327]. (d) 1-amidoalkyl-

2-naphthol synthe51s with Fe304—HgP2W15062. Reproduced from the study by Tayebee et al. [328] with permission from The Royal Society of Chemistry. (e) Synthesis of five- and
six-member heterocycles. Reproduced with permission of Elsevier from the study by Farrokhi et al. [329]. (f) Cyclic diazodicarbonyl compound synthesis with trimetallic Au—Fe—Ag
NPs. Reproduced with permission of Elsevier from the study by Mishra et al. [330]. GO, graphene oxide; MMNP, multicomponent magnetic nanoparticle.
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rGO has been used to develop magnetic multicomponent catalysts.
5 nm Fe304 and Pt NPs were deposited onto rGO to obtain MMNPs
useful for the aqueous-phase aerobic oxidation of benzyl alcohol
[326]. In spite of the lower electrochemical active surface, the close
contact of Fe304 with Pt active centers enhances the catalytic per-
formance of rGO, improving the turnover frequency (defined as the
number of moles of benzyl alcohol converted per mole of active
catalyst per hour) and the conversion up to maximum values of
1110 h™! and 33.6%, respectively (430 h~! and 18.6% for Pt/rGO).
These MMNP catalysts have great industrial potential as they can
easily reduce benzyl alcohol, which is the second most important
aromatic molecule after vanillin.

Apart from Pd or graphene, MMNP catalysts based on other
materials have been synthesized. In such examples, Fe304 is
generally used as the magnetic substrate. As shown in Fig. 18c,
nickel NP encapsulation on Fe304—SiO, (Ni@Fe304—SiO,—P4VP)
has proven to be an efficient heterogeneous catalyst for nitrile
reduction in water [327]. A reduction of 19 different aliphatic and
aromatic nitriles to primary amines in refluxing water conditions
was obtained with conversion rates above 99% in 2 h (selectivity >
99%), which is usually difficult to achieve as the « hydrogen
deprotonation to the nitrile stops the reduction process [331].
Conversion yields for seven consecutive runs did not decrease,
which together with their magnetic recovery ability make such NPs
robust catalysts for the reduction of many different C—N multiple
bonds. Cycloaddition reactions between epoxides and CO5 to pro-
duce cyclic carbonates were facilitated using MMNPs, providing an
environmental solution to the presence of CO; in the atmosphere as
it successfully serves to capture and store CO; [332]. Accordingly,
Si0,—Fe304 MNPs were coated by Cu to reach yields up to 92% after
12 h of reaction at 80 °C under solvent-less and organic halide-free
conditions. A pivotal role of Cu was found as it activates CO; by 1,8-
Diazabicyclo[5.4.0]ndec-7-ene (DBU), enabling the ring-opening
step and subsequent cycloaddition reaction.

A magnetically recoverable inorganic-organic multicomponent
catalyst was obtained by the anchoring of Wells—Dawson hetero-
polyacid HgP2W130g2 onto the surface of modified Fe304 NPs
(Fig. 18d) [328]. A solvent-free and one-pot fabrication of various
substituted 1-amidoalkyl-2-naphthols useful for synthetic phar-
maceuticals was achieved from the condensation of B-naphthol
with 24 different aldehydes (aliphatic and aromatic) and benza-
mide at 100 °C for 30 min, resulting in yields of 94%. Interestingly,
MMNPs showed no loss of activity after 8 cycles, highlighting the
potential of these materials for the rapid synthesis of biologically
active 1-amidoalkyl-2-naphthols.

Nanocatalysts presenting core@shell morphology show inter-
esting characteristics for magnetic catalyst design. Accordingly, a
magnetic Fe304 core was combined with a porous metal-organic
framework shell for biodiesel production [333]. Soybean oil trans-
esterification with methanol in the presence of 1.2 wt% MMNPs
resulted in a 92.3% oil conversion to methyl esters after 3 h of re-
action at 65 °C. The magnetic nature of the NP solved the complex
catalyst recovery and undesirable wastewater yielded in the
downstream purification processes often found in homogeneous
base-catalyzed transesterification processes. In another work,
core@shell Fe304/Si03/(CHz)N * Me3Brz NPs have been proven to
be useful for the syntheses of imidazole, benzothiazole, and peri-
midine derivatives [329]. The synthesis of 28 five- and six-
membered heterocycles was analyzed under solvent-free condi-
tions at 80 °C, reaching reaction times as short as 10 min and yields
of 95% (Fig. 18e).

Other examples in which Pd, graphene, or Fe304 are not used
can also be found in the literature. For instance, high surface area
trimetallic Au—Fe—Ag NPs with strong catalytic activity for the
synthesis of a-f and B-f-dichloroenones were developed [330].
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Efficient o-f and B-B-dichloroenone synthesis from a diazo-
dicarbonyl compound and oxalylchloride was achieved in fluo-
robenzene (conversion of 99%, yield of 93% after 3 h). The use of
trimetallic Au—Fe—Ag NPs simplifies and improves the common §-
dichloroenone processes which result in mixtures of products, low
regioselectivity/yields, and long reaction times. The cyclic diazo-
dicarbonyl compound is treated with oxalyl chloride to obtain a
yield of 92%, while trimetallic NP results in 93% yield (Fig. 18f).

Although they are not considered as MMNPs, it is worth noticing
that magnetic NPs are also used as a support for the anchoring of
other catalytically active species, including chiral/non-chiral
amines, amino acids, Brgnsted acids, metal complexes, crown
ethers, quaternary salts, or enzymes [334—336]. Overall, MMNP
catalyst particles combine a good catalytic activity with an easy
removal by an external magnetic field due to the ferromagnetic/
ferrimagnetic nature of one of the multicomponent constituents.
After separation, the catalyst can be washed with appropriate sol-
vents such as water, ethanol or dichloromethane, dried under
vacuum, and then reused again for many cycles (usually 5—15)
under identical synthetic conditions with no activity loss.

4.3.2. Degradation of pollutants

Dye and pharmaceutical industries discharge large amounts of
industrial waste-water containing different organic pollutants,
contaminating water reservoirs, and resulting in severe adverse
effects on humans and wildlife [337,338]. Some of these pharma-
ceuticals, personal care products, or pesticides are known as
persistent organic pollutants, which are difficult to degrade under
conventional waste-water treatment processes [339]. Therefore,
vast efforts are being now devoted to the development of advanced
systems that effectively remove and/or detect organic pollutants
from water. Among them, catalytic degradation in heterogeneous
catalysis emerges as one of the most cost-effective approaches.
Similar to the use of catalysis for synthesis reactions described
above, the use of MMNPs allows the recovery of catalysts in an
efficient manner while offering colloidal stability and support for
different catalytic materials.

The inherent rapid electron conduction of GO can be used to
develop magnetic catalysts with enhanced activity. In this sense,
GO-Fe;03 MMNPs with a good catalytic activity towards RhB
degradation in the presence of H,0, were developed by Song et al.
[340]. It was seen the GO incorporation enhances the enzyme-
mimetic activity of Fe;O3 to H,0, (formation of O3°/HOj and
*OH) by accelerating the electron transport in the reaction system
so the intrinsic oxidation ability of ferric ion is markedly enhanced
(Fig. 19a). As a result, 68% of RhB was removed using GO-Fe;03
MMNPs, whereas only 33% and 13% of RhB was degraded using bare
Fe;03 and GO groups, respectively (Fig. 19b). As developed mate-
rials display a simple synthesis procedure, great stability during
storage, and low price, a variety of NPs, including metals, metal
oxides, and nanocarbons, have been used to obtain nanoscale
artificial enzyme mimics, nanozymes [341]. In this context, dual-
shelled core@shell magnetic microspheres having different
mono- or bi-metallic nanocrystals of ~11 nm (Au, Pd, PtAu, and
PtPd) as mimetic enzymes for the colorimetric detection [342].
Fe304 NPs were coated by resorcinol/formaldehyde resin and
diverse noble metal NPs and mono- and bi-metallic nanocrystals
could be tuned by simply changing the metal precursor. MMNPs
showed good peroxidase-like activity, providing a LOD of 3.1 and
1.36 uM for H,0, and glucose, respectively. Pt-coated NP clusters
consisting of a few hundred 15 nm Fe304 particles were applied as
peroxidase mimics to detect E. coli with a LOD of 10 cfu/mL [343].
Catalytic decomposition of added tetramethylbenzidine is pro-
moted by the decomposition of H,0, into two OH® radicals pro-
vided by Pt surfaces, turning the solution blue. Other similar
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Fig. 19. a), (b) Scheme summarizing the enzyme mimetic activity of Fe,03 supported onto GO and degradation percentage of RhB for GO-Fe,03, bare Fe;03 and GO. Reproduced
with permission of Elsevier from the study by Song et al. [340]. (¢) RhB decomposition by CoFe;04 NPs combined with GO in the presence of PMS. Reproduced from the study by
Tabit et al. [347] with permission from The Royal Society of Chemistry. (d) Scheme showing the synergistic catalytic degradation of 4-NP over Ni—Pd/NrGO. Reproduced with
permission of Elsevier from the study by Liu et al. [350]. (e) Schematic illustration depicting H,0, activation and subsequent SMX degradation in the Fe@MesoC/H,0, Fenton-like
system. Reproduced with permission of Elsevier from the study by Tang and Wang [351]. (f) Schematic representation of 4-NP degradation into H,0, CO,, and NO3 by a MMNP
composed by a magnetic Fe;04 core and an outer carbonaceous shell. Reproduced with permission of Elsevier from the study by Ribeiro et al. [352]. GO, graphene oxide; NP,
nanoparticle; PMS, peroxymonosulfate; rGO, reduced graphene oxide; SMX, sulfamethoxazole.

examples include the preparation of magnetic CoFe;04@CoS (co-
balt sulfide) nanotubes with peroxidase-like activity for dopamine
detection [344], ternary magnetic metal-organic framework-based
MMNP nanozymes consisting on Fe304@Au@MIL-100(Fe) with a
unique photoinduced enhanced peroxidase-like resulting from the
combined peroxidase-like and SERS activity of nanocatalysts [345],
or superparamagnetic Fe304 NP@carbon nitride nanotube MMNPs
with ultra-high peroxidase mimetic activity [346].

GO and rGO have also been combined with CoFe;04 to obtain
MMNPs with efficient dye degradation ability [347]. RhB degrada-
tion reactions were performed in the presence of perox-
ymonosulfate (PMS). When coupled with Co?* ions, better organic
contaminant degradation than Fenton reactions could be achieved
(Fig. 19¢). As a consequence, the total organic carbon removal ef-
ficiency of RhB reached 89% in only 12 min. Interestingly, the
degradation rate was much faster using GO instead of rGO due to
the different electronic structure and additional functional surface
—OH groups on GO. By immobilizing 8 nm Ni NPs onto rGO, the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) with
sodium borohydride (NaBH4) can be enhanced over 2.5 times in
comparison with pure Ni NPs [348]. rGO avoids NP agglomeration
and increases the electron transfer thanks to its conducting char-
acter. Moreover, the strong 7-7 interactions between 4-NP and rGO
afford a high concentration of 4-NP near to the active Ni, promoting
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a highly efficient contact between them. As a result of such effects,
the overall catalytic activity is markedly improved. Similarly, gra-
phene/Fe304 MMNPs were used as a large surface area support for
bi-noble metal AuPt NPs to prepare multifunctional nanocatalysts
for 4-NP reduction [349]. It was seen that Fe304 not only facilitates
catalyst recovery but also promotes 4-NP reduction reactions by
transferring the electrons from Fe304 to Au and Pt, yielding a
degradation rate as high as 17.99 mg~!/s, which is superior to most
Au- or Pt-based nanocatalysts reported.

Heterogeneous Ni—Pd nanodimers were grown onto nitrogen-
doped rGO for efficient 4-NP reduction, reaching degradation rate
constants as high as 3400 s~1/g [350]. During catalyst preparation, a
core@shell structure was avoided as such NPs do not fully exploit
the catalytic activity of the core; i.e. the reaction would take place
on the Pd shell and Ni core would act as an inert support. Alloying
of Ni and Pd was also prevented, as Pd heteroatom incorporation
may result in the loss of ferromagnetic properties, hindering the
recovery step. As a result of the obtained morphology, the electron
transfer between Ni—Pd and the supporting rGO contributes to the
strong adsorption of negatively-charged reactants while active
hydrogen is formed over Ni—Pd, reducing 4-NP to 4-AP upon NaBHy4
addition (Fig. 19d).

Not only graphene but also other carbonaceous structures can
be used to boost the catalytic activity of magnetic NPs. Fe-based



A.G. Diez, M. Rincon-Iglesias, S. Lanceros-Méndez et al.

magnetic NPs were embedded into mesoporous carbon (Fe@Me-
soC) to obtain Fenton-like catalyst for the degradation of
sulfamethoxazole antibiotic [351]. Thanks to the enrichment of the
outer mesoporous carbon matrix which also serves to avoid Fe NP
aggregation, the abundant active sites of the inner Fe-based NPs
served as active sites together with the outer shell, converting 100%
of the antibiotic in only 120 min. As schematically represented in
Fig. 19e, authors concluded that the electron transfer from Fe® to
iron oxide in the inner Fe-based NPs facilitates the reduction of
=Fe3* to =Fe®", accelerating hydroxyl radical formation (*OH) and
thus boosting sulfamethoxazole degradation. 12 nm Fe304 NPs
were encapsulated within a graphitic structure to obtain large
specific surface area (330 m?/g) magnetic catalysts advantageous
for catalytic wet peroxide oxidation [352]. Using 4-NP as a model
dye, authors concluded that FesO4 incorporation into graphite
enhanced the catalytic activity in catalytic wet peroxide oxidation
thanks to increased adsorptive interactions between the catalysts
surfaces and pollutant molecules. Additionally, the leaching of Fe
species from Fe304 to the outer medium (which is a commonly
found matter which reduces catalytic efficiency) was limited due to
the confinement caused by the graphitic structure (Fig. 19f). As a
result, 4-NP was reduced to H,0, CO, and NO3 with a remarkable
pollutant removal ratio as high as 5000 mg/g/h.

There are other examples comprising non-carbonaceous struc-
tures as solid supports for MMNP catalyst fabrication. For instance,
28 nm Pd NPs were immobilized onto Fe304 stabilized with chi-
tosan and agar to form micro-encapsulated particles which effi-
ciently degraded 4-NP to 4-AP in water after only 180 s [321].
Magnetic Fe304 NPs were coated with a thin SiO; layer to be sub-
sequently coated with Au and Ag NPs using stabilizing agents [353].
The synthesized Fe304@SiO,@PEI-Au/Ag@PDA NPs were able to
degrade 4-NP to 4-AP in 10 min, and thanks to their high saturation
magnetization of 48.9 emu/g, they could be easily removed from
the reaction medium and used again 8 times keeping a conversion
degree above 95%. Halloysite clay nanotubes (HNT), biocompatible
naturally occurring aluminosilicate nanotubes with an Al:Si ratio of
1:1, have been efficiently used as supports for catalytically active
magnetic NPs thanks to their durable, cheap, and one-dimension
characteristics. For instance, dumbbell-like oxygen-containing
HNT/Fe304 MMNPs were prepared for the reduction of the highly
toxic Cr(VI) into low-toxicity Cr (III) [354]. After Cr(VI) adsorption
(132 mg/L) by ion exchange and coordination interaction, the
electron-donor effect of oxygen-containing organic groups was
able to reduce the contaminant Cr(VI) to the safer Cr (III). 15 nm
Fe304 NPs were attached to HNT for the degradation of penta-
chlorophenol (PCP), a highly recalcitrant chlorinated organic
compound widely used as a pesticide and disinfectant [355]. Fe304
remained well-dispersed along the HNT, minimizing the inter-
particle aggregation and thus accelerating PCP decomposition by
nearly 2.5 times in comparison with bare Fe304.

Thanks to its effectiveness, rapid degradation, and economic
viability, photocatalytic degradation has also attracted increasing
attention in the last two decades. During photocatalysis, a variety of
strong reactive oxidation species such as OH®, 0%, or H,0; are
generated as a result of light excitation, which can later oxidize/
reduce organic pollutants into Hy0, CO,, and other biodegradable
intermediates [356,357]. Nowadays, TiO is the most commonly
used photocatalyst because of its high stability and oxidative power
[83,358,359]. However, once the pollutant has been degraded, TiO>
NPs remain dispersed in the liquid media, making their collection a
tedious task. To enable their easy recovery and recycling, photo-
catalytic NPs can be combined with magnetically active particles.
Interestingly, the combination of metal and semiconductor com-
ponents affords the fabrication of MMNPs with combined optical,
magnetic, and catalytic functionalities. In this regard, Fe304 NPs
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were coated by TiO, NPs for methylene blue (MB) degradation
under UV light (A = 362 nm) [360]. As a direct contact between TiO;
and Fe304 can lower the photoactivity of the MMNPs due to photo-
dissolution and electron-hole recombination effects, authors pre-
pared a polystyrene passivating layer by Pickering miniemulsion
polymerization between titania and magnetite. Nearly 90% of MB
was degraded after 1 h of irradiance at 2.3 mW/cm™? with no ac-
tivity loss observed after 3 cycles, indicating the potential of
developed materials for the photocatalytic decomposition of
pollutants.

To further boost the catalytic activity, noble and magnetic metal
Au@Ni nanocrystals were coated with ZnO nanopyramids [361].
Upon irradiation with UV light, the photo-induced electrons in the
conduction band of ZnO can transfer to the metal due to its lower
Fermi energy level and therefore create an effective charge sepa-
ration. As a result, 97% of RhB was degraded in 60 min. Core@shell
MMNPs having a magnetically active core and a catalytically active
shell such as Fe304@TiO, have proven to be efficient in the degra-
dation of different pollutants such as 4-methylaminoantipyrine, the
active metabolite of the dipyrone analgesic [362]. Upon irradiation
with a 125 W high-pressure mercury lamp (A = 254 nm) for 60 min,
a 70% mineralization of 4-methylaminoantipyrine was obtained.
These results indicate a favorable interaction between electrons in
titania surface and the magnetic core, which does not increase the
electron-hole recombination and thus keeping the catalytic activity
of the TiO, shell intact (with the advantage that synthesized
MMNPs can be easily removed with external magnetic fields).

In spite of obtained good efficiencies, similarly to TiO,, the above
reported magnetic photocatalysts are mostly excited under UV
light, resulting in a low utilization efficiency of the solar spectrum
(UV region only accounts for ~5% of the solar spectrum at sea level)
[363]. To face this issue, many efforts have been devoted to the
development of magnetic photocatalyst which can be excited in the
visible region. In this framework, Ag-supported magnetic TiO,
MMNPs were synthesized for aqueous methyl orange (MO)
degradation under visible light irradiation [364]. Upon appro-
priated Ag content, the absorption band of Ag/TiO,/Fe304 was
shifted to the visible light range as shown in Fig. 20a, and the
bandgap energy decreased to 1.163 eV (3.138 and 2.702 eV for bare
TiO, and Ag/TiO,, respectively). These changes were achieved
thanks to the LSPR of the Ag and may enhance the photocatalytic
activity of magnetic Ag/TiO,/Fe304 and increase its potential in
applications under visible light. Indeed, Fig. 20b shows a faster MO
degradation in the presence of Ag/TiO,/Fe304, reaching ~50% after
90 min (note that no degradation is observed under dark condi-
tions). Following this approach, many different catalysts that are
activated under visible light can be designed by modifying titania
NPs. Alberti et al. prepared TiO;-zeolite magnetic catalyst for MB
degradation under solar illumination using Fly Ash industrial waste
as a source material [365]. Zeolites resulted particularly interesting
as support materials due to their high surface to volume ratio and
porous structure, which may provide a large specific surface area
where catalytic reactions can proceed.

Similarly, photocatalytic MMNPs composed of 10 nm Fe304 NPs
assembled onto 120 nm diameter Bi,O4 NRs were prepared for a
visible-light directed degradation of ibuprofen [367]. Thanks to the
combination of the narrow bandgap of 2.0 eV of Bi,O4, and the
conduction band difference of Fe304 (+1 eV) and BiyO4 (—0.37 eV),
an enhanced photoinduced charge separation of the electron-hole
pairs was obtained, resulting in a 75% degradation of ibuprofen in
30 min ZnFe;04/C3N4 MMNPs show a good photo-Fenton degra-
dation of aqueous organic pollutants under visible light
(A > 420 nm) irradiation [368]. Using Orange Il as a model dye (50%
degradation in 60 min), authors observed that graphitic C3Nyg
sheets acted as a p-conjugated material for the heterojunction
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Chemical Society NP, nanoparticle; UV, ultraviolet.

formation with the magnetic ZnFe,04 (bandgap of 1.9 eV, visible-
light response), while catalytically decomposing H,0, to *OH rad-
icals. Upon combination with ZnFe;0y4, the absorption range of C3Nyg
is extended, improving the quantum yield and preventing the
inherent high recombination rate of photogenerated electron—hole
pairs in C3N4 sheets. Moreover, a remarkable catalytic ability at
neutral conditions was obtained, representing a great advantage
over the traditional Fenton system (Fe(Ill) hydroxides tend to pre-
cipitate at pH > 3) [369].

Due to the ability of graphene to accept the electrons from
semiconductor and prevent recombination of photogenerated
electron-hole pairs, different photocatalysts have been anchored
onto graphene-related materials. For example, 24 nm ZnFe,04 NPs
have been deposited onto rGO sheets for photo-Fenton-like
degradation under visible irradiation using PMS as an oxidant
[370]. rGO prevented ZnFe,04 NP aggregation and activated PMS to
produce sulfate radicals (SOz°*) which degrade more than 80% of
recalcitrant organic pollutants (Orange II, MO, methyl violet, RhB or
MB) in less than 120 min. A similar mechanism involving SOz°*
formation was also found for MnFe;04/rGO, although the degra-
dation of organic dyes was initiated upon the addition of potassium
PMS as an oxidation agent for PMS instead of using visible light
[371]. Similarly, rGO-CoFe;04 MMNPs were developed for the
photodegradation of malachite green in water [372]. Due to the
higher valence band energy of CoFe,04 in comparison with rGO, the
photogenerated electrons are transferred from CoFe;04 to rGO,
boosting the sunlight-excited photo-Fenton-like photocatalytic
activity.

Parandhaman et al. immobilized Au and Pd NPs onto Fe3Og4
using chitosan (Ch) to obtain separable MMNPs with a good cata-
lytic performance [366]. Prepared Fe304@Ch-Au and Fe304@Ch-Pd
showed absorption peaks at A = 525 and 305 nm, respectively, and
were used as photocatalysts under different illumination condi-
tions. As seen in Fig. 20c, the degradation of MB was tested as a
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model dye under different conditions, reaching a complete degra-
dation after 1, 2, and 3 min upon UV light (10 W, 285 nm), sunlight
(average amount of solar radiation of 5.12 kWh-m?), and visible
light (mercury vapor lamp, 400 W) exposure, respectively
(Fig. 20d). Moreover, the catalysts were easily recoverable after MB
degradation using an external magnet (Fig. 20e), allowing its reuse
multiple times with no catalytic activity loss.

5. Life cycle assessment and circular economy considerations

The beginning of the 21st century has witnessed a boom in the
development and application of nanomaterials. In this framework,
magnetic NPs are being increasingly used for applications including
environmental remediation/catalysis [340,347,373], sensing
[215,216], and imaging [13,78]. Their current widespread use,
together with the projections of their incorporation into consumer
goods, is raising serious concerns about their safety and toxicity.
This topic will not be covered in this work as several reviews have
thoroughly analyzed the toxicity effects associated with different
kinds of NPs [374—376]. On the contrary, the environmental risks
associated with the use of magnetic NPs have been scarcely
investigated. This is in contrast with the recent government policies
which call for significant reductions in energy demand and non-
renewable materials consumption. A remarkable example is the
European Green Deal brought forward by the European Commis-
sion, which aims towards a climate neutral Europe by 2050 [377]. It
is thus essential to provide a holistic understanding of the envi-
ronmental impacts associated with the fabrication, use, and recy-
cling/disposal of magnetic NPs. This can be done in the light of the
life cycle assessment (LCA) methodology as it provides the means to
account for the environmental impacts or materials, processes,
products, or even services [378,379], where the impact of the
synthetic routes followed for the production of NPs (including raw
material extraction and energy required for fabrication), together
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with their use, management, and their end-of-life are analyzed.
Implementing a ‘cradle to grave’ product cycle LCA may allow the
identification of the key parameters affecting the environmental
impact of magnetic NPs, enabling their optimization and further
up-scaling. Importantly, not only greenhouse gas emissions are
quantified but also impact categories such as fine particulate matter
formation, eutrophication, human toxicity, land use, mineral
resource scarcity or acidification are considered [378]. In addition,
the early application of LCA through eco-design strategies enables
making informed choices on the sustainability of new products, so
the processes having low Technological Readiness Levels could be
re-designed to lower their footprint when up-scaled [380]. Unfor-
tunately, despite the intensive works carried out in the field of
consumer products, the LCA of magnetic NPs in general, and
MMNPs especially, has been limited to a few examples. Therefore,
in this section, we mostly rely on studies based on single-
component magnetic nanomaterials which can be extrapolated in
many cases to MMNPs.

As magnetic NP fabrication approaches usually rely on the use of
toxic raw materials, it becomes essential to substitute the reagents
by more sustainable precursors, reducing, and stabilizing agents. In
2017, Feijoo et al. used a cradle-to-gate LCA to provide the first
detailed life cycle inventory and environmental assessment of
different magnetic NP production (see Fig. 21 for the environmental
impact potentials) [381]. Sterically stabilized magnetite (9.9 nm)
and coated NPs with oleic-acid (7.8 nm), silica (21.5 nm) or PEI
(10 nm) were synthesized and the outcomes from the fabrication
process were used as the life cycle inventory data. The functional
unit (FU) was defined as the amount of NPs in mg produced per
batch. Ecoinvent® 2016 database, the average electricity generation
and import/export data from Spain and the ReCiPe method were
used. Results reveal that FeCl;, NH40H, and TMAOH contribute
mostly during the synthesis of sterically stabilized magnetite NPs,
while the HCl used to adjust medium pH to 4 for PEI-coated NPs
contributes by more than 60% to the environmental impacts (its
substitution by H;SO4 was encouraged). The cylcohexane used
during re-dispersion of OA-coated and silica-coated NPs accounts
for 90 and 25%, respectively. Overall, the manufacturing stage is
dominated by the environmental impacts associated with energy
and chemical use, especially for silica-coated NPs. Indeed, energy
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Fig. 21. Total environmental impact depending on magnetic NP production. Impacts
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consumption contributes to over 90% of life cycle burdens in this
case. Sterically-stabilized, PEI-coated and OA NPs present lower and
similar environmental impact contributions. Although silica-coated
NPs are the most reliable option performance-wise, their associated
environmental impacts hinder its selection as an adequate alter-
native. In this sense, PEI-coated NPs are preferred as they show a
good balance between performance and limited environmental
impact.

The environmental assessment of magnetite NPs prepared via a
large-scale co-precipitation approach reveals that this method is a
preferred environmentally friendly choice over other synthetic
processes [382]. Fe304 NPs synthesized with glutathione as both
the reductant and stabilizer show a markedly reduced environ-
mental impact than the Fe304 produced by the conventional co-
precipitation method (FU: 1 g NP) [383]. The energy demand
associated with the synthesis was reduced from 46 to 0.25 kJ,
although the amount of raw materials used remained similar. As a
result, the global warming potential (GWP) was reduced by 10
times (Fig. 22a) while human toxicity remained comparable
(Fig. 22b). Overall, sodium hydroxide and glutathione contributed
mostly to the environmental impact of the so-called ‘green syn-
thesis’ (Figs. 22c and d). Importantly, no coating step was required
as the glutathione led to the reactive surface —SH groups, avoiding
the need for further energy- and material-intensive procedures.

Essentially, LCA studies of magnetic NPs have been focused on a
cradle-to-gate approach. However, a cradle-to-grave approach may
provide a real picture of the environmental impact associated with
these materials. Baresel et al. recently analyzed how the recovery
rate affects the resulting LCA of magnetic NPs used for water
treatment purposes [384]. Magnetite NPs prepared from NaBH4
reduction of iron acetylacetonate solution and subsequently
modified with polystyrene or divalent amino acid-based surfac-
tants were used as adsorbents for heavy metal ions. As shown in
Fig. 22e, the effect of the recovery ratio from 0 to 100% by external
magnetic forces after water treatment on the total GWP was
studied. For all the cases, the raw materials account for nearly two-
thirds of the impacts. The GWP can be reduced by 835 times upon
full recovery of NPs, reflecting the pivotal role of the recovery rate
towards minimizing the environmental impact of magnetic mate-
rials. A laser vaporization synthesis has been recently proposed to
fabricate spherical pure y-Fe,03 (ferromagnetic) and core@shell y-
Fe03/Si0; (superparamagnetic) NPs with reduced environmental
impact [385]. LCA data were extracted from two pilot-scale plants
and the previously reported works, and the FU was selected as the
MRI contrast agent unit dose required for a patient with 70 kg body
weight. After process optimization, their method required no metal
catalyst or halogenated organic solvents, such as DMF or toluene,
decreasing resource depletion, environmental impacts, and ozone
depletion. Thanks to reduced energy demand, a decrease of the
GWP up to 64% was achieved. Occupational risk assessment ac-
cording to ISO/TG 12901-2 confirmed a low toxicological and bio-
logical hazard potential. These results confirm that in contrast to
wet chemical synthesis, laser vaporization is an effective method to
develop core@shell NPs with reduced environmental impact and
low hazard potential.

Scarce works have been done to date to analyze the environ-
mental impacts associated with multicomponent magnetic mate-
rials. In one of such works, a LCA of magnetic NPs used for Fenton
and photo-Fenton catalysts based on Fe304 NPs stabilized with PAA,
PEI and SiO; supported onto TiO; or ZnO has been reported [386].
Authors experimentally performed NP synthesis and used such
data to study the LCA (Ecoinvent®database, ReCiPe methodology).
NPs used for photocatalysis show a markedly increase environ-
mental impact, mostly arising from the complexity of the down-
stream stages necessary for the final formulation, which require
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additional energy and chemical products (Fig. 23). Based on the
performance of synthesized NPs, the removal of model organic
pollutants, together with the environmental impact analysis, was
studied. Authors concluded that Fe304@PAA and Fe304/ZnO NPs
were preferred for Fenton and photo-Fenton processes,
respectively.

Most of the works conclude that energy and chemical con-
sumption have a dominant contribution to the life cycle envi-
ronmental impacts. In this framework, as chemicals can
contribute up to 60% of the environmental burdens [381], the
replacement of raw materials is encouraged towards providing
cleaner approaches to the chemical synthesis of magnetic NPs.
This can be done for instance using waste as a source for NP
development, which represents a plausible approach toward
upcycling [387,388]. An excellent circular economy example
applied to magnetic NPs is the preparation of TiO,-based het-
erogeneous magnetic photocatalyst from fly ash, i.e. iron and steel
industrial waste material [365]. Fly ash was converted into a
magnetic zeolite upon a one-step hydrothermal activation pro-
cess, providing both a solution to the waste management in
landfill and solving the water pollution issues associated with the
multi-step processes. Other attractive green solution results in the
microbial synthesis of magnetic NPs using metal-reducing
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bacteria, which can enzymatically reduce several high oxidation
state metals to yield cell-templated NPs [389]. In contrast to
conventional abiotic processes that include mining, crushing,
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Fig. 23. Normalized environmental impacts associated with the synthesis of Fenton
and photo-Fenton magnetic catalysts NPs. Reproduced from the study by Feijoo et al.
[386]. NP, nanoparticle.
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grinding, concentration, titration, filtration, and purification steps,
which in turn increase the energy and raw material input,
biosynthetic approaches do not require harsh chemicals and the
synthesis is performed under ambient temperatures. In this line,
Joshi et al. reported the synthesis and LCA of the microbial
reduction of natural Fe(III) to yield magnetic Fe(II) NPs [390]. In
comparison with current industrial fabrication, savings of
0.77 kg-CO; eq. (GWP), 3.53 MJ (natural gas), 13.73 M] (fossil re-
sources), and 4.97 m> (water) were achieved per kg of NP,
lowering the production cost by 315 €-kg™ .

In spite of the growing awareness of the life cycle of NPs at both
the scientific and industrial level, there is still a lack of comparable
and reliable reported studies. As a consequence, many un-
certainties with the estimation of the environmental impacts
associated with their use are found. Main obstacles arise from the
immature technology and markets associated with MNPs, a reluc-
tant perspective to provide accurate information on the synthetic
route, and the lack of knowledge on the end-of-life of magnetic NPs.
Moreover, the development of a ‘substitution guideword’
addressing possible safer processes for MMNPs (similarly to those
prepared form general metal NPs) synthesis is needed [391].
Hopefully, new published works may arise in this field, shedding
further light. The public disclosure of the environmental impacts
related to MNP production may guide new sustainable designs may
help scientist and industry to fulfill the UN 2030 agenda regarding
the Sustainable Development Goal 12 (Responsible consumption
and production), 13 (Climate action), 14 (Life below water), and 15
(Life on land) [392].

Overall, reported LCA results highlight the pivotal role that
presents the efficient reuse toward lowering their associated
environmental impacts. As shown in this work, this can be rela-
tively easily achieved as magnetic NPs (either in dispersion or
within a matrix) are efficiently separated and captured through
external magnetic fields [360,364]. This functionality can be also
used to obtain materials with novel functionalities. In this context,
Ge et al. reported a clever strategy to enhance the reusability of the
magnetic NPs used for algae harvesting [393]. Steric acid-coated
Fe304—Zn0 MMNPs shift their hydrophobidity under UVs3g5 irra-
diation due to the generation of *OH radicals, promoting algae
detachment, and enormously facilitating the recovery of the NPs
from algal slurry. As a result, one of the bottlenecks of algae har-
vesting (lack of efficient procedures for separating microalgae on a
large scale) can be solved. Moving from the bench on the industrial
scale results essential to lower the environmental footprint,
considering that the environmental impacts of NP production (bio-
based in this case) can be lowered by a factor of 6.5 when tran-
sitioning from 10 g to 50 kg production [394]. In this sense, it re-
sults compulsory to enable NP separation-capture under
continuous flow conditions. Using an optimized high gradient
magnetic separation process, Powell et al. recovered up to >95% of
Fe304 NPs presenting adsorbed contaminants from flowing water
at 1 L/min (500 ppm NP concentration) [395], providing an
excellent technology to be integrated into real-world water
treatment devices.

Although the potential applications of MMNPs cover plethora of
fields, the majority of the studies remain at the early development
stage. In this sense, the non-mature technology character or MNP
synthesis, the data scarcity neglecting certain relevant experi-
mental conditions and the determination of the FU (the unit at
which impact is normalized) are the most relevant current bottle-
necks to obtain comparable results. In addition, sustainability in the
field of MNP engineering should go along with circularity. In this
sense, the benefits originating from the product lifetime extension
should be considered as these strategies are at the core of circular
patterns [396]. For instance, the use of magnetic multicomponent
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nanomaterials in catalysis enables their recovery by external
magnetic fields and subsequent re-use [397], the application of
protective coatings based on NPs can prevent metal corrosion and
enhance durability [398], and the electric/magnetic-coupling ef-
fects in Ni@CNTs/Al;03 multicomponent ceramic composites can
protect electric/electronic devices due to the attenuation of elec-
tromagnetic wave energy by electrical conduction, dielectric loss,
and magnetic loss [399].

A step further towards environmentally sustainable MNP syn-
thesis may arise from the consideration of the atom economy, one
of the 12 Green Chemistry principles [400]. Atom utilization
efficiency indicates the process efficiency regarding material
use and is obtained as:

My,

AUE=——-——
Map + Muwp

x 100 (5)

where Mgy, and My, are the molecular weight of the targeted
products and by-products, respectively. In fact, the implementation
of atom utilization efficiency enhances the understanding on how
material-efficient the processes are, which emerge as one of the
cornerstones of the circular economy [401].

6. Final remarks and outlook

In this review, the most recent key developments concerning
synthesis, structure, properties, and application of MNPs have been
presented and discussed. Special attention has been paid to
establishing the existing relationships between how MNP mor-
phologies affect the resulting functional properties in specific ap-
plications. Although a wide variety of elements combining several
metals show magnetic activity, during the last years special
attention has been paid to magnetite (Fe304), maghemite (y-Fe,03),
and metallic substituted ferrites (MFe;04, where M = Co, Cu, Ni,
Mn, Mg). Given their shape isotropy, good size tunability, high
yields, and ease of preparation, until the date most of the works rely
on the use of spherical NPs. However, not only their size but also
their shapes affect the magnetic properties of resulting MNPs.
Therefore, here we have shown how different synthetic procedures
can be applied to obtain nanomaterials with tailored structures,
and thus, properties. We have focused on wet chemistry bottom-up
approaches as the most spread synthetic methods, including co-
precipitation, microemulsion, thermal decomposition, sol-gel, and
solvothermal/hydrothermal processes. We discussed their advan-
tages and disadvantages in terms of simplicity, scalability, and
ability to control the chemistry and structure of magnetic NPs, and
the existing relationship between such bottom-up methods and the
resulting NP uniformity, size, and shape are summarized.

Besides structural and morphological features, combining MNPs
with other materials to obtain MMNPs allows obtaining properties
that offer enhanced functionalities in comparison with each indi-
vidual constituent. To that end, magnetic NPs can be combined
with porous NPs to provide additional specific surface area for drug
delivery or pollutant removal, with plasmonically active metal NPs
for optical — imaging - sensing applications, or with catalytically
active moieties for environmental remediation. In all cases,
awareness should be taken into consideration regarding the
possible adverse effects depending on the application, for instance,
for biomedical in vivo or environmental applications, and the
necessary tests are regulations should be implemented. Among the
different reported morphologies, core@shell, core-satellite, yolk-
shell, Janus NPs, and nanochains formed by a set of NPs are the
most abundant ones. The underlying relationship between prepa-
ration methods, materials, and properties of these commonly found
multicomponent nanostructures are outlined.
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Although combining two or more components typically results
in enhanced functionalities, special care should be taken when
selecting the counterpart materials and the type of heterostructure
morphology as the generated synergistic effects may not be desir-
able. For example, if an intimate contact between both components
of the MNP with its surrounding environments is required, JNPs are
preferred over core@shell NPs as the core (in the latter type) is
encapsulated and does not directly interact with the outside me-
dium. When applied to catalysis, these issues play a pivotal role, as
the more catalytically active component cannot remain protected
from the environment. On the other side, core@shell offers pro-
tective layers for long-term operations in biomedical applications.
Thus, together with the selection of nanomaterials, the nano-
structure type-properties relationship is of utmost importance for
the feasibility of different applications and their final performance.

MMNPs are being currently explored as both in vivo and in vitro
active materials for multimodal imaging. In such applications,
MMNPs are used as contrast agents for two or more imaging mo-
dalities which together can overcome the drawbacks showed by
each of the imaging techniques. Similarly, MMNPs have enabled a
renewed interest in thermal therapies for cancer, where their use
allows AMF-induced hyperthermia provides much higher spatial
and temporal control than conventional hyperthermia treatments.
Their combined use with photothermia or other theranostic func-
tionalities transforms the NPs into a complete nanomedical system.
This use is often combined with drug delivery, where the thera-
peutic drug is carried to the region of interest where the treatment
activity is needed and released under an external stimulus, mini-
mizing the possible drug side-effects. As a matter of fact, MMNP-
based sensors are ideal for accurate and quick diagnosis and can
be used as a tool for the detection of very low concentrations of
sensitive analytes through electrode-based sensing or surface-
enhanced Raman scattering. MMNPs also show great potential for
catalytic applications, where after being combined with a high
specific surface area or optically-catalytically active NPs, improved
yields and catalytic activities taking advantage of the whole spec-
trum of the solar irradiation with easy removal through external
magnetic fields can be achieved. Moreover, some specific substrates
can improve electron transfer during the reaction, while others can
limit the leaching of Fe species from Fe304.

The increased interest at both the scientific and industrial level
raised by MMNPs makes their fabrication process a worrisome
issue regarding the associated environmental impact. Although the
environmental risks associated with the use of magnetic NPs has
not been investigated in detail, mainly because of their recent
appearance and the low level of technological readiness level, a
holistic understanding of the environmental impacts associated
with their synthesis, application, and recycling/disposal should be
provided. The scarce works presented in the field using LCA
methodology conclude that the environmental impacts are domi-
nated by the energy and raw material use. Therefore, the replace-
ment of raw materials is encouraged to provide cleaner approaches
to the preparation of MNPs. In any case, it should be noted that the
full recovery of NPs by external magnetic fields can minimize their
environmental impact by up to 835 times, opening new possibil-
ities for the development of MMNPs with reduced environmental
footprint.

Given their outstanding properties, MMNPs are ready to be
applied in many areas at the interface between biology, medicine,
chemistry, physics, and engineering. These multifunctional mate-
rials show a bright future to address emerging biomedical and
environmental challenges such as the coronavirus COVID-19
pandemic and water pollution. However, the quest for novel
MMNPs with tailored morphology through environmentally-
friendly and scalable approaches should be a priority to enable
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their industrial implementation. Moreover, special effort should be
addressed to the simplification of synthesis methods that brings
their use to other science disciplines while generating more robust
NPs with higher enhanced synergistic properties. We hope this
work will help to increase the interest in the synthesis and appli-
cation of MMNPs, which is of prime interest across fundamental
and applied materials science.
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