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Synthesis methods to prepare single- and
multi-core iron oxide nanoparticles for
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We review current synthetic routes to magnetic iron oxide nanoparticles for biomedical applications. We
classify the diﬀerent approaches used depending on their ability to generate magnetic particles that are
either single-core (containing only one magnetic core, i.e. a single domain nanocrystal) or multi-core
(containing several magnetic cores, i.e. single domain nanocrystals). The synthesis of single-core magnetic nanoparticles requires the use of surfactants during the particle generation, and careful control of
the particle coating to prevent aggregation. Special attention has to be paid to avoid the presence of any
toxic reagents after the synthesis if biomedical applications are intended. Several approaches exist to
obtain multi-core particles based on the coating of particle aggregates; nevertheless, the production of
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multi-core particles with good control of the number of magnetic cores per particle, and of the degree of

DOI: 10.1039/c4dt03013c

polydispersity of the core sizes, is still a diﬃcult task. The control of the structure of the particles is of
great relevance for biomedical applications as it has a major inﬂuence on the magnetic properties of the
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materials.

Introduction
The number of biomedical applications using magnetic iron
oxide nanoparticles has been increasing exponentially over the
past few years.1,2 A few examples are: magnetic biosensor
systems,3 local heat sources for cancer treatment by hyperthermia,4 separation immunoassays,5 drug carriers,6 contrast
agents for magnetic resonance imaging7 (MRI) and magnetic
particle imaging (MPI),8,9 parasite diagnostic assays,10–12 and
nanobridging substances for surgery and wound healing.13
In the absence of specific coatings, magnetic nanoparticles
tend to form aggregates. N.B. For this reason, nomenclature
can be problematic, with the term ‘particle’ being used to
describe both an individual nanoparticle and a collection of
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them. In this review we will use the term ‘core’ to describe an
individual nanoparticle, and ‘multi-core’ to describe a collection of cores held by a matrix forming a fixed structure. Our
definition of single- and multi-core particles considers these
materials as discrete identifiable entities that could further
agglomerate, but, in this case, the agglomeration would always
be a consequence of weak physical interactions in a reversible
process. To diﬀerentiate this reversible agglomeration process
from stronger irreversible processes, we have used the term
“aggregate” to refer to the stronger assemblage that occurs in
multi-core nanoparticles to generate the discrete entity.
The aggregation (and, in some cases, further agglomeration) state of the particles is of great relevance because the
magnetic properties of these systems exhibit a dramatic
change with variations on the magnetic interactions between
cores and with the surrounding matrix.14 In addition to the
forces that may arise when nanoparticles, composed of any
material, are dispersed in an inert liquid (e.g. Van der Waals or
electrostatic forces), magnetic nanoparticles may also present
magnetic forces between nanoparticles due to magnetic
dipole–dipole interactions or exchange interactions if the particles are in close contact.15 Dipolar interactions are relatively
long range and their strength depends, among other factors
such as particle size and shape, on the interparticle distance.16
Therefore, when magnetic nanoparticles aggregate, or above a
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certain particle concentration, the dynamic and DC magnetic
properties of magnetic nanoparticle systems are altered due to
magnetic interactions,17,18 significantly changing the properties of the material if compared to a non-interacting
system. Although nanoparticle synthesis naturally leads to
materials with diﬀerent aggregation degrees, there has been
little attention paid to which is better for what application. For
example, multi-core particles seem to have superior performance for magnetic hyperthermia19,20 or MPI, although this fact
is strongly aﬀected by the chain or column formation of the
particles21 within the applied magnetic field. In contrast, there
is much discussion of the advantages of monodisperse singlecore nanoparticles having uniform properties, for e.g. targeted
delivery, since size determines its pharmacokinetic behaviour
and therefore its biodistribution. The use of some materials
for combined applications (targeting, diagnostics, and
therapy) would also require a careful tuning of the particles
properties.22 Furthermore, there are some applications (e.g.
sensors) in which it is essential to distinguish the cores’ spontaneous agglomeration due to magnetic interactions from clustering induced by interactions with biomolecules or local pH
changes. Therefore, specific protocols to obtain either singleor multi-core magnetic nanoparticles are required to match
their magnetic properties with the requirements of each
specific application, sometimes at the expense of their colloidal properties.
Producing single-core iron oxide nanoparticles is not an
easy task. Ideally, these materials contain just one magnetic
core per particle (Fig. 1). Nowadays, there are just few coating
methods that can be used to prevent aggregation by minimizing the inter-particle interactions.
Magnetic multi-core nanoparticles are composed of several
cores per particle (Fig. 1). In contrast with agglomerates of
single-core particles, multi-core particles are assembled within
a matrix that prevents further changes to the number of cores
per particle with time. These systems may present strong magnetic interactions between the cores as a result of their close

Fig. 1 Schematic representation of single-core and multi-core particles. Single-core particles contain only one magnetic core (single
domain nanocrystal) per particle. Multi-core particles contain several
magnetic cores per particle assembled within a matrix that prevents
changes in the number of cores per particle with time.
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proximity to each other.23 In this case, the number of magnetic
cores per particle, their sizes, the distances between them, and
their spatial distribution in general, will all strongly aﬀect the
magnetic properties of the material.
The complexity of the problem of understanding the
diﬀerent magnetic properties of single-core and multi-core
particles underlies the importance of reliable nanoparticle synthesis methods able to reproduce nanoparticle size, shape and
structural homogeneity. Stable and reproducible analysis
methods are also needed to characterize the diﬀerent magnetic
particle systems.
Although there are many other available magnetic
materials, the most commonly used ones for biomedical applications are iron oxides, for the simple but profound reason
that the human body has the organs and metabolic mechanisms to transfer iron into safe storage for later use.24–26 Magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the two main iron
oxides being used as core materials of magnetic nanoparticles
for biomedical applications. Unfortunately, distinguishing the
exact crystalline structure of iron oxide nanoparticles,
especially if mixed phases are present, is not an easy task27
and, therefore, the structural information is not always available in the literature.
It should be noted that iron oxide nanoparticles as
obtained directly after synthesis are not usually bio-tolerable
per se and thus, should not normally be used directly for
biomedical applications. Especially if the nanoparticles are
intended for in vivo applications, several further steps are
often necessary. For example, typical post-synthesis steps may
involve the complete removal of any potentially toxic compounds remaining from the synthesis steps. The development
of a suitable pharmaceutical formulation for the particles,
including additives and excipients, to provide a sterile and isoosmolar solution of bio-tolerable pH, containing only compounds suitable for the intended administration route (e.g. for
intravenous injection), is similarly important.
Furthermore, in vitro toxicity tests should be performed
prior to any in vivo application, and medium-term to longterm stability studies of the particles in the respective solutions should be conducted.28 In case of in vitro applications
the chosen solution has to be suitable for the in vitro assay
(e.g. the respective cell line), as well as for the maintenance of
colloidal stability. Although in contrast to human applications
no approval by authorities is required for use of the particles
for biomedical research purposes, it is recommended to
perform those additional steps in order to obtain reliable,
reproducible and significant results, as well as to comply with
the ethic requirements for animal studies.
The object of this review paper is to describe a number
of proven synthesis routes for magnetic nanoparticles
intended for use in biomedical applications. Our aim is to
go further than other magnetic nanoparticle synthesis
reviews29 by classifying the diﬀerent routes depending on their
capacity to produce single-core or multi-core nanoparticles
that can be transferred in a carrier liquid for biomedical
applications.
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Single-core nanoparticles
Several chemical methods have been developed to synthesize
magnetic nanoparticles, such as via microemulsions, sol–gel
synthesis, hydrothermal reactions, hydrolysis and thermolysis
of precursors, and other less common techniques.30 We
describe the most widely used synthesis routes below, classified depending on whether aqueous or organic phase precursors are used, and focusing on their capacity for the
production of single-core particles.
Aggregation processes may occur during particle synthesis
due to the large surface area of the nano-sized particles. Therefore, the use of surfactants to prevent particle aggregation is
crucial for the attainment of single-core particles. However,
many surfactants are toxic (e.g. Triton31 or didodecyldimethylammonium bromide32), in which case they have to be removed
or replaced by suitable ones prior to in vivo applications. In
any post synthesis process, precautions have to be taken – the
use of controlled microenvironments such as microemulsions
for example – to avoid removing the primary surfactant and
thereby reducing the stability of the product with regard to
aggregation, agglomeration and precipitation.
Single-core nanoparticles from aqueous phase synthesis
Most of the single-core magnetic nanoparticles synthesis
routes in aqueous phases are based on the Massart procedure,
which produces iron oxide particles by alkaline precipitation
of FeCl3 and FeCl2.33 To reduce the polydispersity of the particles obtained, a size selection process is performed afterwards. Larger particles from the colloid are precipitated from
the colloid by addition of an electrolyte solution or an antisolvent, leaving nearly monodisperse smaller particles in the
supernatant. Particles are then coated to prevent aggregation.
Single-core, non-aggregated particles have been obtained with
sodium citrate, sodium polyacrylate or silica coatings leading
to hydrodynamic particle diameters smaller than 20 nm.
Coating methods are briefly summarized below.
Citrate coating. Iron oxide particles with a core diameter of
around 5 nm have been coated with a citrate layer resulting in
a hydrodynamic diameter of 8 nm.34 Briefly, a mixture of
ammonia water and citric acid are added to a mixture of FeCl3
and FeCl2 heated to 100 °C in the absence of oxygen. The solution is boiled for 10 min and then cooled down to room temperature.35 R1 and R2 of these particles were 20.1 mM−1 s−1 and
37.1 mM−1 s−1 respectively,36 suggesting their use as dynamic
T1-weighted MRI contrast agents.37 Among other examples,
these particles have also been studied as contrast agents for
magnetic resonance angiography in pigs.38 Furthermore, they
have been tested in clinical trials up to Phase I.39
Polyacrylate coating. This method produces hydrodynamic
sizes of the coated magnetic nanoparticles 5 nm larger than
the uncoated particles.40,41 Poly(sodium acrylate), (either Mw =
2000 g mol−1 or 5000 g mol−1) is added to the iron oxide suspension at pH 2, resulting in a precipitate that is then separated by centrifugation. Afterwards, the pH is increased up to
7–8 until the particles are redispersed spontaneously. These
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samples have been used to generate a model to predict the
eﬃciency of magnetic nanoparticles as T2 MRI contrast
agents.41
Silica coating. This type of coating is performed by modifications of the Stöber method that was originally described to
prepare monodisperse silica particles in 1968.42 The Stöber
method is based on the hydrolysis of TEOS (Tetraethyl orthosilicate) in alcoholic solutions. This method is fast and very
simple; however, it has several drawbacks, for instance, the
secondary nucleation of silica particles, the diﬃcult control of
the silica shell thickness and the problems of coating particles
individually.
A better control of the silica coating can be achieved by
hydrolysis of TEOS in a microemulsion.43,44 In this method,
the size of the particles is limited by the size of the water droplets. Briefly, for this procedure, two separate inverse microemulsions have to be prepared using a surfactant (e.g. Brij-97
or Igepal CO-520). The first microemulsion contains FeSO4
and FeCl3, while the second microemulsion contains a base,
either NaOH or NH4OH, and neat TEOS. After stirring, the
second microemulsion is added dropwise to the first one,
placed in an ultrasonic bath. The reactants are mixed when
the water droplets collide, producing the nanoparticles. The
hydrolysis of TEOS catalyzed by the base produces silicic acid,
which polymerizes forming the silica coating.43
Deposition of silica from silicic acid solutions and subsequent treatment with sodium silicate45,46 can also be used to
coat the particles with silica, although in this case, the control
of the thickness of the silica layer below 50 nm is still diﬃcult.
The relevance of this coating for biomedical applications
is due to the strong eﬀect of the silica coating thickness on
the relaxivity properties of these particles in aqueous
suspensions.46
Single-core nanoparticles from organic phase synthesis
Two diﬀerent organic phase approaches are commonly used:
the thermal decomposition of organometallic compounds,
and the polyol method.
Thermal decomposition of organometallic compounds.
Thermal decomposition of organometallic compounds is able
to produce magnetic nanoparticles with good crystallinity and
high monodispersity, albeit usually with hydrophobic properties.47 This approach oﬀers two routes to very good control
of the nucleation and growth processes that occur during the
particles synthesis. One procedure is the injection of organometallic compounds into a hot surfactant solution, which
results in the formation of nuclei almost instantaneously. The
other option is the controlled heating of organometallic compounds in a surfactant solution to generate the nuclei. Once
the nucleation has occurred, particles grow at high temperature. Finally, through a quick decrease of the reaction temperature, the growth of the nanoparticles can be stopped.
Single-core iron oxide nanocubes with sizes in the range
between 20 nm and 160 nm have been synthetized with iron
acetylacetonate in oleic acid and benzyl ether.48 Alternative
iron precursors include iron oleate49 and iron pentacarbonyl.50
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Fig. 3 TEM pictures showing single- (left) and multi-core (right) silica
coated particles prepared by microemulsions ( prepared with a protocol
similar to the one described by Lee et al.59) using magnetic cores prepared by thermal decomposition of organometallic compounds.

Fig. 2 TEM pictures and core size histograms of two diﬀerent singlecore nanoparticles prepared by thermal decomposition of organometallic compounds, prepared following the protocol described by Salas
et al.54

Particle size can be controlled by varying the precursor concentration, the Fe/oleic acid ratio51 or the solvents used.49,52 Particle shape may be modified from spheres to cubes by adding
sodium oleate to the synthesis.53 Two examples of particles
obtained by thermal decomposition of organometallic compounds showing very narrow core size distributions can be
observed in Fig. 2.
The major drawback of organic phases syntheses is the
additional step needed, after the synthesis, to stabilize the particles in aqueous medium, for use in biomedical applications.
This transfer to water can lead to irreversible aggregation of
the particles. Below, we summarize the most common
methods that are employed that avoid this outcome, and that
can successfully transfer particles from non-polar solvents to
aqueous media in the form of individual particles.
Ligand exchange. The exchange of surface-coating oleic acid
ligand molecules by dimercaptosuccinic acid (DMSA) molecules leads to highly negatively charged surfaces and hydrodynamic sizes smaller than 50 nm, even for core sizes up to
22 nm.54 DMSA also provides free ligand groups for biomolecule conjugation. Briefly, a dispersion of particles in toluene is
mixed with a solution of DMSA in dimethylsulfoxide (DMSO)
and stirred mechanically for several hours to allow the ligand
exchange. After that, the particles are washed several times to
remove any organic waste and are then redispersed in water.
Particles obtained by this procedure have been successfully
used as drug delivery systems.6
Silica coating by inverse microemulsion. This process has
shown very good results in terms of keeping particles permanently apart. Organic-soluble nanoparticles are transferred to
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water-soluble condition by adding a silica layer with thickness
between 1 and 50 nm.55–57 Several protocols can be followed to
perform the silica coating by this procedure, although some of
them, including products such as Triton, are not recommendable at all if biomedical applications are intended. One suitable option is to suspend particles in cyclohexane and mixed
them with a solution of Igepal CO520 and cyclohexane. A
stable inverse microemulsion is then obtained by adding
NH4OH. Then, the addition of TEOS to the solution results in
its hydrolysis and subsequent condensation reaction generates
the silica layer. Among other parameters, narrow size distributions and an ultrathin silica layer can be obtained by tuning
the iron oxide concentration. It is even possible to coat iron
oxide nanoparticles with a layer of mesoporous silica to allow
the loading and release of active compounds or improve their
performance as MRI contrast agents.58 Changes on the experimental conditions of the protocol described for the silica
coated single-core particles may lead to multi-core particles
(Fig. 3).
Addition of an amphiphilic polymer. In this method the
hydrophobic tails of the amphiphilic polymer intercalate the
hydrophobic surfactant molecules present on the particle surfaces. The hydrophilic backbone of the polymer is exposed to
the environment, leading to particle solubility in water. This
approach results in hydrodynamic sizes of the particles about
8–10 nm larger than their inorganic core size measured by
TEM.60 A simple inexpensive and scalable production process
is based on the use of an amphiphilic polymer made of poly
(maleic anhydride) modified with poly(ethylene glycol)
(PEG).61
Polyol method. The polyol method is similar to a sol–gel
process. It is based on the alkaline hydrolysis of Fe2+ and Fe3+
salts in a stoichiometric mixture of polyols (e.g. diethylene
glycol (DEG) and N-methyldiethanolamine (NMDA)). The
liquid polyol acts as the solvent of the metallic precursor.
Polyols also serve as reducing agents and stabilizers allowing
the possibility to control the size and shape of the obtained
materials and preventing interparticle aggregation. The variation of temperature, nature of precursors, the choice of the
solvents and the duration of the reaction influence the size
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and structure of the resulting magnetic nanoparticles.23 The
relaxation properties of particles prepared this way could be of
great relevance for biosensor applications.12
In this method, the surface of the nanoparticle is directly
coated by hydrophilic polyol ligands allowing an easy dispersion in aqueous media and other polar solvents. In
addition, the relatively high reaction temperature favours particles with a higher crystallinity and therefore a higher magnetization. Ultimately, the size distribution of the nanoparticles
is much narrower than those particles produced by traditional
methods30 but wider than those prepared by thermal
decomposition of organometallic compounds.

Multi-core nanoparticles
Most methods of synthesis and coating of magnetic nanoparticles yield multi-core entities, and multi-core particles are far
more common than single-core particles. As with single-core
nanoparticles, the synthesis methods may be classified according to whether the processing phase is aqueous or organic,
although a third phase is also possible, viz. the gaseous phase,
as used in laser pyrolysis.
Some aspects of the multi-core particles’ internal structure
may also be related to the way in which the cores come
together. Most commonly this happens at the initial nucleation and growth stage, as the cores tend to aggregate immediately after their formation. Coating of these primary aggregates
then leads to the multi-core nanoparticles. Less commonly,
multi-core nanoparticles with a controlled microstructure may
be prepared by incorporating single-core nanoparticles into
organic templates such as liposomes or engineered vesicles.
For this reason, the roles of diﬀerent coating methods are
discussed below, as part of the descriptions of the influence of
the three diﬀerent synthesis phases that are used.
Multi-core nanoparticles from aqueous phase synthesis
Most of the multi-core magnetic nanoparticles synthesized in
aqueous phases are produced by methods based on the
Massart procedure,33 as described in the single-core synthesis
section. For example, iron oxide nanoparticles have been prepared by basic precipitation followed by acidification with
nitric acid.62 Although these particles were used for the
adsorption of negatively charged ligands, the same procedure
could also be used for further modification, e.g. silanisation
and PEGylation to obtain multi-core particles.
Alternative synthesis routes have been developed by precipitation of FeSO4 in the presence of NaOH and a mild oxidant
(KNO3), with subsequent aging. Although this method produces nanoparticles up to 200 nm size, by adjusting the FeSO4
concentration and the solvent, iron oxide particles with diameters down to 30 nm and diﬀerent shapes (spherical, cubic
or octahedral) were obtained.63 The role of the initial molar
ratios of Fe2+/NO3− and Fe2+/OH− in a FeCl2–NaNO3–NaOH
aqueous system on the size, morphology and magnetothermal
capacity of the resulting multi-core particles have also been
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Fig. 4 TEM pictures showing multi-core particles prepared from
aqueous phase synthesis of iron oxide cores obtained using dextran
(left) and starch (right) coatings.

evaluated.64 Also the sequence of adding NaNO3 to NaOH and
Fe2+ was found to have a significant influence on the nanoparticles properties.64
The greatest variety in aqueous syntheses relates to the coatings of the cores, rather than the cores themselves. Indeed,
coatings play a pivotal role in aqueous-phase multi-core syntheses, both in terms of establishing the final structure and
magnetic character of the nanoparticles, and also their biocompatibility and biodistribution in the human body. The
most commonly used coatings and the multi-core nanoparticles they produce are discussed below.
Polysaccharide coatings. Multi-core particles can be
obtained by using a polysaccharide coating to encapsulate the
aggregates containing several magnetic cores (Fig. 4).
Examples of such particles include the magnetic resonance
imaging (MRI) contrast agents Endorem® (no longer commercially available) and Resovist® (Fujifilm RI Pharma, Japan),
both of which comprise 4 to 8 nm cores. These cores are
coated with dextran or carboxydextran, respectively, to make
particles with mean hydrodynamic sizes of 150 and 60 nm,
respectively.65 The synthesis of diﬀerently sized starch coated
nanoparticles to be used as MRI contrast agents has also been
described.66 For preclinical applications, e.g. small animal
MRI, carboxydextran coated, diﬀerently sized iron oxide nanoparticles of pharmaceutical quality are available (FeraSpin™
R and FeraSpin™ XS to XXL, nanoPET Pharma GmbH,
Germany).
Multi-core particles for hyperthermia cancer treatment have
been prepared by applying a high pressure homogenization
process during the iron oxide precipitation, resulting in BNF
(Bionized NanoFerrite) particles. This synthesis produces individual crystals with mean diameters of 15–20 nm, and then
creates aggregates to form a multi-core particle.67 The aggregates are then coated with dextran or starch, and the final particles possess a hydrodynamic diameter of about 100 nm
(Fig. 4). These particles may be useful for hyperthermia cancer
treatment as they provide high heating rates at magnetic field
strengths >30 kA m−1.68–72
Molecular coating. Iron oxide nanoparticle clusters can also
be coated with various molecules to maintain the colloidal
stability via electrostatic repulsion. The most commonly used
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Fig. 5 TEM picture showing multi-core particles prepared from
aqueous phase synthesis of iron oxide cores coated with citrate (right)
and DMSA (left, prepared following the protocol described by Luengo
et al.76).

chemical in this context is citric acid.73 An example of multicore particles coated with citrate, under research and development at nanoPET Pharma GmbH, is shown in Fig. 5. Other
molecular coating materials which can be used for stabilisation include tartaric acid,74 gluconic acid75 or dimercaptosuccinic acid76 (Fig. 5). In contrast to steric stabilisation via
polymers, the colloidal stability of these coated particles
strongly depends on the protonation/deprotonation of the
coating molecules, and thus on the pH as well as on the ionic
strength of the suspension medium.
Hydrophilic polymer coating. Iron oxide nanoparticles of
around 6 nm have been clustered by hydrophilic polymers
such as poly(trimethylammonium ethylacrylate methyl
sulfate)-b-poly(acrylamide) (PTEA-b-PAM). Multi-core particles
are obtained by mixing a solution containing the particles
with another solution containing the polymer at the same concentration and pH. This procedure leads to multi-core particles
containing between tens and hundreds of cores and a hydrodynamic diameter in the range of 70–150 nm.77 The relaxivities
of these materials indicate a better performance as MRI contrast agents than their single-core counterparts.77
Liposomes, lipid or polymeric vesicles encapsulation. Magnetic nanoparticles have been encapsulated in liposomes of
around 200 nm formed by egg phosphatidylcholine (EPC)
and distearoyl-SN-glycero-3-phosphoethanolamine-N-[methoxy( poly(ethyleneglycol))-2000].78 Nanoparticles have also been
encapsulated within the membrane of poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA) block copolymer
vesicles with sizes in the range of 100–400 nm.79 In this case,
the vesicles were also loaded with doxorubicin for drug
delivery.
Multi-core nanoparticles from organic phase synthesis
Thermal decomposition of organometallic compounds.
Single-core iron oxide nanoparticles obtained by thermal
decomposition of organometallic compounds,48 prepared as
described above, have been clustered by several methods to
improve their physicochemical properties especially for their
use on hyperthermia treatments or as MRI contrast agents.
Some examples are listed below.
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Fig. 6 (Left) TEM picture showing liposomes containing several magnetic cores obtained by thermal decomposition in organic media,
(unpublished work). (Right) TEM picture showing multi-core capsules,
where the magnetic cores are forming a part of the capsule surface
(Inset). Image modiﬁed from Abbasi et al.85 Reprinted with permission
from {J. Phys. Chem. C, 2011, 115(14), 6257–6264}. Copyright 2011
American Chemical Society.

Polysaccharide coatings. Encapsulation of magnetic nanoparticles in a shell of DOPA (3,4-dihydroxyphenylalanine)-conjugated chitosan oligosaccharide80 has led to particles with a
hydrodynamic diameter of around 150 nm that contain several
30 nm iron oxide cores inside. This approach combines the
colloidal stability of chitosan with the strong aﬃnity of DOPA
to the iron oxide surface, also resulting in very stable particles
with interesting potential as hyperthermia agents.80
Silica coating. Silica-coated multi-core particles of around
150–300 nm have been obtained by combining sol–gel chemistry and supercritical fluid technology, using cores that where
prepared by thermal decomposition of iron pentacarbonyl (Fe(CO)5) in the presence of oleic acid.81 These materials have
been proposed as T2 MRI contrast agents.
Liposomes, lipid or polymeric vesicle encapsulation. Iron oxide
nanoparticles have been clustered by amphiphilic polymers in
micelles (Fig. 6) to increase their relaxivity for use as MRI contrast agents. Magnetic nanoparticles have been encapsulated
inside the hydrophobic core of a polymeric micelle formed
by an amphiphilic diblock copolymer of PCL-b-PEG ( poly
(ε-caprolactone)-b-poly(ethyleneglycol)) whose surface was
stabilized by a PEG shell, that improves their stability
in water.82 The eﬀect of the multi-core particle size using
mPEG-PLA (methoxy poly(ethylene glycol)-poly(lactide))
micelles have also been studied. In the latter case, increasing
the amount of copolymer/particles ratio led to a decrease in
the final cluster sizes, which aﬀected the relaxivity properties
of the multi-core particles.83
Amphiphilic block copolymers have been used to produce
multi-core particles whose cores were prepared in organic solvents. An anticancer drug was simultaneously encapsulated
with the cores, to be used for drug delivery.84
Magnetic nanoparticles have also been embedded into the
walls of polyelectrolyte multilayer capsules of around 4 μm.85
These multi-core nanoparticles display a controlled microstructure providing a good opportunity to study the eﬀect of
the geometric distribution on the magnetic properties of these
systems (Fig. 6).
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Polyol method. Based on the polyol route, using a DEG/
NMDA mixture, citrate coated multi-core flower-shaped maghemite structures, consisting of smaller grains between 11 and
30 nm have been prepared.86,87 The close contact of the cores
in these multi-core flower-shaped structures allows exchange
coupling among the cores enhancing their magnetic properties in comparison to single-core counterparts or matrixembedded clusters, in which the magnetic cores present
dipole–dipole interactions. As a result, improved heating parameters for magnetic hyperthermia and longitudinal and transverse relaxivities for MRI contrast generation have been
reported.
Multi-core nanoparticles from gas phase synthesis
Iron oxide nanoparticles have been reproducibly produced in
the gaseous phase using laser pyrolysis.88,89 In general terms,
this procedure generates the nanoparticles by means of the
laser heating of vapors of an organometallic precursor in a
vacuum chamber at reduced pressure. The nanoparticles
present in the gas stream that exit the chamber are collected
on a filter downstream. This procedure has the advantage of
generating the nanoparticles with high homogeneity, in continuous form.
For the case of iron oxide nanoparticles the precursor is
iron pentacarbonyl and the carrier gas (that also absorbs the
CO2 laser energy to heat the mixture) is ethylene. The reactant
gas is confined to the flow axis by a sheath flow of argon to
minimize particle deposition on the reactor walls. A second
argon flux, used to avoid the deposition of powder on the laser
windows, carries the air needed to produce the in situ oxidation of the iron nanoparticles initially formed.
The main parameters that aﬀect the particle synthesis are
the ethylene flux, the evaporation temperature of the precursor
and the laser power. The particle sizes commonly obtained for
iron oxides are in the range of 2–5 nm depending on the
process conditions with average productivities of 20 mg h−1.
The powders obtained can be dispersed in water by means
of extensive sonication. They have also been simultaneously
coated by dextran, resulting in multi-core particles with hydrodynamic sizes below 50 nm, able to be employed as contrast
agents for MRI for research purposes.90
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conditions. This is one of the reasons why scaling-up of some
of these synthesis routes is extremely complicated. Indeed, one
of the diﬃculties that particle synthesis faces is in batch-tobatch reproducibility. This has led to recent work on alternative reaction platforms that can oﬀer more consistent results.
One such platform is the use of microwave irradiation as a
heating source.91,92 Modern microwave reactors specifically
designed for chemical synthesis provide good temperature and
pressure control inside the reaction vessel, resulting in a
careful control of the reaction conditions and therefore good
reproducibility,93 while also significantly reducing reaction
times. These advantages open the way for new biomedical
applications that require short times between particle synthesis and application, such as the generation of dual PET
(Positron Emission Tomography)/MRI nanoparticles94 using
isotopes with short half-life.
As mentioned in the introduction, the magnetic properties
of the nanoparticles may change significantly depending on
their aggregation degree (and further agglomeration), which
depends on a large extent to the synthesis method. It is important to bear in mind that, given the completely diﬀerent
environment of the particles when in vivo, their magnetic properties may be significantly altered once in the blood stream,
or in the diﬀerent tissues. The complex biological matrices
may lead to nanoparticle agglomeration,95 having strong
eﬀects on the their performance.96
Unravelling the parameters that aﬀect the magnetic properties of single- and multi-core particles, and understanding
their implications on biomedical applications, is an on-going
endeavour for the scientific community. To achieve this end,
and be able to produce robust materials, reliable synthesis
methods able to reproduce nanoparticle size, shape and structural homogeneity are required. We hope that by regularly
reviewing the progress that is being made, it will be possible to
more quickly reach the desired standard. When reached, that
will be a major achievement, and one of great relevance to the
standardisation – and therefore acceptance and adoption – of
any number of possible diagnostic and therapeutic applications of magnetic nanoparticles.
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