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ABSTRACT: Magnetic nanocrystal clusters exhibit unique
properties that differ from the constituent nanocrystals due to
the intracluster interactions. This Review summarizes the recent
advances in the synthesis and application of magnetic nanocrystal
clusters. Specifically, we describe the formation mechanism of the
clusters, discuss the strategies to control the dimensions of the
clusters and primary nanocrystals, and showcase the applications of
clusters in magnetic hyperthermia cancer therapy, magnetic
resonance imaging, drug delivery, wastewater treatment, and the
formation of photonic crystals. The opportunities and challenges in
improving magnetic nanocrystal clusters for different applications
are also discussed.

I. INTRODUCTION

When the dimension of magnetic materials is reduced to a
specific size, the magnetization of particles can randomly flip
direction because of the thermal fluctuation.1 This phenom-
enon is called superparamagnetism. Superparamagnetic nano-
crystals can be magnetized quickly in an external magnetic
field, and the magnetization disappears when the magnetic field
is removed.1−3 The superparamagnetism of nanocrystals is
usually manifested by the zero remanence and coercivity in the
magnetization curve. Because of their interesting properties,
superparamagnetic nanocrystals remain a rich source of
scientific inquiry and technological exploration. They have
found many applications in a wide variety of fields, such as
wastewater treatment, oil reservoir imaging, drug delivery, and
hyperthermia for cancer treatment.4−9

Extensive efforts have been made to generate magnetic
nanocrystals of different sizes and determine their size-
dependent properties.10−13 It has been demonstrated that
wet chemistry offers a powerful tool to generate uniform
nanocrystals dispersed in solutions.14−17 Many solution
chemistry methods have been developed to synthesize an
extensive library of magnetic nanocrystals with different sizes
and compositions. These nanocrystals have enabled research-
ers to establish the relationship between particle size and
magnetic properties and explore their uses in a wide variety of
applications.18−21 It was found that big nanocrystals exhibit
better performance than smaller ones in many applications
since the big magnetic moments make the particles more
susceptible to the external magnetic field.22−26 An increase in
nanocrystal size, however, will cause an increase in the
anisotropy energy of the particles. The increased anisotropy
energy will block the thermal fluctuation of the magnetic

moment, as manifested by their increased coercivity and
remanence.27−29 The nanocrystals in the blocked state have a
tendency to aggregate in the solution, thus compromising their
functionalities in many applications.30−33

Recently, it was found that the properties of magnetic
nanomaterials can be further modified by clustering nano-
crystals into controlled aggregates.34−37 Each aggregate, or
cluster, consists of tens to thousands of small single
nanocrystals.38−43 The magnetic properties of clusters may
dramatically differ from those of constituent particles due to
the interaction between particles.35,44 For example, the cluster
can retain superparamagnetism at a much bigger size than
isolated nanocrystals.45,46 Because of these different properties,
nanocrystal clusters display much better performance in some
applications.34 Since the properties of clusters are dependent
on the dimensions of both clusters and primary particles, it is
crucial to control these two structural parameters for the
establishment of structure−property relationship and achieve-
ment of optimal performance for a specific application. The
synthesis of magnetic nanocrystal clusters has drawn the
attention of many researchers, and many methods have been
reported to control the size of the cluster and primary particle.
The nanocrystal clusters are usually synthesized using either
two-step self-assembly or one-step polyol synthesis, as shown
in Figure 1.47,48
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In this Review, we examine the recent advances in the
synthesis and application of magnetic nanocrystal clusters. We
focus our discussion on the clusters synthesized using the one-
pot method, since this method is efficient to control the
dimensions of the cluster. We begin the discussion with the
formation mechanism of magnetic nanocrystal clusters,
followed by the summary of the effort to control the cluster
size and primary particle size, the unique magnetic properties
of the clusters, and the application of magnetic nanocrystal
clusters in various fields. We conclude this article with an
outlook for the future research directions of magnetic
nanocrystal clusters, including the opportunities and chal-
lenges.

II. THE FORMATION MECHANISM OF MAGNETIC
NANOCRYSTAL CLUSTERS

The ferrite magnetic nanocrystal clusters were usually
synthesized by the thermo-decomposition of the metal salts.
In a typical synthesis of clusters, a metal precursor, a capping
agent, and an alkaline substance are mixed in a polyol solvent.
The metal precursor undergoes forced hydrolysis reactions and
reductions at high temperatures and turns into monomers of
the nanocrystals (metal oxide), which eventually form the
clusters. While iron precursors may undergo self-hydrolysis in
many solutions, the forced hydrolysis at a very high rate is
essential for the formation of uniform magnetic nanocrystal
clusters. The most common reactants are summarized in Table
1. By changing the nature and concentration of the reactants,
the reaction time, and the reaction temperature, clusters
consisting of tens to thousands of nanocrystals could be
generated.49,50 The magnetic nanocrystal clusters are generally
deemed to follow a two-step formation mechanism. In the first
step, primary nanocrystals are formed through nucleation and
growth, as indicated by the conventional LaMer mechanism.
These primary nanocrystals then aggregate to form clusters.
The aggregation of the primary nanocrystals to form clusters
might follow different pathways, depending on the reaction
system and conditions. The detailed mechanism of the cluster
formation is still unclear.
Metal oxide nanocrystal clusters might be formed through

limited ligand protection (LLP), first proposed by Naraya-
naswamy et al. (Figure 2).51 They found that isolated In2O3
nanocrystals were formed when the amount of ligands was

much higher than that of the metal precursor, while clusters
(nanoflowers) were formed when the amount of ligand was
significantly decreased. The nanocrystals formed in the
reaction had a tendency to group together to reduce their
surface areas until the desired ligand:surface ratio is achieved if
the amount of ligand is insufficient and the primary
nanocrystals cannot be fully protected during the nanocrystal
formation. The ligand:surface ratio also accounts for the
surprisingly high uniformity of the clusters. In principle, the
LLP mechanism could account for the formation of clusters
composed of other metal oxides, such as iron oxide.
Many researchers found that clusters could be formed even

if there is a sufficient amount of capping agents in the reaction
solution. The formation of the clusters might be because of the
competition between the attractive force and the repulsive
force, as suggested by Cheng et al.48 The primary particles
assume high surface tension, which makes them have a
tendency to aggregate. Meanwhile, the capping agent binds to
the particle surface, which provides the electrostatic and/or
steric repelling force. The balance between these two opposite
driving forces might account for the formation of clusters and
determine the cluster dimension.
The clusters could be formed via the ligands’ cross-linking of

the primary nanocrystals. Wei et al. synthesized magnetite
nanocrystal clusters using diethylene glycol as the solvent and
reducing agent. They attributed the formation of clusters to the
dicarboxylic acids, the oxidative product of diethylene glycol
(Figure 3).59 The dicarboxylic acids could cross-link the
primary particles to form clusters. If triethylene glycol (TEG)
or tetraethylene glycol (TTEG) were used as the solvent and
reducing agent instead of diethylene glycol, only particles were
observed as the oxidative product of TEG or TTEG cannot
interconnect the primary particles. In another work, Togashi et
al. synthesized magnetite nanocrystal clusters using 3,4-
dihydroxyhydroxycinnamic acid (DHCA) as the capping
agent. Both the phenolic hydroxyl groups and the carboxylic
groups in DHCA can form dative bonds with iron, thus
interconnecting primary nanocrystal to clusters.60

The clusters might undergo Ostwald ripening once the
reaction is complete, which leads to the change of the cluster
morphology. In the synthesis of isolated nanocrystals, Ostwald
ripening leads to the growth of big particles at the expense of
small particles. In the clusters, Ostwald ripening usually causes
the increase of the primary particles. Gerber et al. monitored
the formation process of magnetite nanocrystal clusters using
high-resolution TEM (HRTEM) (Figure 4a). They found that
the diameter of the primary particles could increase from 5 to
25 nm if the reaction time increased from 7 to 13 h while the
cluster diameter remained 250 nm. Gavilan et al. found a
similar phenomenon in the generation of maghemite nano-
crystal clusters (Figure 4b). Both TEM images and X-ray
diffraction (XRD) spectra clearly show that the primary
particles increase dramatically with reaction time.

III. SYNTHESIS OF THE MAGNETIC NANOCRYSTAL
CLUSTERS WITH CONTROLLED DIMENSIONS

Synthesis of the clusters with controlled dimensions is
challenging, since there are two parameters to control: cluster
size and primary particle size. In principle, the size of the
cluster and primary particles can be controlled by varying the
nature and concentration of the reactants, the reaction time,
and the reaction temperature.52−68 The relationship between
the reaction conditions and the kinetics of nucleation, growth,

Figure 1. The synthesis of magnetic nanocrystal clusters. (a)
Schematic illustration of the one-pot method and two-step method
to generate clusters. (b) TEM images of isolated magnetic
nanocrystals. (c) Clusters formed via the two-step method. [Figure
adapted from ref 38 with permission. Copyright 2007, American
Chemical Society, Washington, DC.] (d) Clusters formed via one-pot
synthesis.
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Figure 2. The formation of nanocrystal clusters, because of the
limited ligand protection (LLP). Under sufficient ligand protection
(SLP), isolated nanocrystals were formed. In LLP, particles had a
tendency to form clusters to minimize the surface energy. [Figure
adapted from ref 51 with permission. Copyright 2006, John Wiley and
Sons.]

Figure 3. Schematic illustration of the cluster formation due to the
conjugative molecules in the reaction. (a) The primary nanocrystals
were interconnected by dicarboxylic acids. [Figure adapted from ref
60 with permission. Copyright 2011, Royal Society of Chemistry,
London.] (b) The primary nanocrystals were interconnected by 3,4-
dihydroxyhydroxycinnamic acid (DHCA). [Figure adapted from ref
59 with permission. Copyright 2018, Royal Society of Chemistry,
London.]

Figure 4. The effect of Ostwald ripening on the morphology of the
clusters. (a) Schematic illustration of the formation of the clusters.
Figure adapted from ref 57 with permission. Copyright 2017 Royal
Society of Chemistry. (b) Time-dependent observation on the
formation of the nanoclusters corresponding to the Ostwald ripening.
Both TEM and XRD showed the nanocrystals with increasing size
over time. [Figures adapted from ref 58 with permission. Copyright
2017 American Chemical Society, Washington, DC.]
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and aggregation has not been well-established. The reaction
system and conditions for dimension control were usually
determined through extensive experimentation. Researchers
have developed many procedures to generate magnetic
nanocrystal clusters with different dimensions. The reaction
schemes used are summarized in Table 1.
III.1. Concentration of the Reactants. The hydrolysis

rate of metal precursors plays a vital role in controlling the size
of clusters. It was found that the hydrolysis rate of the
precursors is positively correlated to the cluster size. Ge et al.
prepared magnetite clusters from 30 to 180 nm by simply
changing sodium hydroxide concentration.45 Hydroxide in the
solution can create an alkaline medium that induces the forced
hydrolysis of iron precursors at high temperatures. The
increase of sodium hydroxide concentration accelerated the
hydrolysis rate, thus leading to a high concentration of primary
particles. The high concentration of primary particles might
result in a larger cluster diameter. Their flexible synthesis with
an accurate size control on the clusters was a milestone for
discovering the size-dependent properties of the clusters. The
hydrolysis rate can also be increased by increasing the amount
of metal precursors. Liu et al. synthesized clusters from 80 nm
to 400 nm by simply increasing the concentration of iron
chloride from 0.05 to 0.25 mmol L−1.70

The ratio between the ligand and the metal precursor
significantly influences the cluster size. Several studies found
that the ligand:metal precursor ratio is negatively correlated to
the cluster size. Cheng et al. found that the size of the
magnetite clusters decreased when concentration of the ligand,
sodium citrate was increased. This finding is in agreement with
the LLP mechanism.48 The authors synthesized uniform
magnetite clusters by changing the concentration of the
ligands (Figure 5). As the ratio of ligand to precursor increased
from 1/120 to 100/120, the cluster diameter decreased from
300 to 40 nm. Part of the carboxylic groups on the citrate form
the dative bond with the iron oxide core, while the rest can
provide electrostatic stabilization against other clusters. Using

another reaction system, Wei et al. successfully controlled the
cluster diameter from 15 nm to 70 nm by reducing the amount
of poly(acrylic acid) (PAA) from 8 mmol to 0.59 The clusters
prepared without PAA were coated with the dicarboxylic acids
that originated from the solvent ethylene glycol. In addition to
the concentration of the ligands, the ligand:metal precursor
ratio can also be varied by changing the concentration of the
metal precursor, thus generating clusters of different
sizes.49,70,72

III.2. Pretreatment of the Reaction Mixture. The
pretreatment of the reaction mixture also affects the size of
clusters. Lin et al. prepared magnetite clusters of different sizes
by sonicating the reaction mixture for different periods of time
(Figure 6).62 They found that longer sonication pretreatment

on the reaction mixture led to small clusters. This is because
the precursors and the ligands were more readily combined to
form the primary nanocrystals when the sonication time was
longer. Although such a method is simple and effective, the
mixing effect is difficult to quantify. This method may not be
well-reproducible. This study suggests that the reactants should
be well-mixed in the solvent before increasing temperature to
achieve good control over the cluster size in the reaction.

III.3. Solvent. Another factor that influences the size of
clusters is the selection of solvent. The polyol solvent also
serves as a reducing agent in generating the magnetite
nanocrystal clusters. After going through forced hydrolysis,
the iron(III) salt will form Fe(OH)3 that is partially subject to
reduction by the polyols to form Fe(OH)2 and convert to
Fe3O4 eventually.79 The reducing capacity of the polyols
determines the rate of the formation of the monomers, thus
changing the size of the clusters. Different types of polyols have
been used to tune the cluster size.47 Using a mixture of two
polyols as solvent provides an efficient way to vary the
reducing capacity of the solvent. Huang et al. reported the
synthesis of magnetite clusters from 50 to 400 nm by changing
the ratio of ethylene glycol to diethylene glycol.68 With the
increase of the diethylene glycol content, the clusters formed in
such solvent mixture became smaller. No clusters were formed
in a pure diethylene glycol solvent, which could be ascribed to
the extremely slow reduction that impeded the growth of the
clusters. Similar observations have been reported using other
polyols, such as triethylene glycol, 1,2-propanediol, and
polyethylene glycol.

Figure 5. The effect of the ligand concentration on the cluster size.
The clusters with decreasing cluster diameter from 300 to 40 nm by
increasing sodium citrate concentration in the synthesis. The clusters
have good uniformity, and the standard deviation of the cluster
diameter measured by TEM is <20%. [Figure adapted from ref 48
with permission. Copyright 2009, Royal Society of Chemistry,
London].

Figure 6. The effect of the sonication pretreatment on the
morphology of clusters. (a−d) SEM and (e−h) TEM images of
four cluster samples obtained from different times of sonication
pretreatment: (a, e) 40 min, (b, f) 30 min, (c, g) 15 min, and 5 min
(d, h), while other parameters were kept unchanged (0.68 g of FeCl3·
6H2O, 1.2 g of NaAc, and 0.034 g of EDTA-2Na in 20 mL of ethylene
glycol at 200 °C for 10 h). Figure adapted from ref 62 with
permission. Copyright 2013 American Chemical Society.
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III.4. Addition of Water. The addition of a small amount
of water into the reaction mixture could dramatically reduce
the size of clusters. The addition of water to the solvent will
cause the reduction of the viscosity, thus leading to smaller
clusters.63,64 The viscosity of water is ∼1 mPa s at room
temperature, whereas the typical value for various glycols is
∼15−30 times higher.75 In a highly viscous medium, the
movement of the primary nanocrystals is more kinetically
confined and has a tendency to form larger clusters.63,64

Conversely, when the primary nanocrystals have higher
mobility in a less-viscous medium, smaller clusters can be
formed. Hemery et al. found that the diameter of the
maghemite clusters decreased from 50 nmto 16 nm by
increasing the amount of water in the solvent.63

III.5. Independent Control of Cluster Size and
Primary Particle Size. By varying two or more factors, it is
possible to control both the cluster size and nanocrystal size.
Xiao et al. successfully developed libraries of clusters with
independent dimensional control over the two parameters by
changing the amount of water and the reaction temperature
(Figure 7).80 In this work, iron chloride, poly(acrylic acid),
urea, and ethylene glycol were used as the iron precursor, the
stabilizing agent, the base, and the solvent, respectively. In this
reaction system, the amount of water only affected the size of
the cluster and had a negligible effect on the primary
nanocrystal size. The reaction temperature only influenced
the primary nanocrystal size and had a negligible effect on the
cluster size. Changing the reaction temperature and amount of
water provides an efficient approach to produce the magnetite
nanocrystal cluster library with tunable cluster size and primary
particle size. Change of other reaction conditions, such as the
concentration of ligands (polyacrylate) and iron precursors,
can affect the sizes of both clusters and primary particles.
Nevertheless, this method was only applicable when urea was
used to provide the alkaline environment for forced hydrolysis
of the iron precursors. In some other reaction systems where
sodium acetate was used as a base, change in the cluster size
was usually accompanied by the change of the primary
nanocrystal size, and vice versa, as reported by Xuan et al.67

This was ascribed to the fact that the acetate also binds to the
nanocrystal surface.48

III.6. Ferrite Clusters. While most strategies to control the
cluster dimensions were exploited using magnetite as an
example, these strategies can be used in other metal oxide
systems such as maghemite and ferrites. Liu et al. synthesized

zinc ferrite (ZnFe2O4) clusters with a size range of 300−600
nm.71 They found that increase in the concentration of sodium
acetate led to a reduction of cluster size. A library of ferrite
clusters, including manganese, cobalt, and nickel, have been
reported by Otero-Lorenzo et al. These materials greatly
expand the library of magnetic nanocrystal clusters and provide
a rich source for scientific exploration and technological
development.61

IV. PROPERTIES AND APPLICATIONS OF MAGNETIC
NANOCRYSTAL CLUSTERS

IV.1. Magnetic Properties of Clusters. The magnetic
nanocrystal clusters display unique magnetic properties that
are different from their constituent primary particles because of
the unique structure of the clusters. These magnetic properties
arise from the interactions between primary nanocrystals
within the cluster.81−84 Particularly, the clusters might show
more attractive properties when the primary particles within a
cluster assume the same crystallographic orientation (Figure
8). One interesting property is that the clusters may remain

Figure 7. Synthesis of clusters with independent control of cluster size and primary particle size. (a) Proposed scheme for the independent
dimensional control of the clusters. The amount of water can only dictate the cluster size, while the reaction temperature can determine the primary
nanocrystal size. A library of clusters, with the cluster diameter of 20−200 nm and the size of the primary nanocrystals of 4−10 nm, can be formed
in this synthetic system. (b) TEM images and size distributions of the cluster samples with different cluster sizes. Scale bar = 200 nm. The amount
of added water for each cluster sample synthesis, from left to right, was 2.0, 1.5, 1.0, 0.4, and 0.1 mL. [Figure adapted from ref 80 with permission.
Copyright 2020, American Chemical Society, Washington, DC.]

Figure 8. Oriented attachment of the primary nanocrystals. The
parallel orientation of the primary nanocrystals was facilitated by
Ostwald ripening. [Figure adapted from ref 47 with permission.
Copyright 2011, Royal Society of Chemistry, London.]
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superparamagnetic for hundreds of nanometers. These super-
paramagnetic clusters assume much more magnetic volume
than the isolated nanocrystals.44,45,80 In addition, magnetic
nanocrystal clusters show high saturation magnetization (see
Figure 9).45 These unique properties are not only interesting

for fundamental research but also useful for technological
development, since these properties make the clusters more
efficient for moving, heating, and imaging in many applications.
The application of these materials in many different fields has
been explored.
IV.2. Biomedical Applications. Another interesting

feature of magnetic nanocrystal clusters is their high uptake
by various types of cells. Hemery et al. studied the uptake of 30
nm clusters coated with polyethylene glycol (PEG) using U87
gliobnlastoma cells.85 Both the confocal and TEM images
show that the clusters were localized in the lysosomes of the
cells, suggesting the clusters were uptaken through an
endocytosis pathway (see Figure 10). The number of clusters
entering the cell was much higher than the isolated iron oxide
nanocrystals. Kim et al. investigated the uptake of magnetite
and manganese ferrite clusters using a vibrating-sample
magnetometer.78 After incubating the cancer cells with the
clusters, internalization of the clusters was determined by
measuring the magnetization of the cells. They found that the
uptake of the clusters was dependent on the type of cells.
MCF10A cells had the highest cellular uptake capability among
various types of cells. The authors also found the roughness of
the cluster surface had significant impact on the cellular uptake,
where the clusters covered with protein corona were preferably
taken up by the cells. The clusters remain their morphology in
all the in vivo applications, since they are hard aggregates.
While large clusters show higher delivery efficiency in the in
vitro studies, more work are needed to determine the optimal
size for the in vivo applications, since large clusters will be
cleared by the mononuclear phagocytic system.
The magnetic clusters are very efficient in generating heat

under the alternating magnetic field (AMF), which makes
them a good candidate for hyperthermia cancer treatment.
Lartigue et al. prepared the maghemite clusters and compared
their magnetic heating performance with isolated nanocrystals.
They found that clusters outperformed isolated nanocrystals.
When placed in the same AMF, the clusters could elevate the
temperature of the surrounding solution up to 35 °C within
∼30 s, which was seven times greater than that of conventional
nanocrystals at the same concentration (see Figure 11a).44

They attributed the improved performance of clusters to the
cooperative magnetic behavior of primary particles within a

cluster. The enhanced magnetic heating of clusters was also
reported by Hemery et al.63 They found that the magnetic
heating performance of clusters increases with the cluster
diameter in the range of 10−35 nm (see Figure 11b). The
improved magnetic heating performance of clusters was used
to kill tumor cells by Lartigue et al.44 The MCF-7 tumor cells
were incubated with the 24 nm clusters to load the clusters
into the cells. The TEM images show the clusters were
localized in the lysosomes of the cells (see Figure 12). A cluster
loading of 8 pg per cell could be achieved using the clusters
with an iron concentration of 2 mM. When the cells loaded
with clusters were placed in an AMF with a field strength of 29
kA/m and a frequency of 520 kHz, the temperature of the cells
increased to 50 °C, leading to a cell death rate of 60%.
Clusters have also been used as the magnetic resonance

imaging (MRI) contrast agent and showed excellent perform-
ance. Maity et al. compared the properties and performance of
44 nm magnetite clusters with 10 nm isolated nanocrystals
(Figure 13). They found that the clusters display both much
higher specific absorption rate (SAR) value and higher T2
relaxivity for MRI, making the clusters an ideal multifunctional
platform for both treatment and imaging.65 In their in vivo
experiments, the clusters were injected into mice with
subcutaneous xenograft tumors of MCF-7 cancer cells. The
MRI images show that the intensities in the kidney and the
liver were enhanced, which was due to the clearance of the
clusters by these organs. However, the intensities decayed over
time, and the post-contrast of these sites was not obvious. In

Figure 9. Magnetic properties of clusters. (a) The magnetization
curves of the clusters with different sizes. (b) The 93-nm clusters
demonstrated superparamagnetic behavior with zero coercivity and
remanence at room temperature. [Figure adapted from ref 45 with
permission. Copyright 2007, John Wiley and Sons.]

Figure 10. Cellular localization of clusters. The confocal and TEM
images showing the localization of clusters (multicore) and particles
(monocore) in cells. U87 glioblastoma cells were incubated with 15
nm nanocrystals and 30 nm clusters to load the nanocrystals. [Figure
adapted from ref 85 with permission. Copyright 2017, Royal Society
of Chemistry, London.]
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contrast, the clusters retained in the tumor much longer and
the signals from the tumor nearly remained the same over the
entire operation. This was ascribed to the enhanced
permeation and retention mechanism where the clusters
passively targeted the tumor sites by penetrating through the
leaky vasculature of the tumor.
Magnetic nanocrystal clusters can serve as a multifunctional

nanoplatform for disease treatment. Wang et al. designed a

nanoplatform composed of iron oxide clusters and polypyrrole
(PPy) for remotely controlled cancer therapy. (See Figure
14.86) Poly(ethylene glycol) was coated on the surface of the

platform to improve its biocompatibility and stability. The iron
oxide nanocluster was used for both magnetically controlled
drug delivery and T2-weighted MRI. The PPy not only serves
as a photothermal agent but also was used for drug loading and
release. It allows the clusters to release doxorubicin when
irradiated by near-infrared light. Moreover, the cancer cells
containing the clusters were captured by magnets and could
increase the selectivity of the near-infrared irradiation. The in
vitro experiment showed that the cell viability was <0.15 with
the external field, whereas the clusters were nearly harmless to
the cells in the control experiment. In the in vivo studies, the

Figure 11. Superior magnetic heating efficiency of iron oxide nanocrystal clusters. (a) The low field magnetization and (b) the heating of the
clusters and the particles. [Figures adapted from ref 44 with permission. Copyright 2012, American Chemical Society, Washington, DC.] (c) The
SAR of the clusters and particles with different sizes. The clusters outperformed the particles in nearly all size ranges in both cases. [Figure adapted
from ref 63 with permission. Copyright 2017, American Chemical Society, Washington, DC.]

Figure 12. The application of clusters as heating mediator for
magnetic hyperthermia in vitro. (a) The TEM images of the MCF-7
tumor cells containing the clusters. (b) The magnetic heating of the
cells treated with 2 mM and 0.2 mM clusters in the AMF. (c) The
death assessment of the cells placed in the AMF. [Figure adapted
from ref 44 with permission. Copyright 2012, American Chemical
Society, Washington, DC.]

Figure 13. The application of clusters as MRI contrast agent in vivo.
(a) The relaxivities of the isolated nanocrystals and clusters. Sample
MNC-10 and MNC-14 were 10 nm nanocrystals and 44 nm clusters,
respectively. (b) The MRI image of the SCID mice using clusters as a
contrast agent. (c) The MRI signals in the tumor sites remained
nearly the same over 25 h. [Figure adapted from ref 65 with
permission. Copyright 2011, Royal Society of Chemistry, London.]

Figure 14. The application of clusters as a multifunctional platform
for improved drug delivery. (a) Confocal images of 4T1 cells
incubated with Fe3O4@PPy-PEG-DOX. (b) Schematic illustration of
in vitro combined therapy. (c) Relative viabilities of 4T1 cells after
different treatment. [Figure adapted from ref 86 with permission.
Copyright 2013, American Chemical Society, Washington, DC.]
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tumor growth in the mice was clearly inhibited when applying
this nanoplatform.
IV.3. Environmental Applications. The application of

magnetic clusters in environmental remediation has also been
explored. Because of the unique structure and magnetic
properties of clusters, they are ideal materials to capture
pollutants and toxic composites from wastewater. Because of
the porous structure of the clusters, they have more specific
surface areas than the isolated nanocrystals with similar overall
sizes, which give rise to high absorption capacity. The big
magnetic moment of clusters makes them easy to be captured
by a magnet. Wang et al. synthesized the magnetite clusters
with an average size of 95−350 nm and studied their
performance in removing arsenic pollutants.76 The clusters
were coated with a positively charged polymer, poly-
(diallyldimethylammonium chloride), to increase their affinity
toward the As(III) and As(V) species, which are negatively
charged. They found that, in both experiments for removal, the
clusters showed high capacities for the adsorption of the
As(III) and As(V). The adsorption capacity depends on the
cluster size. The clusters with an average size of 200 nm had
the best efficiency for low-level arsenic removal, because of
their larger magnetization and better colloidal stability (Figure
15a). In another paper from the same group, the authors used

clusters coated with poly(m-phenylenediamine) to remove
Cr(VI) species in the water. Poly(m-phenylenediamine can
reduce Cr(VI) to Cr(III) and then chelate to Cr(III) species
for better adsorption (Figure 15b).87 Both studies showed high
removal efficiency of the toxic metal from wastewater and
satisfactory durability where the clusters can be recycled more
than five times with little decrease in performance.
IV.4. Photonic Applications. Another interesting appli-

cation of the superparamagnetic clusters is as photonic crystal.
Magnetic nanocrystal clusters can form responsive photonic
crystals in an external field. Xia et al. synthesized 100−200 nm
clusters and observed a clear colored pattern of the aqueous
solution when placed on a magnet (Figure 16a).88 The color of

the solution was dependent on the cluster size, where smaller
clusters exhibited a purple color while larger ones became
brown to red. He et al. attributed this color change to the
Bragg diffraction of the cluster chains (Figure 16b).89 The
clusters form chains along the direction of the field in a static
magnetic field because of the balance between the attractive
magnetic dipolar force and the repulsive steric or electrostatic
force of the clusters. The distance between clusters in the chain
is influenced by the size and coating of the cluster as well as the
magnetic field strength.69 When this distance is within the
optical wavelength range, the light with a specific wavelength
can be reflected due to Bragg diffraction, therefore presenting
the unique color of the cluster solution.
The magnetic nanocrystal clusters have been applied to

color production since the bandgap of the photonic crystal can
be controlled by varying the strength of the magnetic field.
Kim et al. proposed structural color printing using the clusters
(Figure 16c).90,91 The authors invented a material called M-
ink, which was composed of magnetic nanocrystal clusters,
solvation liquid, and photocurable resin. The external field was
used to reversibly control the color of the photonic crystal.
When exposed to UV light, the photocurable resin would
polymerize and fix the colored pattern of the clusters in the
field. The sequential steps of “tuning and fixing” finally lead to
multicolor printing with high resolution and quality. This
proposed structural color printing scheme significantly
impacted color production, since it may replace conventional
dyes that cause severe environmental pollution.

V. CONCLUSIONS AND OUTLOOK
In this Review, we have examined the recent advances in the
synthesis and applications of magnetic nanocrystal clusters.

Figure 15. Clusters for toxic metal removal. (a) The adsorption of
As(III) and As(V) using magnetite clusters. The clusters were coated
with poly(diallyldimethylammonium chloride) (PDDA). The sizes for
1, 2, and 3 were 215, 195, and 185 nm, respectively. The adsorption of
both As(III) and As(V) followed the pseudo-second-order rate kinetic
model, where the equilibrium adsorption capacity was inversely
proportional to the slope of the curve. The 185 nm clusters had the
highest adsorption performances. [Figure adapted from ref 76 with
permission. Copyright 2013, American Chemical Society, Wash-
ington, DC.] (b) The adsorption of Cr(VI) using magnetite clusters
coated with poly(m-phenylenediamine) (PmPDs). The cluster
diameter was ∼200 nm, and the coating thickness was ∼50 nm.
[Figure adapted from ref 87 with permission. Copyright 2015,
American Chemical Society, Washington, DC.]

Figure 16. Clusters for reversible photonic crystal with magnetically
controllable bandgap. (a) The optical images of the clusters placed in
a static magnetic field and the TEM images of the clusters with their
size distribution. [Figure adapted from ref 88 with permission.
Copyright 2009, American Chemical Society, Washington, DC.] (b)
Illustration of the clusters forming photonic crystals. (c) Applying
clusters for structural color printing. [Figures in panels (b) and (c)
were adapted from ref 89 with permission. Copyright 2012, American
Chemical Society, Washington, DC.] (d) Picture of the high-
resolution printing using photonic crystals. [Figure adapted from ref
90 with permission. Copyright 2009, Springer Nature.]
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Solution chemistry has been demonstrated to be an efficient
method to synthesize clusters with controlled dimensions. The
clusters might be formed through different mechanisms in
various reaction systems such as limited ligand protection,
ligand cross-linking, and so on. The size of clusters and primary
particles can be varied by selecting different reactants and
changing reaction conditions. A large library of clusters with
different compositions, cluster sizes, and primary particle sizes
has been generated. Compared to the conventional isolated
nanocrystals, the clusters exhibit superior magnetic properties,
because of the intracluster interactions. The superior magnetic
properties of clusters make them useful in various industrial
and biomedical applications.
While magnetic nanocrystal clusters are promising for many

applications, there are still substantial challenges to address
before making full use of these interesting materials. The
physics underlying their interesting magnetic properties have
not been well understood. Micromagnetics simulation will
provide a powerful tool to understand the physics and predict
the dependence of the magnetic properties on the cluster size
and primary particle size. Although many methods have been
reported to synthesize clusters, the reproducibility and
scalability of these synthesis methods remain a challenge due
to the lack of understanding of the formation process of
clusters. More mechanistic studies are needed to elucidate this
complicated process. Another challenge for applying clusters is
to improve the colloidal stability of clusters in various media.
Most cluster samples synthesized using current methods are
only stable in pure water, and they tend to aggregate in many
biological and environmental media, limiting their extensive
applications.47,49,67,80,92 New surface coating chemistry is
needed to stabilize the clusters in various media. The safety
of the clusters must be evaluated before applying these
materials in a clinical setting.93−97 With the excellent magnetic
properties, magnetic nanocrystal clusters are expected to find
applications in many fields such as magnetic particle imaging,
biosensing, etc.98−103
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