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Abstract: Magnetic iron oxide nanoclusters, which refers to a group of individual nanoparticles,
have recently attracted much attention because of their distinctive behaviors compared to individual
nanoparticles. In this review, we discuss preparation methods for creating iron oxide nanoclusters,
focusing on synthetic procedures, formation mechanisms, and the quality of the products. Then, we
discuss the emerging applications for iron oxide nanoclusters in various fields, covering traditional and
novel applications in magnetic separation, bioimaging, drug delivery, and magnetically responsive
photonic crystals.
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1. Introduction

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

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

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

2. Preparation of Iron Oxide Nanoclusters

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

2.1. Controlled Aggregation of Nanoparticles during Synthesis

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

2.1.1. Polyol Method

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

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

2.1.2. Solvothermal Synthesis 

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

Figure 1. Iron oxide nanoclusters produced with the polyol method: (a–d) representative TEM images
demonstrating size control, scale bar 200 nm; (e) magnetization versus applied field curves, suggesting
superparamagnetic behaviors but with increased magnetic moments for larger nanoclusters. (Adapted
with permission from Reference [5]).

2.1.2. Solvothermal Synthesis

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

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

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

2.2. Controlled Assembly of Ligand-Capped Nanoparticles  

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

2.2.1. Ligand Etching 

Nanoparticles are generally coated with a layer of ligands to prevent them from aggregation. 
The ligand etching process involves replacing the original capping molecules with weakly bound 
ligands, which causes the destabilization of nanoparticles and subsequent aggregation and 
nanocluster formation (Figure 3a). The size and shape of the assembled secondary structures are 
dependent on the ligands used for the striping process. For example, the addition of diol molecules 
into the solution of oleic acid-coated iron oxide nanoparticles (~13 nm) led to nanoparticle 
destabilization and subsequent secondary structure formation [19]. Depending on the types of diol 
molecules, dimers, oligomers, and nanoclusters were formed during the ligand stripping process. 
Figure 3b–e shows representative TEM images of the secondary structures with the addition of 
different diol molecules.  

Figure 2. Gram-scale solvothermal synthesis of iron oxide nanoclusters: (a) schematic illustration of
the procedure; (b) proposed mechanism of the nanocluster formation; (c,d) SEM and TEM images
indicating the quality of the nanoclusters (adapted from Reference [14] with permission; copyright
American Chemical Society, 2018).

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

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

2.2. Controlled Assembly of Ligand-Capped Nanoparticles

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

2.2.1. Ligand Etching

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

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

2.2.2. Solvophobic Interactions 

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

Figure 3. Nanocluster formation via the ligand stripping method: (a) illustration of the ligand stripping
method process, (b) spherical nanoparticles with no diol addition, (c) dimer formation induced by the
addition of polyethylene glycol 400, (d) oligomer induced by the addition of triethylene glycol, and (e)
nanocluster induced by the addition of diethylene glycol (adapted from Reference [19]; reproduced
with permission from the Royal Society of Chemistry).

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

2.2.2. Solvophobic Interactions

The solvophobic interaction method involves mixing hydrophobic ligand-coated (e.g., oleic acid)
iron oxide nanoparticles with surfactants (e.g., dodecyltrimethylammonium bromide, DTAB) to form
micelle structures. After evaporating away the organic solvent, a group of iron oxide nanoparticles
are combined within the micelles. Subsequently, the micelle solution goes through an annealing
process in ethylene glycol in the presence of capping molecules at an elevated temperature (e.g., 80 ◦C),
leading to nanocluster formation [7,20]. Figure 4a illustrates the preparation process via solvophobic
interactions. The size of the nanoclusters can be controlled by the relative ratios of nanoparticles
to surfactants, and the stability of the nanoclusters is affected by the structures of surfactants and
capping molecules. Figure 4b,c shows representative TEM and SEM images of iron oxide nanoclusters
formed from 6-nm oleic acid–iron oxide nanoparticles using DTAB as a micelle-forming agent and
poly(vinylpyrrolidone) as capping molecules. The main advantage of this method is that it is not
limited to iron oxide nanoparticles, but can be easily applied to any other type of nanoparticle with a
hydrophobic surface coating.
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(b) TEM image, and (c) SEM image, scale bar 500 nm (adapted from Reference [20], with permission; 
copyright American Chemical Society, 2007). 
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iron oxide nanoparticles are mixed with the selected matrix and the induced matrix crosslinking leads 
to the formation of nanoclusters. Several types of matrices have been reported to fabricate iron oxide 
nanoclusters, such as proteins [22], polymers [23–25], silica [26], etc. The control of the aggregation 
process and the quality of the nanoclusters are highly specific to the choice of matrices. For example, 
protein encapsulation of iron oxide nanoparticles is normally induced by ethanol addition followed 
by surface crosslinking with glutaraldehyde [22]. In contrast, polydopamine encapsulation can be 
easily triggered by changing the pH of the solution [23]. In addition, the salt concentration, amount 
and addition speed of ethanol, and protein concentration all affect the quality of bovine serum 
albumin (BSA) encapsulated in ultrasmall iron oxide nanoparticles [22].  

Figure 5 shows representative TEM images of iron oxide nanoclusters that were produced with 
different matrices, where the polymer shells can be clearly seen (Figure 5a), but the silica and protein 
encapsulation formed matrix–iron oxide composite materials (Figure 5b,c). The matrix-assisted 
method has several distinctive advantages: first, drug molecules can be simultaneously encapsulated 
into the nanoclusters during the aggregation process, creating magnetic resonance imaging (MRI)-
visible drug delivery vehicles; second, biocompatibility and water solubility can be easily achieved 
based on the choices of the matrices; and finally, by tuning the nanocluster sizes, other functionality 
can be achieved, such as ultrasound response [27].  
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Figure 4. Iron oxide nanoclusters via solvophobic interactions: (a) scheme of the formation process,
(b) TEM image, and (c) SEM image, scale bar 500 nm (adapted from Reference [20], with permission;
copyright American Chemical Society, 2007).

2.3. Matrix Encapsulation of Nanoparticles

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

Figure 5 shows representative TEM images of iron oxide nanoclusters that were produced with
different matrices, where the polymer shells can be clearly seen (Figure 5a), but the silica and protein
encapsulation formed matrix–iron oxide composite materials (Figure 5b,c). The matrix-assisted method
has several distinctive advantages: first, drug molecules can be simultaneously encapsulated into the
nanoclusters during the aggregation process, creating magnetic resonance imaging (MRI)-visible drug
delivery vehicles; second, biocompatibility and water solubility can be easily achieved based on the
choices of the matrices; and finally, by tuning the nanocluster sizes, other functionality can be achieved,
such as ultrasound response [27].
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Figure 5. TEM images of matrix-encapsulated iron oxide nanoparticles: (a) hydrogel, (b) silica, and
(c) bovine serum albumin protein ((a) is adapted from Reference [24] (with permission), copyright
American Chemical Society, 2011; (b) is adapted from Reference [26] (with permission), copyright
American Chemical Society, 2008; (c) is adapted from Reference [22], reproduced with permission from
the Royal Society of Chemistry).
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3. Applications of Iron Oxide Nanoclusters

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

3.1. Iron Oxide Nanoclusters for Magnetic Separation

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

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

Most recently, we [42] and others [43,44] have developed a new type of magnetic separation
method based on cell membrane-encapsulated iron oxide nanoclusters. Compared to traditional
magnetic separation techniques using immobilized ligands on nanocluster surfaces to bind the targets,
the new technique uses functional transmembrane receptors as binding sites to identify the targets.
The complete embedment of iron oxide nanoclusters inside cell membranes overcame the nonspecific
binding problems because magnetic nanoclusters were not in direct contact with the analyte solution.
Figure 7a illustrates the design of the cell membrane-encapsulated nanoclusters. The choice of the cell
membrane depends on the specific targets to be extracted.
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oxide nanoclusters prepared using cell membranes with α3β4 nicotinic receptors. Even though the cell 
receptors were not visible on the TEM images of the cell membrane-encapsulated iron oxide 
nanoclusters, the fishing experiments clearly demonstrated binding specificity and efficiency. The 
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condensates, and all other compounds without specific binding to the nicotine receptors were washed 
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chromatography (HPLC) (Figure 7c). In addition, iron oxide nanoclusters coated with cell 
membranes without nicotine receptors showed no binding to nicotine in the smoke condensates, 
suggesting specific binding between nicotine and α3β4 receptors. This new magnetic separation will 
greatly benefit the discovery of new drug candidate targeting transmembrane receptors. Most 
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Figure 7. Cell membrane-encapsulated iron oxide nanoclusters: (a) design concept, (b) TEM image, 
(c) HPLC washing and elution chromatograms of fishing experiments using α3β4 receptors from 
smoke condensates, (d) comparison of elution profiles with and without α3β4 receptors (adapted from 
Reference [42]; reproduced with permission from the Royal Society of Chemistry). 

Figure 6. Selective detention of pathogens using iron oxide nanoclusters: (a) TEM images of nanoclusters,
(b) relationship between magnetic separation time (black line) and magnetic force under specific field
gradients (blue line), (c) H-antigen-specific binding of nanoclusters to flagella, and (d) O-antigen-specific
binding of the nanoclusters on the surface of the cell body (adapted from Reference [39], with permission;
copyright American Chemical Society, 2016).

For example, in order to extract nicotine molecules from tobacco smoke condensates, we created
cell membrane-encapsulated nanoclusters using human cell line overexpressing α3β4 receptors,
which bind to nicotine molecules specifically. Figure 7b shows representative TEM images of the
iron oxide nanoclusters prepared using cell membranes with α3β4 nicotinic receptors. Even though
the cell receptors were not visible on the TEM images of the cell membrane-encapsulated iron
oxide nanoclusters, the fishing experiments clearly demonstrated binding specificity and efficiency.
The nicotine receptors on the surfaces were able to fish out the nicotine molecules from tobacco
smoke condensates, and all other compounds without specific binding to the nicotine receptors were
washed out, as shown in the washing and elution chromatograms of the high-performance liquid
chromatography (HPLC) (Figure 7c). In addition, iron oxide nanoclusters coated with cell membranes
without nicotine receptors showed no binding to nicotine in the smoke condensates, suggesting specific
binding between nicotine and α3β4 receptors. This new magnetic separation will greatly benefit the
discovery of new drug candidate targeting transmembrane receptors. Most importantly, this technique
can be easily applied to any other transmembrane receptors.
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In a similar study, iron oxide nanoparticles were encapsulated inside red blood cell membranes
for virus targeting and isolation [45]. The cell membranes were modified with sialic acid molecules,
which formed stable clusters with influenza viruses. The encapsulated superparamagnetic iron oxide
nanoparticles enabled the quick enrichment of the influenza virus via magnetic extraction. The enriched
viral samples significantly enhanced virus detection through multiple viral quantification methods,
such as the immunochromatographic strip test and cell-based tittering assays.

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

3.2. Biomedical Applications of Iron Oxide Nanoclusters

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

For example, iron oxide nanoparticle-loaded microcapsules were prepared through layer-by-layer
deposition of positively and negatively charged polyelectrolytes onto a calcium carbonate template.
By replacing the negatively charged electrolyte with negatively charged nanoparticles, the nanoparticles
were incorporated inside the shell, as shown in Figure 8a. Figure 8b shows a representative TEM
image of a capsule, where the darkness of the shell indicates the successful encapsulation of iron oxide
nanoparticles. The drug molecules were loaded inside the capsule after leaking out of the template.
Under AMFs, local heat was generated from the nanoparticles inside the shell, which triggered drug
release. Compared to samples without applying AMFs, the drug release was significantly enhanced
after applying 90 min of AMFs (300 kHz and 24 kAm−1), as shown in Figure 8c. Compared to
drug release triggered by photothermal stimulation, magnetic fields have better tissue penetration.
In addition, the localization of iron oxide nanoparticles inside the shells decreased the permeability of
microcapsules, preventing premature drug release before applying external stimuli [27].

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

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

For MRI applications, iron oxide nanoclusters have been explored as both T1 (positive) and T2

(negative) contrast agents. The iron oxide-based T1 contrast agents were mainly either ultrasmall
(<4 nm) nanoparticles [22,61,62] or ultrathin (diameter <4 nm) nanowires [63,64]. Nanocluster
formation was mainly to overcome the short blood circulation time of these nanostructures due to their
small dimensions [22]. For instance, tannic acid-coated ultrasmall iron oxide nanoparticles (3~4 nm)
only had about 15 min of blood circulation time and were quickly cleared by the renal system [22].
Encapsulating these ultrasmall iron oxide nanoparticles inside BSA nanoclusters exhibited enhanced
T1 permanence with higher r1 relaxivity and increased blood circulation times [22]. Figure 9a shows
a comparison between phantom MRI images of free nanoparticles and BSA ultrasmall iron oxide
nanoclusters, suggesting great T1 brightening of the nanoclusters. Figure 9b shows MRI images of mice
before and 2 h post-injection with BSA ultrasmall iron oxide nanoclusters, where the brain and kidney
regions were significantly brightened, suggesting the nanoclusters remained in the blood stream even
2 h after injection. Similarly, ultrasmall iron oxide nanoparticles sandwiched between polymer layers
of layer-by-layer assembled microcapsules showed not only increased blood circulation time, but also
served as great drug nanocarriers for ultrasound-triggered drug release [27]. Figure 9c shows MRI
images of a control mouse and a mouse 48 h post-injection, where the bright region near the heart
suggested the long blood circulation time of these nanoparticle-loaded capsules. Because of their larger
sizes, these capsules were sensitive to ultrasound, which enhanced drug localization at the tumor site
with ultrasound treatment (Figure 9d).
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Figure 9. (a) Phantom MRI images of free ultrasmall nanoparticles and bovine serum albumin (BSA)
ultrasmall iron oxide nanoclusters, (b) MRI images of mice before and 2 h post-injection with BSA
ultrasmall iron oxide nanoclusters, (c) MRI images of a mouse 48 h after injection with ultrasmall iron
oxide nanoparticle-loaded capsules (right) and a control (left), and (d) iron quantification showing the
increased accumulation of an ultrasound-treated tumor after capsule injection ((a,b) are adapted from
Reference [22], reproduced with permission from the Royal Society of Chemistry; (c,d) are adapted
from Reference [27]).

T2 MRI contrast agents are mainly superparamagnetic nanoparticles, and nanocluster formation
increases the magnetic signal and subsequently enhances the imaging sensitivity or cell labeling
efficiency [24,30,52,53,56,65–67]. For example, differently sized iron oxide nanoclusters via solvothermal
synthesis showed higher r2 relaxivity for nanocluster sizes of around 50–60 nm. The r2 relaxivity of
63-nm iron oxide nanoclusters was more than three times higher than that of commercial products
(Resovist) [30]. In addition, the cellular take efficiency of 63-nm iron oxide nanoclusters by macrophage
cells was 10 times higher than that of Resovist [30]. Enhanced MRI sensitivity and increased cellular
uptake make iron oxide nanoclusters great candidates for cellular MRI.

3.3. Optical Applications of Iron Oxide Nanoclusters

Iron oxide nanoclusters synthesized by the polyol method are negatively charged and highly
water soluble. Under magnetic fields, these nanoclusters assemble into chain-like structures and
diffract visible light. Therefore, these nanoclusters are used as building blocks to develop magnetically
controlled photonic crystals [6,9,31]. The color of diffracted light can be tuned through adjustments to
nanocluster size, interspacing between nanoclusters, and the strength of the applied magnetic fields.
Using superparamagnetic polyacrylic acid-coated iron oxide nanoclusters of 120 nm as an example
(Figure 10a–c), it was demonstrated that the color of the diffracted lights shifted from blue to red
when the applied magnetic fields increased (Figure 10d). The reflection spectra clearly showed the
dependence of the refracted light wavelength on the strength of the applied magnetic field, where the
field strength was tuned by changing the distance between the magnet and the nanoparticle solution
(Figure 10e) [5]. In addition, the optical response of the colloidal photonic crystals to the changes in the
external magnetic field was fully reversible.
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Figure 10. Iron oxide nanoclusters as building blocks for photonic crystals: (a) TEM image of iron
oxide nanoclusters, scale bar 100 nm; (b) schematic illustration of polyacrylate coating on nanocluster
surfaces; (c) superparamagnetic behavior of nanoclusters at room temperature; (d) photographs of
photonic crystals formed in response to an external magnetic field; and (e) UV-Vis reflectance spectra
(adapted with permission from Reference [9]).

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

4. Summary and Outlook

In summary, we have discussed the preparation methods and emerging applications of iron
oxide nanoclusters. Compared to individual iron oxide nanoparticles, these nanoclusters are much
larger in size (hundreds nm), but remain superparamagnetic. Several synthetic methods have been
developed by either directly preparing nanoclusters in a single step (e.g., the polyol method, thermal
decomposition, and solvothermal synthesis) or assembling presynthesized ligand-capped nanoparticles
under controlled conditions (e.g., solvophobic interaction, ligand etching, and matrix-assisted
aggregation). Among the various synthetic methods, solvothermal synthesis is highly attractive, as it
produces water-soluble, monodisperse superparamagnetic nanoclusters in a single step. In particular,
large-scale production (up to 200 g per batch) has been demonstrated without scarifying the quality of
the product. The enhanced magnetic properties and collective behaviors of these nanoclusters have
led to a number of emerging applications, such as rapid magnetic separation and magnetically
triggered drug delivery. Of all of these discussed applications, cell membrane-encapsulated
nanoclusters are particularly attractive because of their enhanced performance. For example, cell
membrane-encapsulated nanoclusters for magnetic separation can overcome the nonspecific binding
problems associated with current magnetic bead technologies. The functional transmembrane receptors
allow for the specific identification and extraction of targets binding to cell receptors. Depending
on the choices of cell membranes, cell membrane-encapsulated nanoclusters are also used for drug
delivery and tumor targeting. These biomimetic nanocarriers exhibit much better efficiency compared
to traditional nanocarriers.
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