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S
table suspensions of magnetic nano-
particles (NPs) have great potential for
biomedical applications, notably for

improved medical diagnosis1-3 and tar-
geted drug delivery.4 In current applications
as magnetic resonance imaging (MRI) con-
trast agents, iron oxide NPs are used to
produce strong magnetic resonance relaxa-
tion enhancements,5-7 as the large mag-
netic moments of the particles enhance
image contrast in tissues containing the
agent. Iron oxide NPs have also been en-
visaged as drug delivery vehicles which can
be localized at a site of interest through the
application of external magnetic fields.4

Assembly of individual magnetic NPs into
larger nanoparticle clusters (NPCs) can pro-
vide a general route tomaterials with higher
magnetization. Biomedical applications of
iron oxide NPCs are particularly dependent
on the ability to control cluster size, archi-
tecture, and surface composition, as these
properties largely determine biodistribu-
tion and the extent of contrast enhance-
ment.
The iron oxide phases magnetite (Fe3O4)

andmaghemite (γ-Fe2O3) have similarmag-
netic properties and have both been inves-
tigated for biomedical applications; for the
purposes of this article we shall refer to
these phases as FeO. Methods for produc-
ing size-controlled magnetic FeO NPCs
usually involve the in situ formation and
stabilization of the NPs in the presence of
polymers. Prominent examples include the
alkaline coprecipitation of iron salts in the
presence of random copolymers of styrene-
sulfonic, vinylsulfonic acid and acrylic acid.8

In these cases the size of the aggregates
formed was found to be influenced by the
fractional coating of the magnetite cores
and the surface chemistry of the polymer.

Therefore, for a given polymer, stable sus-
pensions could only be produced within a
narrow size range, and larger clusters were
associated with low NP loading. The diffi-
culty in producing stable clusters arises
from the fact that the nanoparticles must
be unstable themselves for clustering to
occur (solvophobic conditions), hence the
resulting clusters are only marginally stable.
Another promising approach is the single-
step high temperature hydrolysis approach
using poly(acrylic acid) as the surfactant in
the solvent diethylene glycol.9 In this case,
the concentration of the base used in the
reaction was shown to provide control over
the NPC size; however, the primary NP size
was 9-10 nm and could not be controlled.
We recently reported an alternativemethod

for producing stable suspensions of NPCs with
high NP loading and very tight control over
NPC size.10 Stable heptane suspensions of
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ABSTRACT We present a new route to stable magnetic-plasmonic nanocomposite materials

with exceptional control over composite size and very high monodispersity. The method involves the

assembly of magnetic iron oxide nanoparticles, of any size in the superparamagnetic size range,

whose steric repulsion is gradually reduced by competitive stabilizer desorption arising from the

presence of a tertiary silica phase. Subsequent addition of gold nanoparticles results in hierarchical

assemblies in the form of gold-decorated magnetic nanoparticle clusters, in a range of possible sizes

from 20 to 150 nm, selected by the timing of the addition. This approach adds plasmonic and

chemical functionality to the magnetic clusters and improves the physical robustness and

processability of the suspensions. Most critically, detailed NMR relaxation analysis demonstrates

that the effect of the gold NPs on the interaction between bulk solvent and the magnetic moments

of the cluster is minimal and that the clusters remain superparamagnetic in nature. These

advantages enhance the potential of the materials as size-selected contrast agents for magnetic

resonance imaging. The possibility of generalizing the approach for the production of hierarchical

assemblies of variable composition is also demonstrated.

KEYWORDS: magnetic nanoparticles . hybrid nanostructures . size control . magnetic
resonance imaging
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monodisperse, fatty acid-stabilized Fe3O4 NPCs with
sizes ranging from 50 to 200 nm were produced
through competitive stabilizer desorption. The unique
feature of this approach is that previously stable NP
suspensions are perturbed by the introduction of a
tertiary phase that competes for the stabilizer. Under
appropriate conditions this intervention produces con-
tinuous and ongoing assembly of monodisperse NPCs
over a period of hours. Effectively, an instability of
external origin is introduced to the suspension which
drives cluster formation by gradual reduction of steric
repulsion between NPs. The advantage lies in the
temporal nature of the controlled assembly, which
allows external interventions, including the removal
of the instability, to be made at a time of choice. A
further unique advantage of our approach, which
is demonstrated here for the first time, is that since
the initial NP suspensions are stable (solvophilic
conditions), the size of the primary NPs can be selected
by any of a number of methods.11 This provides a
further aspect of control, as the magnetic properties of
NPs, and the resulting NPCs, are very strongly depen-
dent on NP size.11-13

In addition to good control over size, the next gen-
eration of nanoscale devices for biomedical applications
will incorporate multiple functionalities. An established
method to improve functionality of iron oxide nanopar-
ticles is to incorporate noble metals, particularly gold,
producing FeO/Au hybrid plasmonic-magnetic
nanocomposites.14-16 The most common architecture
involves coating FeO cores with a complete layer, or
shell, of gold, producing FeO@Au core@shell nanopar-
ticles. The gold shell imparts many favorable properties
on the magnetic cores.17-20 This is largely due to
plasmon resonance effects, but also arises from the
well-established surface chemistry of the gold which

facilitates conjugation of hydrophilic ligands and bioac-
tive molecules. Control of the thickness of the Au shell
remains a challenge, however. The presence of a com-
plete layer of gold around iron oxide NPs may reduce
the saturation magnetization, Ms. Values of 66 and 15
emu 3 g

-1 were reported for nanoparticulate Fe3O4 and
Fe3O4@Au, respectively,

21 reducing the usefulness of
this type of material for MRI applications. The prepara-
tion of Au NPs conjugated to FeO NPs has also been
reported. Negatively charged, 2-3 nm Au NPs were
chemically attached onto amino-siloxane (APTES)-
coated∼10 nmFe3O4 nanoparticles,

22 producing stable
ethanol suspensions. The addition of Au NPs had mini-
mal effect on Ms; a 7% reduction was reported, and
so this may be a more appropriate architecture for
functionalized magnetic iron oxide nanostructures.
However, to extend the use of these materials to
applications such as T2 contrast agents, or as drug
delivery vehicles, new strategies are required toproduce
clusters of a desired size with tailored Au composition.
Herein we report the preparation of hybrid nano-

particle clusters of iron oxide (either γ-Fe2O3 or Fe3O4)
NP decorated, or coated, with diamagnetic Au NPs. To
our knowledge, this is the first report of the preparation
of such materials in which the size of the composite is
fully under experimenter control throughout the clus-
ter assembly process. Importantly, the three steps of
the preparation, that is, synthesis of NPs, cluster
assembly, and surface decoration, are separate and
so NP and NPC size and composition can all be con-
trolled independently. These advantages of the pro-
cess are illustrated in Scheme 1. We also show that the
method can be applied to decoration of iron oxideNPCs
with other types of nanoparticles, such as magnetic
cobalt ferrite. These advantages permit the same pro-
cess to be used to prepare a wide range of hierarchical

Scheme 1. Flow diagram for the process: (I) provide a suspension of iron oxide NPs of the first type (select particle size and
phase); (II) initiate assembly by placing the suspension over the substrate; (III) continuously monitor cluster assembly; (IV)
when the desired cluster size has been achieved, terminate assembly by addingNPs of a second type (e.g., Au NPs) to produce
stable functionalized hierarchical clusters.
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materials of selectable size, composition, and proper-
ties. The effect of added Au NP functionality on the
critical physical properties of stable iron oxide sus-
pensions was studied by dynamic light scattering
(DLS), NMR, and transmission electron microscopy
(STEM and TEM).

RESULTS AND DISCUSSION

Preparation and Primary Characterization of Size-Controlled
FeO-Au NPC Suspensions. Monodisperse primary γ-Fe2O3

NP suspensions in heptane, of hydrodynamic size ca.

8 nm, were prepared using methods previously
reported,11 which are derived from the process de-
scribed by Sun and Zeng.23 The NPs were stabilized in
suspension by a monolayer of mixed oleic acid/oleyla-
mine surfactant molecules. Suspensions of ca. 15 nm
monodisperse primary Fe3O4 NPs coated with oleic
acid were prepared as described previously.10 In a
typical NPC assembly experiment 1.2 mL of a heptane
NP suspension (of either type), containing 1-8 mM of
Fe, was placed in a standard cuvette over 50.0 mg of
cyanopropyl-modified 50 ( 20 μm silica particles
(silica-CN, Alltech Associates), which formed a thin
layer at the bottom. The controlled assembly of mono-
disperse NPCs by gradual aggregation of NPs was then
observed by continuously monitoring the suspensions
using DLS. A gradual increase in the z-, or number-,
average hydrodynamic size was observed over several
hours. There was, however, little change in the poly-
dispersity index (PDI), which remained ca. 0.20, even
after the addition of the second type of NP. The
z-average and PDI are derived from cumulants analysis
of the correlation function for the temporal fluctua-
tions of the backscattered light intensity. PDI values of
less than 0.25 are consistent with a monodisperse
suspension, in which case the z-average can be used
as a measure of the hydrodynamic size, dhyd.

Subsequent addition of 50 μL of a heptane suspen-
sion of dodecanethiol (DDT)-stabilized AuNPs24 (dhyd =
7.7 nm, [Au] = 0.03 mM) to the suspensions of FeO
NPCs, at different times during cluster assembly re-
sulted in drastic attenuation of further cluster growth
in all cases, irrespective of the rate of growth or the
cluster size at the time of addition. This approach was
used to prepare stable suspensions of γ-Fe2O3-Au
NPCs of four different sizes, as shown in Figure 1. The
ratio of initial Fe concentration to Au concentration
corresponds to a mole ratio of approximately 33:1.
Previous results10 demonstrate that upon growing FeO
NPCs to a dhyd of 200 nm, at least 60% of the original Fe
content remains in suspension. Hence, in all the ex-
periments presented here, the FeO NPs were in a very
large excess at the time of the Au NP addition. There
is some variation in the rate of assembly during this
stage. We have found the kinetics to be sensitive to
the starting conditions; this will be the subject of
a forthcoming manuscript. In the early stages of the

experiment (e5 h), corresponding to smaller NPCs, as-
sembly could be stopped completelywith this concentra-
tion of Au NPs. When the Au NP addition took place at a
later stage in the process (>6.5 h), assembly was signifi-
cantly attenuated, but not stopped completely. The NPCs
in suspensions to which no Au NP addition was made
were observed to continue to increase in size. Very similar
effects could be produced (Supporting Information) on
adding Au NPs to Fe3O4 NPCs during assembly.

To confirm that gold-decorated clusters have been
produced, several minutes after the addition of Au-NPs
to growing Fe3O4 NPCs a drop of the suspension was
removed from the cuvette, diluted as necessary, and
air-dried onto a carbon-coated copper TEM grid. TEM
micrographs from a Fe3O4-Au suspension with dhyd =
112 nm are shown in Figure 2; additional images are
provided in the Supporting Information. The TEM
images show that the clusters have a three-dimen-
sional appearance and Au NPs can be discerned on the
clusters, due to their strong contrast. STEM images
(Figure 2b) confirm that well-defined clusters are the
dominant feature across the grids. There is no indica-
tion from the microscopic analysis of dendritic, or
fractal, structure. Hence NPC assembly is reaction- as
opposed to diffusion-limited.25 The clusters are com-
pact and dense when dry but are not particularly
spherical. This is as expected given that under the
solvophilic conditions used there is no driving force for
the reduction of the surface area of the cluster. A more
spherical shape is likely to be adopted upon subse-
quent phase transfer to solvophobic (e.g., aqueous)
environment. At the lowAu concentrations used in this
study very few dispersed Au NPs were observed in the
images, demonstrating that the majority of the Au NPs

Figure 1. Light scattering data for a series ofmagnetic NPCs
suspensions formed from γ-Fe2O3 NPs, assembled under
similar conditions over CN-modified silica (50.0 mg). The
initial NP suspensions had dhyd = 8 nm, PDI = 0.15-0.20.
The PDI values remained low over the course of the
experiments. Assembly was stopped at the times indicated
with arrows by the addition of Au NPs in suspension, but
was allowed to proceed without addition for one sample
(open marks). A horizontal line is superimposed over the
48 nm NPCs (red squares).
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adsorb onto the NPCs in suspension, and are retained
during the drying process.

Statistical analysis of cluster size was conducted by
measuring all the features in 18 separate STEM images
from two separate grids. Multiple images were needed
as dilution was required to prevent substantial overlap
of clusters, on drying. The analysis resulted in an
average cluster size of 71.5 nm with a SD of 13.5 nm
(111 clusters). The size distribution is narrow, while the
average size is somewhat lower than the hydrody-
namic size of 112 nm obtained from cumulants anal-
ysis. However, comparison of the experimental light
scattering intensity distribution (from DLS) and the
simulated scattering intensity distribution generated
using Mie theory26,27 from the STEM size distribution
shows excellent agreement (Figure 2c). This demon-
strates that the two techniques measure the same size
distribution and we can conclude that STEM analysis
confirms the production of Au NP-decorated Fe3O4-
Au NPCs of selected and controlled size. The DLS
distribution is broad in comparison to that obtained
from STEM, due to the high sensitivity of the DLS
technique to outliers of the distribution (in particular
to a very small number of larger aggregates).11 The
advantages of DLSmeasurements, however, lie in their
potential to continuously monitor the entire popula-
tion and to sensitively detect any changes in the width
of the distribution.

TEM and STEM images were also obtained for
γ-Fe2O3-Au NPCs following the attenuation of their
assembly at dhyd = 65 nm. The nanoparticulatematerial
found on these grids was in the form of loose aggre-
gates, with a flattened (or quasi-2D) appearance, with
size significantly in excess of the DLS size. It is clear
therefore, that Au-decorated clusters of both γ-Fe2O3

and Fe3O4 NPs can be prepared using competitive
stabilizer desorption, but the properties of the two
types of clusters are different. We anticipate that the

major difference arises due to the strength of the
magnetic moment per particle, which is far lower for
γ-Fe2O3. This is primarily because the nanoparticles
formedusing thermal decomposition are of significantly
smaller size, irrespective of the iron oxide phase present.

To further investigate the mechanism of cluster
assembly, an experiment using γ-Fe2O3 NPs was car-
ried out with three points of intervention, and the
effect on dhyd, PDI, and the backscattered light inten-
sity was investigated (Figure 3). Upon addition of the
Au NP suspension, NPC assembly was found to be
significantly attenuated, and a decrease in the scat-
tered light intensity was observed due to a slight
change in the refractive index of the medium. Subse-
quent removal of the NPC suspensions from over the
silica immediately stopped further assembly, and we
observed no further change in scattered light intensity
after the removal, confirming that there was no signifi-
cant decrease in the concentration of the suspended
NPCs in the absenceof silica-CN.Upon re-exposureof the
suspension to fresh silica, cluster assembly was found to
resume. This suggests that our approachhaspotential for
the preparation of size-controlled nanostructures with
radially variable or multilayered composition.

The results presented in Figure 3 demonstrate that
silica is an ongoing requirement for cluster assembly.
We also found that adding free DDT, in the 1-47 mM
range had no effect on the rate of assembly of γ-Fe2O3

NPCs, confirming that intact DDT-stabilized Au NPs, as
opposed to free thiol molecules, are responsible for the
attenuation. This observation is expected, considering
the strength of the Au-S bond28 meaning that the Au
NPs do not act as a source of free DDT. It should also be
noted that no evidence of cluster formation, or Au NP
loss, was detected for a pure suspension of DDT-
stabilized Au NPs (dhyd = 7.7 nm, [Au] = 0.71 mM)
placed over silica for 20 h. These observations indicate
that the attenuation is not caused by blockage of the

Figure 2. (a) TEM images of typical clusters from a Fe3O4-Au NPC suspension removed from silica when dhyd = 112 nm, the
scale bars are 100 nm, AuNPs appear as darker spots. (b) Representative STEM images of a Fe3O4-AuNPC sample with dhyd =
112 nm, dSTEM = 71 nm; upper image low resolution bright-field STEM; lower image dark-field STEMwith clusters indicated. In
the upper right-hand corner of each STEM image a red square of side equivalent to 71 nm is provided as a guide. (c) Overlay of
scattering intensity distributions for the sample presented in panel b; the experimental DLS distribution (black) and the
simulated (Mie theory) distribution corresponding to the STEM size distribution (red).
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adsorption sites on the silica substrate by Au NPs. The
microscopic investigations confirm that the Au NPs
directly interact with FeO NPCs and limit further in-
crease in cluster size.

Hence by continuously monitoring the NPC assem-
bly process using DLS, we have shown that both
γ-Fe2O3 (Figure 1) and Fe3O4 NPs (Supporting Informa-
tion) can be used to produce suspensions of FeO-Au
NPCs of selected and, hence, reproducible size. The
mechanism for cluster assembly has been described
previously.10 Essentially the silica provides a sink for
free surfactant molecules in suspension, which alters
the equilibrium between NP-bound and free surfac-
tant. This generates a very low concentration of nano-
particles which are partially depleted of surface-bound
surfactant molecules, that is, with vacant, non-coated
sites on their surfaces, thereby reducing their steric
repulsion. We have previously shown that assembly of
Fe3O4 NPCs can be arrested at any time by addition of
oleic acid (i.e., excess surfactant) which eliminates
these vacant sites. The results presented here demon-

strate that DDT-stabilized Au NPs can have a similar
effect, allowing us to produce, for the first time, stable
suspensions of binary, functionalized magnetic nano-
composite materials of complex composition, with
controlled size over a wide size range (40-150 nm),
Scheme 2.

We propose that the Au NPs physisorb onto the less
perfect oleate-coated surface of the FeO NPCs (i.e.,
“vacant sites”), perhaps filling spaces between particles
on the NPC surface (Scheme 2). The micrographs
shown in Figure 2 clearly show that the adsorbed Au
NPs have no affinity for each other and hence are
dispersed across the surface of the clusters. Hence, we
show here that the vacant sites rather than being the
source of instability of the NPCs, constitute ideal places
for their functionalization with nanoparticles of a dif-
ferent type. On the other hand, further addition of FeO
NPs results in ongoing cluster assembly, as these NPs
are subject to competitive stabilizer desorption.

Magnetic Resonance Properties of Size-Controlled γ-Fe2O3-
Au NPC Suspensions. The magnetic γ-Fe2O3-Au nano-
composites, removed from over the silica-CN, were
characterized in suspension by field-cycling NMR
relaxometry.10,11,29 In this technique the spin-lattice
relaxation enhancement permMof Fe (the relaxivity r1)
is recorded as a function of 1H Larmor frequency. The
values of r1 can bedetermined according to Equation 1,
with knowledge of the solvent relaxation time, and the
Fe concentration (in mM).

r1 ¼ R1, obs - R1, solv
[Fe]

ð1Þ

Where R1,obs (= 1/T1,obs) is the measured spin-
lattice relaxation rate at a given frequency, R1,solv is
the rate in the absence of any enhancement, and the
relaxivity, r1, has units of s

-1 mM-1 . The influence of
the magnetic properties of the suspended particles on
the shape of the profile can be interpreted on the basis
of the work of the Muller group.12,30 Hence NMR
profiles have been used to characterize the magnetic

Figure 3. Typical DLS data for assembly of γ-Fe2O3 NPs
observed by DLS; dhyd (red) and corresponding backscat-
tered light intensity (blue) for a sample placed over CN-
modified silica (50.1 mg). The PDI values (black) are shown
to improve slightly over the course of the experiment.
Further cluster assembly was stopped when the dhyd value
reached 65 nm by the addition of Au NPs in suspension.

Scheme 2. Schematic representation of the process: (a,b) activation of iron oxide NPs through action of silica; (c,d) formation
of clusters by addition of NPs to NPs and subsequently to clusters; (e) addition of Au NPs which interact with the NPC surface.
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properties of aqueous12,31,32 and nonaqueous sus-
pensions,10,11 providing quantitative measures of NP
size and Ms.

11 However, unlike magnetometry, relaxo-
metry is particularly sensitive to the interaction of the
solvent molecules with the moments of the NPs at the
surface of the clusters. It is these specific interactions, as
opposed to the bulk magnetic properties, that deter-
mine r1 and hence the utility for MRI applications.

In Figure 4 the NMR profiles for γ-Fe2O3 and
γ-Fe2O3-Au NPCs of similar size are presented. These
suspensions were removed from over silica with aver-
age hydrodynamic sizes of 93 and 88 nm, respectively.
Errors in r1 are always less than 1%and the experiments
are highly reproducible, indicating the stability of the
suspensions and robustness of the technique. The
profile for γ-Fe2O3 NPCs (Figure 4, red filled circles)
exhibits all the features of superparamagnetic 1H
relaxation and is almost identical to that of dispersed
primary NPs.11 In particular the presence of the mid-
frequency r1 minimum demonstrates the presence of
very weak interparticle interactions within the clusters,
due to the presence of residual surfactant (ligand)
molecules. This feature is normally only observed for
physically dispersed superparamagnetic NPs of small
size,30 but not for nanoparticle clusters.32 It arises
because at low frequency the particle moments are
no longer locked to the external field, and the 1H
relaxation is driven by the N�eel process (reorientation
of the magnetic moments in the local magnetocrystal-
line field). In the case of increased magnetocrystalline
anisotropy, arising from larger nanoparticle size, or
from greater inherent anisotropy of the nanoparticles,
or due to interparticle interactions, this contribution to
the relaxation becomes non-dispersive in the mid-
frequency range, and the minimum is not observed.30

The nature of this effect has been confirmed experi-
mentally; a minimumwas observed in the case of small
iron oxide nanoparticles dopedwith a very low fraction
of cobalt, but it was suppressed on increasing the
cobalt content.33 Cobalt is known to increase the
magnetocrystalline anisotropy.

The profile of γ-Fe2O3-Au NPCs (Figure 4, black
filled squares) of approximately the same size has
almost identical shape, with systematically lower re-
laxivity values across the frequency range. In fact,
scaling this curve up by a factor of 1.12 gives perfect
agreement at all frequencieswith the profile ofγ-Fe2O3

NPCs, see Supporting Information. This clearly demon-
strates that the relaxation rate per mM of Fe is slightly
reduced due to diamagnetic shielding by the partial Au
NP coating despite the fact that the Au NP layer is not
complete. This decrease is close to the 7% reduction in
Ms, reported for FeO-Au nanocomposites with the
same architecture.22 Although in that case Au NPs were
bound to predominantly dispersed, that is, individual,
FeONPs. It shouldbe emphasized that, aside fromscaling
the relaxivity, theprofiles arenot changedby theaddition
of Au NPs; the mid-frequency minimum and low fre-
quency plateau are not affected. Hence the effective
magnetocrystalline anisotropy of the iron oxide NPs,
arising from dipolar interparticle interactions within the
clusters, does not change. This is further confirmation
that the addition of Au NPs is a surface effect.

Physical Properties of Size-Controlled γ-Fe2O3-Au NPC Sus-
pensions. After recording the NMR profiles, both sus-
pensionswere dried in a cuvette under a steady stream
of N2. Upon drying, the same volume (1.2 mL) of
heptane was added to resuspend each sample; the
samples were shaken by hand, allowed to stand for 30
min, shaken again, and reanalyzed by DLS and NMR.
For resuspended γ-Fe2O3-Au NPCs 92% (by Fe
determination) of the material was resuspended and
the original NMR profile was recovered (Figure 4, black
squares) demonstrating that the magnetic resonance
properties were unaffected, the dhyd and PDI values
also showed nomeasurable change. The reconstituted
suspension was found to be stable for many days. This
is an interesting result, particularly when one considers
that the clusters did not produce good STEM images,
although in that case drying was onto a carbon-coated
grid, as opposed to a glass surface.

On the other hand for unmodified γ-Fe2O3 NPCs a
significant change in size, from 93 to 103 nm, was
observed on resuspension. Less material, approxi-
mately 75% of the original, was recovered after drying,
while the altered shape of the 1H NMR relaxation
profile (Figure 4, red circles) demonstrates a change
in the organization of the NPs within the resuspended
clusters. In particular, the loss of themid-frequencymini-
mum can only arise from increased magnetocrystalline
anisotropy energy due to stronger interparticle inter-
actions in the clusters.30 Size control is clearly lost

Figure 4. 1H relaxation profiles, recorded at 298 K in hep-
tane, for suspensions of (i) γ-Fe2O3 NPCs, fresh suspension
(red filled circles) dhyd = 93 nm, [Fe] = 1.51 mM, and after
resuspension (red open circles) dhyd = 103 nm, [Fe] = 1.13
mM, equivalent to 75% of the material being resuspended;
(ii) γ-Fe2O3-Au NPCs, fresh suspension (black filled
squares) dhyd = 88 nm, [Fe] = 1.41 mM, and after resuspen-
sion (black open squares) dhyd = 86 nm, [Fe] = 1.30 mM,
equivalent to 92% of the material being resuspended.
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during drying and resuspension of the non-functiona-
lized clusters, and the redistributed iron oxide particles
in the clusters have markedly different magnetic prop-
erties and are far less stable over time. In fact this
suspensionwas far less stable than the original γ-Fe2O3

NPC suspension; the dhyd continued to increase (to
400-800 nm), as did the PDI, and the suspension
precipitated completely over a few days. Multiple
attempts were made to reproduce the behavior ob-
served for γ-Fe2O3-Au NPC suspensions, but invari-
ably the unmodified clusters could not be resuspended
unchanged.

Improved physical stability of FeO-AuNPC suspen-
sions is also apparent from the following: (i) Extended
lifetimes of the nanocomposite suspensions; the NMR
and DLS responses of freshly prepared FeO-Au NPC
suspensions are stable forweeks (as opposed todays for
FeO NPCs). (ii) Improved thermal stability; the FeO-Au
NPC suspensions can beheated to 60 �C for 40- 60min,
and the NMR and DLS responses are fully recovered
upon returning to room temperature. (iii) Stability to
dilution into the sub-millimolar range (Fe concentration).
None of these effects can be achieved for nonfunctio-
nalized NPCs, see Supporting Information.

Thus Au NPs are found to significantly improve the
physical characteristics of the suspensions, without
significantly altering their favorable relaxivity. Hence
Au-NP decoration is an optimal architecture for main-
taining high relaxivity and retaining the favorable
superparamagnetic properties of the suspensions.
Furthermore, the inclusion of Au NPs may provide
new opportunities for the integration of multiple func-
tions onto the magnetic carrier. For instance, the
optical properties of gold, combined with the mag-
netic properties of the core, may facilitate the use of
the FeO-Au clusters for combined optical detection
andmagnetic resonance imaging. The AuNPsmay also
be used for adding further molecular functionalities.

General Applicability of the Methods. First, considering
the formation of the iron oxide NPCs, it should be
noted that our previous observations of NPC assem-
bly were for Fe3O4 NPs formed by aqueous copreci-
pitation methods.10 In the current work we also
present observations of controlled cluster assembly
for γ-Fe2O3 NPs prepared by thermal decomposition
methods,11 which are of smaller size and which are
surface stabilized by both oleic acid and oleylamine.34

This suggests that our approach for assembling clus-
ters through competitive stabilizer desorptionmay be
generally applicable. We also demonstrate that both
types of clusters can be surface-functionalized with
Au NPs.

Second, the possibility of using NPs of alternative
composition, other than gold, to stabilize NPCs was
investigated. Figure 5 shows attenuation of the assem-
bly of NPCs, composed initially of Fe3O4 NPs, by
the addition of oleic acid/oleylamine stabilized cobalt

ferrite nanoparticles,35 which are known to possess
very high magnetocrystalline anisotropy.33

We are currently studying the effect of the extent of
cluster coverage with ferromagnetic, and highly aniso-
tropic, CoFe2O4 NPs (as opposed to diamagnetic Au
NPs) on the magnetic resonance properties of the
nanocomposite suspensions. One might also expect
that in principle other types of metal, metal-oxide,
metal-chalcogenide, or polymer nanoparticles could
be used to attenuate NPC assembly, once theseNPs are
stabilized in nonaqueous media by extended alkyl
chains. Hence the results presented here establish
the possibility of using our approach to produce
hierarchical-magnetic (-plasmonic or -fluorescent) as-
semblies of complex composition.

It should be noted that development of size-
controlled magnetic NPCs for biomedical application
requires colloidal stability in physiological media.
The preparation of NPs using thermal decomposition
methods,23 in particular, remains an attractive choice
due to theexcellent control overNP size andmorphology
that it provides. Biomedical application of suspension of
NPs, or of size-controlled NPCs, will require surface
functionalization and phase transfer into water. Recent
developments in this area13,36 suggest many possible
approaches, which we are currently pursuing, to accom-
plish this task; the improved physical robustness of FeO-
Au NPCs will assist in this process. An alternative is to
develop competitive stabilizer desorption in water.

CONCLUSIONS

We have presented a method for the assembly of
size-selectable iron oxide nanoparticle clusters, in the
size range up to 150 nm, which are surface functiona-
lizedwith nanoparticles of a different composition. The
nanocomposites have improved stability and consist
of quasi-spherical clusters. Uniquely, our approach
allows (i) the size of the primary nanoparticles (ii) the
size of the nanoparticle clusters, and (iii) the composi-
tion of the functionalizing nanoparticles all to be
adjusted independently. These innovations allow us

Figure 5. DLS data for Fe3O4 NPC assembly over CN-mod-
ified silica stopped by addition of a suspension of CoFe2O4

NPs. The time of addition is indicated with an arrow.
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to tune the emergent magnetic resonance properties
of the resulting stable nanocomposite suspensions, a

significant advantage for applications in chemistry,
biology, and medicine.

MATERIALS AND METHODS
Synthesis. All chemicals were purchased from Sigma Aldrich

and used as received. Stable heptane suspensions of primary
maghemite NPs were prepared using methods previously
reported,11 derived from the process described by Sun and
Zeng.23 Iron(III) acetylacetonate (2 mmol), 1,2-hexadecanediol
(10 mmol), oleic acid (4.5 mmol), oleylamine (4.5 mmol), and
diphenyl ether (20 mL) were combined and gradually heated
to 265 �C to reflux for 15 min under a nitrogen atmosphere.
The mixture was removed from the heat source and allowed to
cool to room temperature. The NPs were precipitated by the
addition of ethanol, and isolated bymagnetic means. Following
an additional washing step, the NPs were dispersed in 15 mL of
n-heptanewithout addition of further surfactant. The suspension
was centrifuged to remove any aggregates. The supernatant
was retained for NPC assembly experiments and diluted as
needed to 1.0-2.0 mM with heptane. Stable heptane suspen-
sions of magnetite NPs were prepared by aqueous coprecipita-
tion as described previously.10

Dodecanethiol-coated Au NPs were synthesized in a two-
phase liquid-liquid system as described by Brust et al.24 An
aqueous solution of hydrogen tetrachloroaurate (10 mL,
30 mM) was added to a solution of TOAB in toluene (26.7 mL,
50 mM), and the mixture was vigorously stirred for 15 min.
Dodecanethiol (67 μL) was added to the mixture. An aqueous
solution of sodium borohydride (8.3 mL, 0.4 mM, freshly
prepared) was added dropwise with vigorous stirring. The
mixture was covered and stirred at room temperature for 3 h.
The stirring was discontinued, and the organic phase was
transferred to a separate flask. To precipitate the Au NPs from
the organic phase, ethanol (∼50 mL) was added, and the
mixture was placed in a freezer (-20 �C, > 4 h). The precipitate
was filtered under reduced pressure, washed with ethanol, and
suspended in 40 mL of heptane. The suspension was centri-
fuged to remove any aggregates. The supernatant was retained
for the assembly experiments and diluted as needed with
heptane.

NMR Analysis. The 1H relaxation profiles were measured over
the frequency range 0.01-10MHz using a Spinmaster FFC-2000
Fast Field Cycling NMRRelaxometer (Stelar SRL, Mede, Italy). The
system operated at a measurement frequency of 9.25 MHz for
1H. The sample temperature was controlled to 25( 0.2 �C using
the Stelar VTC system. Full details of the methods are available
elsewhere.11,29 All of the 1Hmagnetization recovery curveswere
monoexponential within error; the random errors in fitting T1
were always less than 1%.

Quantitative Analysis. Samples were prepared for Fe determi-
nation using previously reported methods.11 Total iron content
was determined by either atomic absorption spectroscopy
(AAS) on a Varian SpectrAA Spectrometer, using a Fe-cathode
lamp light source with a wavelength of 248.3 nm, or by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
on a Varian Liberty 220ICP. All standard curves were highly
linear; R2 > 0.995 in all cases. The fitting error in R1 is higher at
0.5-1.0%, so this is the largest source of errors in r1. Error bars
are included for r1 in all figures, but are invariably smaller than
the size of the data points.

Electron Microscopy. All TEM images were obtained using a
JEOL 2000 FX TEMscan (at an accelerating voltage of 80 kV) for
samples deposited on carbon-coated (400 mesh) copper grids.
The preparation of samples for TEM analysis involved deposit-
ing a drop (15 μL) of the diluted relevant dispersion in heptane
onto the grids and allowing the solvent to evaporate, prior to
imaging. STEM images were obtained using a Hitachi S5500
Field Emission SEM (at an accelerating voltage of 20 kV) for
samples deposited on carbon-coated (400 mesh) copper grids
previously prepared for TEM analysis.
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