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The ability to synthetically tune the materials properties in terms
of size, shape, and composition of inorganic nanocrystals makes
them exhibit enhanced optical, magnetic, and electronic properties
when compared to their bulk counterparts.1 Such novel properties
provide the potential for huge improvements in biomedical sciences
including detection, diagnosis, and therapeutic systems.2 Among
theses nanocrystals, superparamagnetic nanocrystals are now emerg-
ing in biomedical applications with new possibilities.3-5 In par-
ticular, magnetic nanocrystals have a capability as an excellent mag-
netic resonance (MR) signal enhancer that can resolve the weakness
of current magnetic resonance imaging (MRI) techniques. Previ-
ously reported iron oxide-based magnetic materials (e.g., super-
paramagnetic iron oxide (SPIO) and its related systems) have been
widely used in hospitals as MR contrast agents, and important stud-
ies including gene expression, cancer, angiogenesis imaging, and
cellular trafficking have been well performed.3 However, since most
of such iron oxides are prepared through conventional water-phase
synthetic protocols, there tends to be difficulty to achieve highly
well-defined nanocrystalline size, stoichiometry, and magnetism,
which in turn results in rather poor MR signal-enhancing effect.6

Currently, the underdevelopment of synthetic methods for the high-
quality biocompatible magnetic nanocrystals and, at the same time,
the limited understanding of the nanoscale effects of magnetic
nanocrystals for MRI applications make further progress difficult.

In this report, we present the development of a synthetically
controlled magnetic nanocrystal model system that correlates the
nanoscale tunabilities in terms of size, magnetism, and induced
nuclear spin relaxation processes. Our magnetic model system
further leads to the development of high-performance magnetic
nanocrystal probe systems for diagnosis of breast cancer cell lines.

Magnetic Fe3O4 nanocrystals were synthesized through thermal
decomposition of Fe(acac)3 (acac) acetylacetonate) in a hot organic
solvent by following previously developed methods.7,8 The resulting
nanocrystals are highly crystalline and stoichiometric Fe3O4 mag-
netite according to our spectroscopic analyses8 including X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS), and X-ray
magnetic circular dichroism (XMCD), and the size of these
nanocrystals is controlled from 4 to 6, 9, and 12 nm with high
monodispersity (σ ) ∼5%) (Figure 1a).

As synthesized, these high-quality magnetic nanocrystals are
typically coated with hydrophobic capping ligands and are insoluble
in water. Therefore, it was necessary to develop a multifunctional
ligand system that allows one to transfer the nanocrystals from the
organic to the aqueous phase and also provides high biostability
and a conjugation moiety for a targeting ligand. For this purpose,

a simple but highly effective 2,3-dimercaptosuccinic acid (DMSA)
ligand was exchanged onto the nanocrystal surface (Scheme 1).
The DMSA first forms a stable coating through its carboxylic
chelate bonding and further stabilization of the ligand shells is
attained through intermolecular disulfide cross-linkages between
the ligands under ambient conditions.9 The remaining free thiol
groups of DMSA ligand are used for the attachment of target-
specific antibodies (vide infra).

Obtained Fe3O4 nanocrystals with the DMSA ligand are fairly
stable in water (Scheme 1, inset) and phosphate-buffered saline
(PBS) without any aggregation. This is further confirmed by size-
dependent band migration results in the gel electrophoresis where
larger nanocrystals show a higher retention time.

Before utilizing our water-soluble iron oxide (abbreviated as
WSIO) nanocrystals for diagnostic applications, we examined their
nanoscale size effects on the magnetism and induced MR signals.
The spin-spin relaxation time (T2) weighted spin-echo MRI of
WSIO nanocrystals (iron concentration 1µM) at 1.5 T shows
significant MR image changes from white to black via gray in the
size regime from 4 to 12 nm (Figure 1b).8 This effect is clearly
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Figure 1. Nanoscale size effect of WSIO nanocrystals on magnetism and
induced MR signals. (a) TEM images of Fe3O4 nanocrystals of 4 to 6, 9,
and 12 nm. (b) Size-dependentT2-weighted MR images of WSIO
nanocrystals in aqueous solution at 1.5 T. (c) Size-dependent changes from
red to blue in color-coded MR images based onT2 values. (d) Graph ofT2
value versus WSIO nanocrystal size. (e) Magnetization of WSIO nanoc-
rystals measured by a SQUID magnetometer.
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seen in color coded images based onT2 values (Figure 1c). The
general trend of size dependent MR signal is that as WSIO size
increases, theT2-weighted MR signal intensity continuously de-
creases (Figure 1d) which in turn appears as darker MR images.
Since the spin-spin relaxation process of protons in the water
molecules surrounding the nanocrystals is facilitated by the mag-
nitude of magnetic spins in nanocrystals, it is reasonable to observe
darker MR images (i.e. lowT2 values) for bigger WSIO nanocrys-
tals with larger mass magnetization values as measured by a super-
conducting quantum interference device (SQUID) magnetometer
(Figure 1e).10 Our mass magnetization value (øH) at 1.5 T changes
from 25 to 43, 80, and 102 emu/(g Fe) as the size of WSIO nano-
crystals increases from 4 to 6, 9, and 12 nm, respectively, and such
a trend is clearly observed from our MR signals. Our nanocrystals
exhibit promising magnetic properties for MRI enhancement while
their sizes are extremely small compared to conventional iron oxide-
based MR signal enhancers.

Since our WSIO magnetic nanocrystals were well dispersed
without any aggregation in an aqueous media and retained their
strong MR signals, we investigated their utility for cancer diagnosis.
As a model study, the 9 nm sized WSIO was chosen, and its DMSA
ligand shell was conjugated with the cancer-targeting antibody,
Herceptin (Scheme 1). Herceptin was selected due to its specific
binding properties against a HER2/neu receptor overexpressed from
breast cancer cells.11 Conjugation of the WSIO nanocrystals with
Herceptin was performed through a known method.8,12To evaluate
the cancer cell diagnosis activity of WSIO-Herceptin probe
conjugates, we examined the binding specificity by treating them

to a breast cancer cell line, SK-BR-3, which possesses overex-
pressed HER2/neu cancer markers. In theT2-weighted MR images,
treatment of WSIO-Herceptin probe conjugates to the cell lines
results in the significant darkening of the MR images (Figure 2b)
compared to nontreated cell lines, which indicates selective binding
of the probe conjugates to the target cancer cells. In contrast, no
noticeable difference is observed between the nontreated (Figure
2a) and WSIO-irrelevant antibody control conjugate-treated cells
(Figure 2c), which further confirms the minimal nonspecific
adhesion of the conjugates with excellent selectivity.

In summary, we have established a biocompatible magnetic
nanocrystal model system which correlates nanoscale size-dependent
magnetism and MR properties. Subsequently, these nanocrystals
are demonstrated as excellent MRI contrast agents for the breast
cancer diagnosis. This study should be used as a general protocol
for various types of cancer diagnosis and can be further extended
for in vivo live animal systems.
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Scheme 1. Schematic of 2,3-Dimercaptosuccinic Acid
(DMSA)-Coated Water-Soluble Fe3O4 Iron Oxide (WSIO)
Nanocrystals with Multifunctionalities; (Inset) Solubility Test of
As-Synthesized (left) and WSIO (right) Nanocrystals in Water and
Toluene

Figure 2. WSIO-Herceptin probe conjugate assisted diagnosis of breast
cancer cells.
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