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Magnetic nanoparticles (NPs) are increasingly important in
many biomedical applications, such as drug delivery, hyper-
thermia, and magnetic resonance imaging (MRI) contrast
enhancement.'! For MRI, iron oxide NPs are the only
commercial 7, or negative contrast agents, due to their
biocompatibility and ease of synthesis? and research in the
area is highly active.”! The efficacy of these contrast agents
depends mainly on the surface chemistry and magnetic
properties of the NPs.!l Materials with larger magnetization
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could induce more efficient transverse (7,) relaxation of
protons and result in greater contrast enhancement. As iron
has the highest saturation magnetization at room temperature
among all elements,” and is biocompatible, it is an ideal
candidate for MRI contrast enhancement. Nevertheless, the
development of using iron NPs for magnetic applications has
been challenging and limited compared to those of its oxides,
due to the difficulty in preparing stable iron NPs with simple
synthesis methods and precursors.” !

Under ambient conditions, iron NPs of 8 nm or smaller
oxidize completely upon exposure to air." For larger NPs, an
oxide shell of 3-4 nm forms instantly on the surface, forming
iron/iron oxide core/shell NPs. Groundbreaking studies for
the synthesis of iron NPs of larger than 8 nm has largely been
achieved by decomposition of iron pentacarbonyl,
[Fe(CO)s].1*8 Additional reports include the use of other
precursors in forming iron nanocubes.”) However, all of these
processes are limited in terms of ease of synthesis and
scalability; [Fe(CO);] is volatile and highly toxic,” and other
processes involve precursors that are expensive and air-
sensitive," or require high decomposition temperatures.””

Here, we chose an easy to handle iron organometallic
sandwich compound as the precursor and prepared single-
crystal iron NPs using a simple, low-temperature synthesis
method. The iron nanocrystals oxidized naturally to form
highly crystalline iron/iron oxide core/shell NPs. The ease of
this synthesis facilitates the larger-scale application of stabi-
lized iron NPs. To enable the use of these NPs in biological
applications, the NP surface was modified to make the NPs
water soluble. The strongly magnetic core/shell NPs are
shown to be more effective 7, contrast agents for in vivo MRI
and small tumor detection, compared to pure iron oxides. The
successful detection of small tumors in vivo demonstrated
here holds a great promise for accurate detection of early
metastases in human lymph nodes, which has a large impact
on the treatment and prognosis of a range of cancers.

The iron/iron oxide core/shell NPs were prepared by first
synthesizing iron nanocrystals by decomposition of the iron
precursor [Fe(CsHs)(C¢H;)], in the presence of oleylamine
(OLA) stabilizing molecules. The non-carbonyl, sandwich
compound was chosen for its simple preparation and ease of
decomposition compared to other more stable sandwich
compounds such as ferrocene.['”! The synthesis was carried out
in a closed reaction vessel!! under a mild hydrogen atmos-
phere, at 130°C. The temperature required was lower than the
usual temperature range (150-300°C) needed for decompo-
sition of other iron precursors in previous studies. Once
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synthesized, the iron nanocrystals were exposed to air to
allow oxidation of the surface, forming iron/iron oxide core/
shell NPs.

From an application point of view, the oxide layer can be
exploited for two purposes: 1) to act as a passivation shell that
prevents further oxidation;” and 2) to be readily functional-
ized for various biomedical applications using protocols
established for iron oxides.” The stabilizing agent OLA
was exchanged with dimercaptosuccinic acid (DMSA) as a
capping agent to achieve a stable dispersion in water. DMSA
was chosen for its excellent safety profile.'” Besides, its strong
binding of the oxygen-containing acid groups to the iron
atoms on the NP surface("*! means the OLA is easily replaced.
Upon ligand exchange, the DMSA-coated NPs were readily
dispersible in water, and the core/shell structures were stable
for at least six months (Supporting Information, Figure S1).

Figure 1a shows a transmission electron microscopy
(TEM) image of the spherical, core/shell NPs obtained. The
NPs were relatively monodisperse, with an average size of
(16 £1.5) nm (calculated from 450 NPs). The contrast of the
NPs in the image shows a darker core and a lighter shell that
reveals a core/shell structure. In high-resolution TEM
(HRTEM) images, uniform lattice fringes were observed
across the entire NP core, with spacings corresponding to o-
Fe(110). For the shell, multiple crystalline domains with
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lattice spacings matching those of iron oxide were observed
(Figure 1b). The X-ray diffraction (XRD) pattern of the
sample (Figure 1c¢) shows diffraction peaks of bulk body-
centered cubic iron or a-Fe, and iron oxide of spinel structure,
that is, magnetite (Fe;O,) or maghemite (y-Fe,O;). The latter
is consistent with the native iron oxide film structure
previously reported." Using the Scherrer equation,! the
average crystallite size of a-Fe was estimated from the peak
width of Fe(110) and Fe(211), to be (8.9 £0.7) nm. This value
is close to the average iron core size of (9.0+1.0) nm
measured on TEM images. The much broader peaks of iron
oxide shows a much smaller average crystallite size, and agree
with TEM observation of a 3.2 nm, polycrystalline shell layer
of the NPs.

The magnetic hysteresis loop of the sample measured at
300 K (Figure 1d) shows that the iron/iron oxide core/shell
NPs exhibit a soft ferromagnetic behavior, with a remnant
magnetization of ca. 19 emug '(Fe), and a coercivity of ca.
370 Oe. The magnetization values were 140 and
150 emug~'(Fe) atlow (2 T) and high (6 T) fields, respectively
(1 T=10 kOe). This magnetization value is in agreement with
other reports of NPs comprising iron core and iron oxide shell
of similar size range."”! The presence of a single-crystal iron
core in the sample induces a far higher magnetization
compared to iron oxide NPs that typically range from 40-
70 emug~!(Fe).”!

To compare the properties of the core/shell
NPs, DMSA-coated iron oxide NPs of similar
size, of average diameter (15+2)nm, were
prepared using standard methods.'”l The effec-
tiveness of the NPs as contrast agents was first
assessed by measuring 7,-weighted MR images of
the NPs at 9.4 T. The NPs were dispersed in agar
at different concentrations of iron (in pg-
(iron)mL™). As shown in Figure 2a, the core/
shell NPs produced much improved negative
contrast compared to the oxide NPs at a range of
iron concentrations, from 0.5 to 10 ug(Fe)mL™".
In addition, contrast enhancement produced by
the core/shell NPs can be detected down to a

concentration of 0.5 ug(Fe)mL™', at which the
oxide NPs showed no noticeable difference in the
contrast compared the control.

The transverse relaxivity (r,) of the core/shell
NPs was determined for the samples and com-
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pared with that of the oxide NPs. (See Figure S2
for a representative plot of T, vs. [Fe].) The core/
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shell NPs had an r, of 324 mm's™!, more than
twice that of the oxide NPs, of 145 mM~!s™!, as

shown in Figure 2b. Contrast improvement rela-
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similar sizes."s! However, little improvement

Figure 1. a) TEM image of 16 nm iron/iron oxide core/shell nanoparticles.

b) HRTEM image showing a core of single-crystal a-Fe, with {110} planes observed
across the core area, and a shell consisting of multiple domains of iron oxide, with
{220} planes observed on sections of the shell. ¢) XRD pattern of the nanoparticles
obtained using synchrotron radiation (1=0.775 A), with diffraction peaks indexed to
o-Fe and iron oxide of the spinel phase (*). d) Magnetization (M) of the core/shell
nanoparticles at 300 K, with inset showing the low-field region.
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was observed for the r, value indicating the
importance of the single-crystal a-Fe core in our
samples. This increase in r, indicates a signifi-
cantly improved sensitivity of the MR signal for
iron that will enable applications of much lower
doses and produce far greater detection.
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Figure 2. a) T,-weighted MR images at 9.4 T comparing the T, contrast
(darkening effect) from the iron/iron oxide core/shell nanoparticles
and iron oxide nanoparticles in agar with Fe concentration of 0
(control), 0.5, 1.0, 2.0, 5.0, and 10.0 pg(Fe) mL™". b) Relaxivity (r,) of
the core/shell and oxide nanoparticles determined from the same
samples.

To assess the clinical applicability of the NPs in vivo, the
iron/iron oxide core/shell and iron oxide NPs were adminis-
tered to mice and MRI experiments were performed at 1.5 T.
Contrast effects of the NPs were examined at the liver, spleen,
and lymph nodes. Tissues in these organs are rich in
phagocytic cells and have a strong tendency to uptake
circulating iron and iron oxide NPs.'”]

As shown in Figure 3a—c, the core/shell NPs produced
noticeably darker contrast than the oxide NPs for all three
organs (regions indicated by arrows). The contrast effects
were statistically analyzed by comparing the % reduction in
the T, signal produced by the NPs relative to that observed for
the control mice (Figure 3d). When the core/shell NPs were
used as the contrast agents, typically twice the contrast
improvement was observed over the use of oxide NPs. With
core/shell NPs, 45, 58 and 29 % reduction in the 7,-weighted
signal were seen in the liver, spleen and lymph nodes,
respectively. The corresponding signal reduction with the use
of oxide NPs were 21, 29 and 17 %, respectively. The fact that
contrast is improved for the mouse lymph nodes that have an
average size of 1.5 mm, is particularly significant and indicates
that the core/shell NPs could improve the detection of small
tumors.

To investigate small tumor detection in vivo, mice bearing
breast cancer cells were administered with the core/shell and
oxide NPs and 7,-weighted MR images were obtained. In the
MR images of the mouse that received the core/shell NPs,
tumor of 1-3mm could be unambiguously detected (Fig-
ure S3). In comparison, the contrast enhancement achieved
by the oxide NPs was relatively insignificant and the tumor
could not be visibly distinguished. It has been shown that the
sensitivity for detecting cancerous nodes in vivo decreases to
below 50% when the tumor is smaller than 5 mm.?" The
improved tumor detection demonstrated here by the core/
shell NPs holds the potential to a more effective detection of
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Figure 3. T,-weighted MR images of a control mouse and mice 24 h
after injection of iron oxide and iron/iron oxide core/shell nanoparti-
cles; arrows indicate the regions of interest, where T, contrast was
analyzed: a) coronal images with arrows indicating the liver; b) axial
images at the level of spleen; c) coronal images enlarged at the left
inguinal region. d) Bar graph comparing the % reduction of T, relative
to that of control caused by the presence of oxide and core/shell

nanoparticles in the liver (a), spleen (b), and lymph nodes (c).

early lymph node metastases, which has a large impact on the
treatment of a range of cancers.

In this study, the doses of contrast agents used are much
lower than the maximum safe limit reported for mice,”! and
we found no evidence of overt toxicity or failure to thrive in
any mice for up to three months after nanoparticle admin-
istration.
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In summary, single-crystal iron NPs were synthesized
through a straightforward solution-phase route, which
involved low temperatures and without the use of highly
toxic chemicals. Natural oxidation of the iron nanocrystals
subsequently yielded highly crystalline iron/iron oxide core/
shell NPs. These NPs are demonstrated to exhibit highly
effective MR contrast enhancement in multiple organs, and to
enable unambiguous detection of small tumors of 1-3 mm in
vivo at 1.5 T. The improvements in MR contrast will contrib-
ute to further development and advancement of various
diagnostic and therapeutic medical applications.

Experimental Section
The iron precursor [Fe(CsHs)(C¢H;)] was prepared according to a
previously described method.?? For the synthesis of iron nanocrystals,
the iron precursor (0.4 g), OLA (2 mL, Aldrich, 98 %), and mesity-
lene (8 mL, Aldrich, 98%) were added to a closed reaction vessel,
which was then flushed three times with hydrogen gas (H,) before
being filled with 100 kPa H,, and sealed. The bottle was placed into an
oven heated at 130°C and remained for 2 days. The reaction was
allowed to cool to room temperature naturally before the reaction
vessel was opened to air. Ligand exchange to replace OLA with
DMSA was carried out based on known methods.”” Each synthesis
typically produced 60 mg Fe, which gave approximately 50 % yield.
The TEM images were taken on a JEOL 2010, operated at an
acceleration voltage of 200 keV. Powder XRD measurements were
conducted at the Stanford Synchrotron Radiation Lightsource at
beam line 7-2, using radiation of 1 =0.775 A. Magnetization meas-
urements were performed on a Quantum Design SQUID magneto-
meter, of model MPMS-XL. MRI of NPs was performed at 9.4 T,
using a Bruker Instruments AVANCE400 NMR spectrometer,
equipped with a Bruker Micro 2.5 imaging module. In vivo MRI of
mice was performed using a clinical 1.5-T MR scanner (Philips
Medical Systems), equipped with a wrist solenoid coil.
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