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Nanoshell Magnetic Resonance Imaging Contrast Agents

Nano-contrast agents have great potential in applications of magnetic resonance (MR) molecular imaging
for clinical diagnosis. Au3Cu1 (gold and copper) nanoshells were synthesized and showed a promising MR
contrast effect. For in vitro MR images, the large proton r1 relaxivities brightened T1-weighted images. As for
the proton dephasing effect in T2, Au3Cu1 lightened MR images at the low concentration of 0.125 mg mL-1

(3.84 x 10-7 mM), and then the signal continuously decreased as the concentration increased. For in vivo MR
imaging, Au3Cu1 nano-contrast agents enhanced the contrast of blood vessels and suggested their
potential use in MR angiography as blood-pool agents. We hypothesize that the cooperativity originating
from the form of the nanoparticles and that the large surface area coordinated to water from their porous
hollow morphology are important for efficient relaxivity.

Nanoparticle systems are promising new paradigms in
pharmacotherapy and provide many applications in the areas of
gene therapy, drug delivery, imaging, and novel drug discovery
techniques. The aim of nanodiagnostics is to identify disease at
its earliest stage, particularly at the molecular level. Nanopar-
ticle-based molecular imaging has set a unique platform for
cellular tracking, targeted diagnostic studies, and image-moni-
tored therapy. As we known, the effective MR contrast agents
must have a strong effect to accelerate spin-lattice relaxation
(T1), which produces bright or positive contrast images, or short-
en spin-spin relaxation (T2), which creates a dark or negative
contrast effect. In the present study, we present a new class of
bimetallic MR contrast agent: Au3Cu1 hollow nanospheres.  We
proposed that (1) the cooperativity originating from the form of
the nanoparticles and (2) the large surface area coordinated to
water from their porous hollow morphology are important for
efficient relaxivities for Au3Cu1 hollow nanospheres. In a cytotox-
icity and animal survival assay, Au3Cu1 nano-contrast agents
showed a dose-dependent toxic effect: the viability rate of
experimental mice reached 83% at a dose of 20 mg Kg-1 and as
much as 100% at 2 mg Kg-1.

The characterization of Au3Cu1 nanoshells, the porous
nanoshells were composed of Au3Cu1 structures, determined by
selected-area electron diffraction (SAED) and XRD measure-
ments, with low crystallinity. The ξ-potential measurements
indicated that these Au3Cu1 hollow nanoparticles had a negative
surface charge of -18 mV, which could be further engineered to
assemble with multilayer polyelectrolytes on their surfaces as
nanocapsules.  The X-ray absorption near-edge spectroscopy
(XANES) measurements were conducted by taking advantage of
the broadband nature of synchrotron radiation and tuning the
excitation energy through an absorption threshold of interest.
The spectra provided information about the oxidation state and
local symmetry of the absorbing atomic center, and the edge
positions (E0) are sensitive to the oxidation state of the metals.
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For Au3Cu1 nanoshells, the edge energy of Au3Cu1,
relative to Au foil, shifted slightly to lower energy (-0.23
eV) at the Au LIII-edge and increased significantly (+6.88
eV) at the Cu K-edge (Shown in Figure 1). The small E0

change at the Au LIII-edge might correlate to the inner
chemical property of Au, while the large E0 change at the
Cu edge reflected its high oxidation state; here Cu in
Au3Cu1 can be assigned up to +3. As the results, Cu3+ has
an electronic configuration of d8 with two unpaired elec-
trons. Compared with Gd3+ (seven unpaired electrons),
Fe3+ (five unpaired electrons), and Mn2+ (five unpaired
electrons), paramagnetic Cu3+ ions do not have large
magnetic moment. It is known that the relaxivity of an ion
is related to the square of its electronic moment, and,
therefore, to the square of its electronic spin. Cooperativi-
ty can be established by building up the individual spins
to form the significant magnetic moment.

Based on the Solomon-Bloembergen-Morgan equa-
tions developed for solvent nuclear relaxation in the
presence of paramagnetic species, the inner-sphere pro-
ton relaxivity increases with an increase in the number of

water molecules coordinated to the paramagnetic metal
ion. On the other hand, the porous Au3Cu1 nanoshells
with hollow interiors provide a greater number of inner-
sphere water molecules subject to high accessibility and
interaction between the water molecules and the Au3Cu1,
because of their higher surface area relative to their solid
counterparticles. The high degree of cooperativity result-
ing in significant magnetic moment, as well as the heavier
weight of Au3Cu1 nanoshells compared to paramagnetic
complexes, also possibly contributed enhanced bulk
water relaxation, which gave rise to our first example of a
bimetallic relaxation agent.

For biomaterials applications, porous Au3Cu1 nano-
shells can be used as nanocapsules to carry biomolecules
for cell targeting and controlled drug-release. The poten-
tial for being both an MR imaging agent and a capsule-
type targeting moiety will also permit porous Au3Cu1

nanoshell systems to serve as multifunctional biological
imaging probes. To approach these properties, we used
the biocompatible polyelectrolyte materials, polyethylen-
imine (PEI) and polyacrylic acid (PAA), to form the poly-
electrolyte multilayer nanocapsules on the particle sur-
face by layer-by-layer (LbL) method.  WST-1 assay was
employed to evaluate the biocompatibility and cytotoxi-
city of Au3Cu1 nanocapsules on the vero cell line (monkey
kidney cell line). In our studies, the assay showed that the
level of cell damage was dose-dependent.  Both the
nanocapsules and the nanoshells were biocompatible in
vitro at all dosages between 0.1 ng mL-1 and 10 μg mL-1,
and the toxicity increased and cell survival decreased as
the dosage increased. At higher dosage, Au3Cu1 nanocap-
sules were more biocompatible than nanoshells: 61% for
nanocapsules versus 43% for nanoshells after 6 h of incu-
bation and 61% for nanocapsules versus 50% for nano-
shells after 24 h of incubation at 200 μg mL-1.

For understanding the MR properties of Au3Cu1 nano-
materials, we then evaluated in vitro spin-lattice relaxation
time (T1) weighted images and spin-spin relaxation time
(T2) weighted images in 0.5 % agarose gel for Au3Cu1

nanocapsules (Au3Cu1 coated with PEI/PAA/PEI) and
Au3Cu1 nanoshells (not coated with polymers) with
different concentrations: 0 (0.5 % agarose gel only), 0.125,
0.25, 1.25, 2.50, and 5.00 mg mL-1 (shown in Figure 2). The
T1-weighted MR signal intensity continuously increased
by ~89 % with increasing Au3Cu1 nanocapsule concentra-
tions from 0 to 5.00 mg mL-1, while using Au3Cu1 nano-
shells resulted in only ~26 % increases in T1 image
intensity. The concentration-dependent proton longitudi-
nal relaxivities, r1, of Au3Cu1 nanocapsules and Au3Cu1
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Fig. 1:  X-ray absorption near edge spectroscopy (XANES) spec-
tra of Au3Cu1 nanoshells. All XANES were used to measure the (a)
Au LIII-edge of Au3Cu1 nanoshells (red) and Au foil (black, E0 =
11919 eV) and the (b) Cu K-edge of Au3Cu1 nanoshells (red) and
Cu foil (black, E0 = 8979 eV). The inset shows a transmission elec-
tron microscopy (TEM) image of Au3Cu1 hollow nanostructures.



nanoshells were determined at 125.3 MHz (3T MR sys-
tem). The relaxivities were estimated in terms of molar
relaxivity (mM-1 s-1) based on the number of nanoparticles
per mM. or example, 0.25 mg mL-1 corresponds to 7.67 x
10-7 mM by calculating the number of Au3Cu1 units in a
nanoshell particle in consideration of nanoshell dimen-
sion. The proton relaxivities turn out to be as significantly
large as 3.0 x 104 and 2.3 x 104 mM-1 s-1, possibly because
of a high degree of cooperativity, for Au3Cu1 nanocap-
sules and Au3Cu1 nanoshells, respectively, but Au3Cu1

nanocapsules have slightly larger r1 relaxivity values than
do Au3Cu1 nanoshells. Interestingly, in the T2-weighted
imaging sequences for both the nanocapsules and the
nanoshells, the intensity of the MR images was increased
at the low concentration of 0.125 mg mL-1 (3.84 x 10-7

mM), and then the signal continuously decreased with
increasing concentration, particularly in the nanoshells,
which showed a marked darkening of MR images.  The
MR signal intensities increased by ~8% and ~11% at 0.125
mg mL-1 and then dropped by ~6% and ~76% at the high
concentration of 5.0 mg mL-1 (1.53 x 10-5 mM) for nano-
capsules and nanoshells, respectively.  The image inten-
sities all refer to H2O (0.5% agarose gel without adding
nano-materials).  The T2-weighted images show that
intensity increased at low concentration, and that the T2-
lowering effect and signal decreases dominated at high
concentration.  The transverse r2 relaxivities derived were
2.39 x 105 for nanocapsules and 1.82 x 106 mM-1 s-1 for
nanoshells. The strong proton dephasing effect, T2, was
surprising in the nanoshells.

Based on the cell viability assay and in vitro MR assay,
we further examined the potential of Au3Cu1 nanocap-
sules (coated with PEI/PAA/PEI) as contrast agents in a
series of animal MR imaging studies. We injected into the
tail vein of each BALB/c mouse with 28 g of body weight

(the average weight of the experimental mice) using
Au3Cu1 nanocapsules (100 μL, 5.0 mg mL-1) correspond-
ing to 20 mg Kg-1.

We monitored their progressive T1- and T2-weighted
imaging events at the 3T magnetic field, and all the
images were referred to fish oil for the imaging process.
Pre- and post-contrast images showed that Au3Cu1

nanocapsules increased signal intensity in the cardiac
area. In T1-weighted images, immediately after the
injection (post 0 h), the region of the cardiac chamber
was lightened up in axial and coronal views (Figure 3a).
After 2 h of circulation, the heart area appears brighter.
Color mapping of the identical MR images also provide
evidence of MR signal changes: the light blue color in the
cardiac region expanded 2 h after the injection. We also
took anatomic T2-weighted images of mice (Figure 3b).
Interestingly, the T2-weighted imaging shows that the
Au3Cu1 nanocapsules brightly lit the cardiac region and
the blood vessels of the liver, and that the signal level
increased for 2 h after the injection. Au3Cu1 nanocapsules
enhanced the heart chamber images immediately, and
increasingly enhanced the images of the cardiac region
for 2 h. In the liver region, the images of the vessels were
significantly enhanced and the vessel branches appeared
clearly 2 h post-injection. The coronal views also showed
that Au3Cu1 nanocapsules provided positive contrast
images. Once again, the color maps of T2-weighted
images display the imaging difference: the signal
intensity and vessel visualization increased for 2 h in the
thorax region (white arrow) and liver area (red arrow).
Notably, the blood volume of a 28-g mouse is approxi-
mately 2.0 mL.  Hence, each mouse's blood diluted a dose
of 20 mg Kg-1 to 0.25 mg mL-1.  As the mice were injected
with the Au3Cu1 nanocapsules, the nanocapsules would
be perfused into the organs with the curculation, and the
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Fig. 2:  MR in vitro assays of Au3Cu1 nanocapsules
and nanoshells. (a) Multi-slice multi-echo T1-
weighted images of Au3Cu1 nanocapsules and
nanoshells in water containing 0.5% agarose gel.
(b) Fast spin echo T2-weighted images of Au3Cu1

nanocapsules and nanoshells in water containing
0.5% agarose gel at 3T MR system.



concentration of the targeting area would be lower than
0.25 mg mL-1.  The in vivo experiments indicated that
Au3Cu1 nanocapsules not only have potential as positive
contrast agents, but also are quite effective for use in MR
angiography as blood-pool agents.

Since the full application of these nanoshell materials
requires more careful attention to their toxicological
impact, we further evaluated their in vivo dose-depen-
dent acute toxic effects. Male BALB/c mice (weight range:
28-30 g) were divided into three groups of 6 mice that
were different doses: 2, 20, and 40 mg Kg-1 of Au3Cu1

nanocapsules, respectively. Thirty days post-injection, the
viability rates for the groups were 100 % for the 2 mg Kg-1

group, 83 % for the 20 mg Kg-1 group, and 67 % for the 40
mg Kg-1 group. Additionally, we also collected urine from
mice 3 h post-injection and, using ICP (inductively
coupled plasma) analysis, determined levels of both Cu
and Au. Au3Cu1 nanocapsules could be excreted and not

retained in the body. Efficient excretion is an important
safety consideration, especially if repeat use is contem-
plated. In fact, the MR imaging signal vanished 4 h post-
injection.

Because of the anomalously high oxidation state of
copper, Au3Cu1 hollow nanostructures are believed to be
the first bimetallic MR contrast agents. Au3Cu1 nanocap-
sules enhanced signal contrast not only in T1-weighted
imaging, but also in T2-weighted imaging at lower doses.
The increased brightness of T2-weighted MR images has
resulted in the potential development of this agent for
MR angiography. Furthermore, the amine groups on the
outermost PEI polymer shell of the nanocapsules, which
further provide surface modification for the attachment
of biological signals, suggest great potential for use in
multifunctional composite capsules as functional carriers
and imaging agents. Overall, these results might lead to
the creation of other non-Gd- and non-iron oxide-based
bimetallic contrast agents.
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Fig. 3:  In vivo progressive MRI events and color maps. (a) T1-
weighted and (b) T2-weighted images of male BALB/c mice at the
indicated temporal points. The arrows in (b) indicate the increase
in signal intensity and show visualized vessels for the thorax and
liver regions in T2-weighted images (coronal view).


