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Nanometer-sized colloidal particles (nanoparticles) have
been extensively used in biomedical applications as a result
of their many useful electronic, optical, and magnetic proper-
ties that are derived from their nanometer size and compo-
sition.! Semiconductor nanoparticles (also known as quan-
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tum dots) have been applied as fluorescent probes for cell
labeling in optical imaging,” and gold nanoparticles derivat-
ized with oligonucleotides have been used for sensing
complementary DNA strands.®! Magnetic nanoparticles
have been applied to contrast-enhancement agents for
magnetic resonance imaging (MRI), magnetic carriers for
drug-delivery systems, biosensors, and bioseparation.”!

MRI is one of the most powerful imaging techniques for
living organisms as it provides images with excellent anatom-
ical details based on soft-tissue contrast and functional
information in a non-invasive and real-time monitoring
manner.”) MRI has further advanced by the development of
contrast agents that enable more specific and clearer images
and enlargements of detectable organs and systems, leading to
a wide scope of applications of MRI not only for diagnostic
radiology but also for therapeutic medicine. Current MRI
contrast agents are in the form of either paramagnetic
complexes or magnetic nanoparticles.!”! Paramagnetic com-
plexes, which are usually gadolinium (Gd**) or manganese
(Mn*") chelates, accelerate longitudinal (7)) relaxation of
water protons and exert bright contrast in regions where the
complexes localize.”! For instance, gadolinium diethylene-
triaminepentaacetate (Gd-DTPA) has been the most widely
used of such complexes and its main clinical applications are
focused on detecting the breakage of the blood-brain barrier
(BBB) and changes in vascularity, flow dynamics, and
perfusion.®! Manganese-enhanced MRI (MEMRI), which
uses manganese ion (an*) as a T, contrast agent, is
applicable to animals only owing to the toxicity of Mn*"
when it accumulates excessively in tissues and despite the
increasing appreciation of this technique in neuroscience
research.’’

The recent development of molecular and cellular imag-
ing to help visualize disease-specific biomarkers at the
molecular and cellular levels has led to an increased interest
in magnetic nanoparticles as MRI contrast agents. In partic-
ular, superparamagnetic iron oxide (SPIO) has emerged as
the prevailing agent so far.*'”l However, the negative contrast
effect and magnetic susceptibility artifacts of iron oxide
nanoparticles are significant drawbacks of using SPIO in
MRI. The resulting dark signal can mislead the clinical
diagnosis in 7,-weighted MRI because the signal is often
confused with the signals from bleeding, calcification, or
metal deposits, and the susceptibility artifacts distort the
background image."!

For the extensive applications of MRI to diagnostic
radiology and therapeutic medicine and to overcome the
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above-mentioned drawbacks of Gd**- and Mn?*-based T
contrast agents and SPIO-based T, contrast agents, there
has been great demand for a new class of contrast agent that
satisfies the following characteristics: 1) positive (7;) contrast
ability, 2) intracellular uptake and accumulation for imaging
cellular distribution and functions, 3) nanoparticulate form
for easy surface modification and efficient labeling with
targeting agents for applications in molecular and cellular
imaging, and 4) favorable pharmacokinetics and dynamics for
easy delivery, efficient distribution to biomarkers, and safe
clearance from patients with minimal side effects. Here, we
report the development of a long-awaited 7; MRI contrast
agent that satisfies all of these desirable characteristics using
MnO nanoparticles.

Water-dispersible and biocompatible MnO nanoparticles
were prepared according to a reported method with some
modifications."*?! First, uniformly sized MnO nanoparticles
(see Supporting Information) dispersed in nonpolar organic
solvent were synthesized by the thermal decomposition of
Mn-oleate complex.'®! The particle size was controlled by
varying either the solvent or reaction time. The resulting
MnO nanoparticles dispersed in chloroform were then
encapsulated in a polyethyleneglycol(PEG)-phospholipid
shell to make them biocompatible.'?! Figure 1a shows the
transmission electron microscopy (TEM) images of uniform
and water-dispersed MnO nanoparticles of various sizes. They
were highly crystalline and stable in water; they showed no
degradation or aggregation in water over several months.
They are antiferromagnetic (see Supporting Information),
which means that they do not exert the susceptibility artifacts
in MRI as observed with the SPIO-based T, agent.

To examine the possibility of using MnO nanoparticles as
a MRI contrast agent, we measured relaxation times ata3.0T
human clinical scanner of the size-tuned nanoparticles
prepared in test tubes. As shown in Figure 1b, MnO nano-
particles with particle sizes of 7, 15, 20, and 25 nm at the same
concentration of 5 mM (based on Mn concentration measured
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES)) clearly showed bright signal enhancement in the
T,-weighted MRI, thus manifesting their potential applica-
tions as a 7, contrast agent. The smaller the size of the
nanoparticles, the brighter the signal is in the 7;-weighted MR
image, which indicates that the T, shortening effect increases
as the size of the nanoparticles decreases (Table 1). The MnO
nanoparticles clearly decreased both the longitudinal relax-
ation time (7;) and the transverse relaxation time (75).

To further investigate the contrast effect, we measured the
specific relaxivities (r; or r,) of the MnO nanoparticles. The

Table 1: Relaxation properties of the MnO nanoparticles.
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Figure 1. a) TEM images of water-dispersible MnO nanoparticles with
particle sizes of 7, 15, 20, and 25 nm. b) T;-weighted MR image of
MnO nanoparticles from a 3.0T clinical MRI system.

specific relaxivity (change in the relaxation rate per unit
concentration of an agent, meaning “effectiveness” as a MRI
contrast agent) is generally determined by measuring the
relaxation rate as a function of concentration of the metal
ions. We calculated the specific relaxivity (r;) of the MnO
nanoparticles with the different particle sizes (Table 1 and
Supporting Information). Contrary to expectations, the r,
value was found to be higher for the smaller MnO nano-
particles. Consequently, we defined another form of relaxivity
(r1(v)) based on the number of nanoparticles, given that the
number of nanoparticles decreases as the size of the nano-
particles increases at the same metal content. The r,y, value is
higher for the larger MnO nanoparticles. Although the exact
knowledge of the contrast-enhancement mechanism of MnO
nanoparticles requires further investigation, we could spec-
ulate that the paramagnetic Mn*" ions on the surface of the
nanoparticles seem to be responsible for the shortening of the
T, relaxation times. This hypothesis is further supported by
the fact that another calculated relaxivity (rys,) based on the
total surface area of the nanoparticles is independent of the
size of the nanoparticles. Furthermore, the r; value of the
MnO/SiO, core-shell nanoparticles (see TEM image in the
Supporting Information) was far lower than that of MnO

Nanoparticle Longitudinal relaxation

Transversal relaxation

size T,¢ n Ny ) T,e r o )

[nm] [ms] [mm s [um'sT] [ms™] [ms] [mm s [um s [ms™]
7 481 0.37 3 33 85 1.74 14 154

15 624 0.18 15 34 95 0.57 46 121

20 707 0.13 25 33 120 0.52 99 102

25 752 0.12 46 39 132 0.44 165 139

[a] The longitudinal (T;) and transverse (T,) relaxation times were measured at 5 mm Mn (as measured by ICP-AES).
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nanoparticles, whereas the r, values of these two kinds of
nanoparticles were nearly the same (see Supporting Informa-
tion).

For in vivo MRI imaging, the 25 nm water-dispersible
MnO nanoparticles (35 mg Mn (measured by ICP-AES) per
kg of mouse body weight) were bolus-injected (rapid single
shot) into a mouse through its tail vein. The body weights and
possible changes in behavior of the animals were monitored
for 3 weeks after the injection, and no signs of weight loss or
abnormal behaviors were observed (see Supporting Informa-
tion). The cytotoxicity of MnO nanoparticles was evaluated in
eight human cell lines originating from various tissues. No
appreciable toxicity was observed with a MnO concentration
of less than 0.82mm (based on the Mn concentration
measured by ICP-AES) in human normal and cancer cell
lines such as lung fibroblast, embryonic kidney, and glioblas-
toma cells or at a MnO concentration of 82 pum in hepatoma,
large-cell lung cancer, breast adenocarcinoma, prostate
adenocarcinoma, and leukemia cells (see Supporting Infor-
mation).

Figure 2 shows the manganese oxide nanoparticle con-
trast-enhanced Tj-weighted MRI (designated as MONE-
MRI) of a mouse using the nanoparticles with a core size of

a) Pre-contrast

Coronal

Figure 2. a,b) Typical coronal (top), axial (middle), and sagittal
(bottom) views of a T;-weighted 3D spin-echo MONEMRI before (a)
and after (b) the administration of the MnO nanoparticles: the images
in (b) show bright contrast enhancement in the brain structures owing
to the accumulated MnO nanoparticles. c) The hippocampus structure
is revealed showing the least-bright CA1, medium-bright CA2 and CA3,
and the brightest dentate gyrus (DG). d) Axial view of the mouse
olfactory bulb, showing the layers in the olfactory bulb. e) The ammon
head of dentate gyrus is clearly shown, and the cortical layers are
visible. f) The cerebellum structure is clearly visible, and the gray
matters are enhanced. g,h) TEM images of the tissues taken from the
cortex (g) and the hippocampus (h) show the presence of the MnO
nanoparticles in the brain tissue.
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25 nm. In the T)-weighted MONEMRI of the brain (Fig-
ure 2b and Supporting Information), the three orientations of
the mouse brain show contrast-enhanced regions following
accumulation of MnO nanoparticles in the tissues which were
clearly observed in the TEM image of the cortex obtained
72 h after the injection (Figure 2 f, g and Supporting Informa-
tion). In comparison with non-contrast-enhanced images
(Figure 2a), anatomic structures were clearly revealed in
the brain. Interestingly, no appreciable contrast enhancement
in 7T,-weighted MRI was observed at the concentration of
agent used in this study, despite the 7, shortening effect in the
in vitro measurement. The hippocampus structure, cortical
layers, olfactory bulb layers, and cerebella gray matters
(zoomed images in Figure 2c-f) are distinctively depicted in
the MONEMRI. Such excellent brain MRI images that depict
clear anatomic structures were previously only obtained using
MEMRI, although a large dose of MnCl, was needed and
injected slowly because of its low sensitivity and high
toxicity.”) This clear anatomic imaging of various brain
structures suggests potential applications not only for basic
neuroscience research but also for managing clinical neuro-
logical diseases such as neurodegenerative diseases, including
Alzheimer’s disease and Parkinson’s disease, and other
diseases that are accompanied by disturbances in neural cell
structures without disturbing the blood brain barrier, includ-
ing epilepsy and cortical dysplasia.

The fine anatomic structures of the renal pelvis, medullar,
and cortex were clearly revealed in kidney and the liver
parenchyma, thus indicating the intracellular uptake of the
nanoparticles in these organs as is supported by the TEM
images (Figures S6 and S8 in the Supporting Information).
The gray matter of the spinal cord was also clearly enhanced,
a task that is very challenging in diagnostic radiology for
managing neurodegenerative diseases.

For the selective imaging of disease-specific biomarkers in
brain disease, in which T, contrast agents will certainly
outperform SPIO-based T),contrast agents, we prepared
functionalized MnO nanoparticles by conjugating them with
Her-2/neu receptor antibody (Herceptin, Roche Pharma Ltd.)
to selectively target the epidermal growth factor receptors
(EGFRs) that are expressed at the cell surfaces of breast
cancer. Figure 3a shows a series of MRI images of mouse
brain bearing the breast cancer brain metastatic tumor that
was intravenously injected with the Herceptin-functionalized
MnO nanoparticles. The breast cancer cells were selectively
enhanced in T;-weighted MRI because the functionalized
MnO nanoparticles with the EGFR-specific antibody were
delivered and accumulated at the EGFR of the cell surface of
the breast cancer. As the blood brain barrier is destructed as a
result of the tumor formation in this animal model, both the
functionalized and nonfunctionalized MnO nanoparticles
entered the tumor site initially but only the functionalized
MnO accumulate at the tumor site for an extended time
owing to the presence of the conjugated antibody. As shown
in Figure 3b, the nonfunctionalized MnO nanoparticles
enhanced both the tumor and the normal brain tissues. To
be used as a contrast agent in the brain, a prerequisite of a
potential agent is clear marginal detectability without
destroying anatomic background. A clear marginal detect-

www.angewandte.org

Chemie

5399


http://www.angewandte.org

Communications

Pre-injecion

Figure 3. a) Breast cancer cells were selectively enhanced in T;-
weighted MRI because the Herceptin-functionalized MnO nanoparti-
cles were delivered and accumulated at the EGFR at the surfaces of
the breast cancer cells. b) The nonfunctionalized MnO nanoparticles
enhanced both the tumor and the normal brain tissue.

ability with preserved anatomic background images was
observed using the MnO nanoparticles, which is a remarkable
advantage over SPIO and suggests the use of MnO nano-
particles for treating brain diseases.

In summary, we have reported the first biocompatible
nanoparticulate 7; MRI contrast agent for various body
organs. We obtained clear T;-weighted MR images of the
brain, liver, kidney, and spinal cord from 5 days to 3 weeks
after the administration of MnO nanoparticles which depicted
fine anatomic structures. Furthermore, we have shown here
that functionalized MnO nanoparticles prepared by conjuga-
tion with a tumor-specific antibody can also be used for
selectively imaging breast cancer cells in the metastatic brain
tumor. Easy delivery, clearance from the body organs and
tissues, and a tolerable cellular toxicity range give us hope to
develop this agent for future human clinical application as
well. This new class of MRI contrast agent will open up a new
direction in the applications of MR imaging for biomedical
research and targeted therapy using molecular and cellular
imaging in future medicine.
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