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Contrast-enhanced magnetic resonance imaging (MRI) is a

noninvasive diagnostic tool that not only provides high resolution %
anatomical images of soft tissue but also quantitatively assesses -
disease pathogenesis by measuring up-regulated biomarkers. How- £ 3
ever, currently used MRI contrast agents are mainly small molecule ' — Nf’,{,o

.. e - . -4 ""’_}i E"\, Pabne .1
gadolinium chelates that lack sensitivity and often do not provide ) T2 O
satisfactory image contrast enhancement in early disease stages § : o

E Gd-5i-DTTA

Nanoparticulate MR contrast agents are much more sensitive owing
to the enhanced relaxivity (on per magnetic center basis) as a result
of reduced tumbling rates and large payloads of active magnetic
centers. For example, Weissleder et al. and others have used iron;em
oxide nanoparticles &%, contrast agents to image tumor angio- %
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genesis, inflammation, and gene expressdibanza, Wickline, and =

co-workers have developed &dcontaining microemulsions as . . 1 &

efficient T, contrast agents for intravascular MR imagi@everal 0 200 400 60 0 005 01 015 02
other Gd*-containing solid nanoparticles have also been recently Temoerature (°C) Concentration (mM)
evaluated as potential MRI contrast agefts. Figure 1. (a) SEM image of MSN showing the formation of monodisperse,

Our recent results indicate that the accessibility of the magnetic "ate-dispersible nanoparticles. (b) Schematic showing theSEdDTTA
complexes residing in hexagonally ordered nanochannets2o4 nm in

center to water molecules is key to designing highly efficient giameter. (c) TGA curves of as-synthesized MSN (black), surfactant-
nanoparticulate MR contrast ageftsnderscoring the need for  extracted MSN (red), and MSNGd (blue). (d) The; (solid) andr, (dashed)
developing new strategies for the synthesis of nanoparticles thatrelaxivity curves of MSN-Gd at 3 T (black) and 9.4 T (red).

can allow ready access of water molecules to the magnetic centers.

Mesoporous materials provide an ideal platform for the development and (200) planes of the MCM-41 material
of MR-enhancing hybrid materials due to their high surface areas surfactant-extracted particles were coated with a-Ge-DTTA

and tunable pore structures. MCM-41-type materials, for example, 516y via the siloxane linkage by refluxing the particles and the
possess a hexagonal array of one-dimensional channels W'tth—Si—DTTA complex in toluene. The resulting MSAGd par-

diameters that can be tuned from 2 to 10 niMore recently,  icjos were isolated by centrifugation, washed with water, ethanol,
synthetic procedures have been developed for controlling the 5oy 5 b1y 3 water solution, and finally dialyzed against distilled

morphologies of MCM-41 materiafsieading to mesoporous silica \\ater to ensure the removal of any free complexes adsorbed in the
nanospheres (MSNs) with diameters ranging from 60 to 1100 hm channels.

that have been utilized in a variety of applications including SEM and TEM images showed no change of the MSN morphol-
catalysi$ and drug delivery. We surrr_used that grafting of _Gd_ ogy after the surfactant extraction and upon the grafting of the Gd
chelates onto MSNs can provide an ideal platform for designing pyra chelate (Supporting Information). TGA results indicated that
highly efficient MR contrast agents because of the ability to carry the CTAB surfactant was completely removed by this procedure
a large payload of Gd centers and the enhanced water accessibilityaS the characteristic weight loss in the $&0 °C temperature

of the G‘? chelates. Herein We wish to report the synthesis and range was absent in the surfactant-extracted MSN (Figure 1c). TGA
characterization of a highly efficient MSN-based MR contrast agent and direct current plasma spectroscopic results showed that the

and its applications in in vitro and in vivo MR imaging. MSN—Gd material made by this procedure has a consistert Gd
The MSN nanoparticles were synthesized using a surfactant- DTTA loading of 15.7-20.1 wt %. Nitrogen gas adsorption

templated, base-catalyzed condensation procédgiefly, cetyl- measurements indicated that the surfactant-extracted MSN is highly
trimethylammonium bromide (CTAB) (0.100 g, 0.274 mmol) was s with a surface area of 163%/mand a pore diameter of

dissolved in 48 mL of distilled water along with 0.35 mL of 2M 5 4 iy \whereas the MSNGd material has a reduced surface area
NaOH. The solution was heated to 80 before adding 0.5 mL of of 1470 n#/g and a pore diameter of 6-4.0 nm.

tetraethylorthosilicate (TEOS). The_reaction mi_xture was stirred_for The MR relaxivities of the particles were measured using both
an additiona2 h at 80°C. The particles were isolated by centri- 5 3 57 ang a 9.4 T MR scanner. The particles exhibited very large
fuging and washed W't_h water and eth_anol. The su_rfactant ter‘nplateIongitudinal ¢1) and transverse) relaxivities. On a per millimolar
was then extracted wita 1 wt %solution of NaCl in methanol. Gd basis, the particles have anof 28.8 mM1 s at 3 T and
SEM and TEM images show that the isolated MSN particles have 10.2 MM st at 9.4 T. Ther, relaxivities are 65.5 mVE s at

a mean diameter of 75 nm (Figure 1). The particles exhibit PXRD 3Tand 110.8 mMtstat 9.4 T, respectively. The andr, values
peaks at 2.8, 4.6, and 3.that are characteristic of the (100), (110), ,, 4 per millimolar particle basis are 7:016 mM-1 s (3 T)/

" Department of Chemistry. 2.48x 1P mM1s1(9.4T)and 1.6x 10° mM~1s1 (3 T)/2.7 x
* Department of Radiology. 10° (9.4 T), respectively. These relaxivity values are much larger

respectively. The
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Figure 2. Overlaid DIC and fluorescence image of monocyte cells
incubated with (a) no MSNGd-1 and (b) 4«g of MSN—-Gd-1 (5x 10°°
cells in 2 mL medium) (6& magnification). (c)T;-weighted MR images
of monocyte cell pellets incubated without MSI&d (left) and with 0.3
mg of MSN—Gd for 5x 1P cells in 3 mL of media (right). (dJ>-weighted
MR images of monocyte cell pellets incubated without MSBd (left)
and with 0.3 mg of MSN-Gd for 5 x 10° cells in 3 mL of media (right).

Figure 3. (a) Precontrast and (b) postcontrast (Zfnol/kg dose)
Ti-weighted mouse MR image showing aorta signal enhancement. (c) Pre-
contrast and (d) post-contrast (@thol/kg dose) mouse MR images showing
liver signal loss due td>-weighted enhancement.

than the solid silica nanoparticles that are coated with multilayers
of the Gd-DTPA derivative that was recently reported by our
group® We attributed the enhanced MR relaxivity to the ready
access of water molecules through the nanochannels of the-MSN
Gd particles.

We have also prepared fluorescently labeled nanoparticles
(MSN—Gd-1) by adding 4 mol % of rhodamine B-aminopropyl-
triethoxysilane (relative to GASi—DTTA) during the coating
reaction (Supporting Information). An immortalized murine mono-
cyte cell line was used for the in vitro study because of its
phagocytic capacit}? Laser scanning confocal fluorescence mi-
croscopic studies indicated the efficient uptake of MSBd-1 by
monocyte cells (5« 1075) after they were incubated with 2 mL of
medium containing 4g of MSN—Gd-1 for 0.5 h. The rhodamine
B fluorescence is clearly visible in the confocal image of monocyte
cells incubated with MSNGd-1 but completely absent in the
confocal image of monocyte cells alone. We have observed
significant MR image enhancement of the labeled monocytes when
compared with a control of unlabeled monocytes. To prepare the
cells for MR imaging, we incubated5 x 1 cells in 3 mL of
media containing 0.3 mg of MSNGd for 1 h. The cells were
isolated, washed twice with fresh media, pelleted, and finally
covered with 20QuL of saline solution. As shown in Figure 2c
and 2d, significant positive signal enhancement inTtheveighted
image and negative signal enhancement inTthereighted image
were observed for the labeled cells, depending on the MR pulse
sequence employed. The andT,-weighted image enhancements
were corroborated with the reduction Bf and T, relaxation times
observed on the relaxation time maps (Supporting Information).
MTS cell viability assays showed that MSXEd nanoparticles were
not toxic to monocyte cells; they were completely viable even after
incubation with a nanoparticle loading of 4@ per 5000 monocyte
cells for 26 h. More than 85% cells were viable after incubating
with 100 ug of MSN—Gd per 5000 cells for 26 h.

We have also evaluated the effectiveness of M&\ as an in
vivo MR contrast agent using a 9.4 T scanner. Upon tail vein
injection of 2.1umol/kg of body weight of MSN-Gd, a significant

T,-weighted enhancement is clearly visible in the aorta of a DBA/
1J mouse 15 min post injection (Figure 3b), indicating the utility
of MSN—Gd as an intravascular MR contrast agent. This dose level
is much lower than what is typically required of currently used
contrast agents (0-30.3 mmol/kg)}* We have also shown that
MSN—Gd can be an efficien,-weighted contrast agent at a higher
dosage. After tail injection of 3Zmol/kg, significant loss of MR
signal was observed in the liver of the DBA/1J meuk h post
injection, indicating the ability of MSN-Gd to enhanc@&,-weighted
images. The liver signal loss is probably a result of phagocytosis
of the MSN-Gd by the liver macrophage cells, as already shown
by the efficient uptake of the MSNGd by the related monocyte
cells. This result suggests the possibility of using MS3Bd for
MR imaging of liver abnormalities such as liver tumors which can
be currently carried out with iron oxide nanoparticlés.

In summary, we have designed and characterized hybrid meso-
porous silica nanospheres (MSId) with extraordinary ability
to enhance MR images. Their utility as contrast agents for optical
and MR imaging has been clearly demonstrated in vitro. We have
also shown that MSNGd is a highly efficientT; contrast agent
for intravascular MR imaging and an excellént contrast agent
for MR imaging of soft tissues when applied at a higher dosage.
We are currently evaluating the potential of utilizing this class of
hybrid nanomaterials as target-specific contrast agents for multi-
modal imaging of cancers and inflammatory arthritis in mice.
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