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Abstract

Gd@C82(OH)40 has been proposed to be as a new generation of the magnetic resonance imaging (MRI) contrast agent, but water-soluble
fullerenols Gd@C82(OH)n with n > 36 can easily lead to open-caged structures of a high instability. This restricts the practical bio-uses of
Gd-metallofullerenols with a large number of hydroxyl groups. To explore how the imaging efficiency varies with decreasing hydroxyl number
in Gd@C82(OH)n of a good stability in vivo, Gd@C82(OH)22 was prepared, characterized and its imaging efficiency in mice was studied.
This work aims at searching a chemical form of water-soluble Gd-metallofullerenols that satisfy both requirements of the good stability and
high imaging efficiency in vivo. The results indicate that the proton relaxivity of Gd@C82(OH)22 is lower than that of Gd@C82(OH)40, but
still higher than the commercial Gd-DTPA MRI contrast agent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Probably, rare earth elements encapsulated metallo-
fullerenes are the most important family in the endohedral
fullerenes[1] (fullerene cage encapsulating atoms, clusters,
or small molecules), because of their potential applications.
So far, metallic elements that have been encapsulated by
fullerene cages are shown inTable 1(the bold element sym-
bols). Among them, all of rare earth atoms encapsulated
metallofullerenes can be produced by the conventional arc
discharge method[2] similar to C60 production. Applica-
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tions of these metallofullerenes are of great interest, and
they have been proposed for potential applications in many
fields including biomedical uses. More extensive applications
come from properties of a tremendous number of their deriva-
tives that can be designed according to the practical demands
and produced by chemical/physical modifications of carbon
cages.

Because of the unpaired electrons in the metallic atom
of the rare earth element, their application in magnetic
resonance imaging (MRI) is an intriguing topic. Shino-
hara et al. developed the first water-soluble gadolinium-
metallofullerenes, Gd@C82(OH)40-based MRI contrast
agent[3]. The measurement of water proton relaxivity (R1)
indicated thatR1 (the effect on the longitudinal relaxation
rate, 1/T1) was about 20 times higher than that of the commer-
cial MRI contrast agent Gd-DTPA in vitro. The MRI study
of gadolinium fullerenol in mice confirmed its significantly
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Table 1
All of the rare earth elements have been encapsulated by fullerene cages

In this periodic table, metallic elements marked by bold element symbols, some of their clusters, or small molecules have already been encapsulated into the
fullerene cages, forming metallofullerenes. They are produced by the conventional arc discharge method similar to C60 production.

high imaging efficiency in vivo. It was hence proposed
as a new generation of the MRI contrast agent. Recently,
Bolskar et al. developed another water-soluble gadolinium-
metallofullerenes, Gd@C60[C(COOH)2]10 [4]. The relax-
ometry measurements reveal that it possesses a relaxivity
comparable to that of commercially available Gd-DTPA-
based MRI contrast agent.

As all these rare earth elements encapsulated carbon
nanomolecules, RE@C82, RE@C60, etc., are not dissolved
in water, they hence need to be water-solubilized for the
biomedical uses. Previously, to gain better solubility required
by practical applications, it was suggested to increase the
number of the hydroxyl group. Recently, a study on the influ-
ences of structural properties on the stability of water-soluble
fullerenes[5] found that the stability of fullerenols largely
depends on the quantity of the attached exotic groups. In
the synthesis process of fullerenol molecules, the coinstanta-
neous formation of impure groups was observed. It was found
that the water-soluble fullerenols with hydroxyl groupn > 36
can easily lead to open-caged structures, which are unstable
and strongly influence functionalized properties mentioned
above. Namely, we cannot use the water-soluble fullerenols
with too many hydroxyl groups, in particular for applica-
tions in vivo. Accordingly, it is interesting to explore how the
imaging efficiency varies with the decrease of the hydroxyl
number of Gd@C82(OH)n. To assure the good stability of
MRI contrast agent in vivo, one may have to reduce the
hydroxyl number of Gd@C82(OH)n in practical uses. To this
end, we prepared water-soluble Gd-fullerenols with a less
number (n ∼ 22) of the hydroxyl groups (about half compared
to Gd@C82(OH)40 [3]), and examined its imaging efficiency
in mice. The work aims at searching an appropriate chemi-
cal form for water-soluble Gd-fullerenols that satisfies both
conditions of good stability and high efficiency for magnetic
resonance imaging in vivo.

2. Experimental

The metallofullerenes were synthesized using arc dis-
charge method[2]. The soot was dissolved in DMF, and the
products were extracted using a high-temperature and high-
pressure method[6]. Separation and isolation of Gd@C82
were performed using the high-performance liquid chro-
matography (HPLC, LC908-C60, Japan Analytical Indus-
try Co.) coupling with 5PBB and then Buckyprep columns
(Nacalai Co., Japan)[7]. The isolated Gd@C82 species
were identified by the matrix-assisted laser desorption time-
of-flight mass spectrometer (MADLI-TOF-MS, AutoFlex,
Bruker Co., Germany). The purity of the final Gd@C82 prod-
uct was about 99.5%. The synthesis method of water-soluble
Gd-fullerenols was the alkaline reaction[3,8]. The Gd@C82
toluene solution was first mixed with aqueous solution con-
taining 50% NaOH, and then several drops of catalyst of
40% tetrabutylammonium hydroxide (TBAH) were added
into the reaction system. The mixture of solutions was vig-
orously stirred at room temperature, the color of the solu-
tion in beaker was changed from the originally deep violet
into colorless, meanwhile a brown sludge precipitated onto
bottom of the beaker. After adding more water into the
brown sludge, it was stirring over night. The brown pre-
cipitate was washed using MeOH, which was then removed
by the vacuum-evaporation system. This washing manipu-
lation was repeated several times for a complete removal
of the remnant TBAH and NaOH. Finally, the brown pre-
cipitate was dissolved into deionized water with continuous
stirring for 24 h until the solution color became a clear red-
dish brown. Then, it was purified by a Sephadex G-25 column
chromatography (5 cm× 50 cm) with an eluent of neutral-
ized water. The remained trace catalyst and Na+ ions were
completely removed in this process. To obtain a final Gd-
metallofullerenol product of a narrow region of distribution of
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