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Contribution from the Laboratoire de Chimie Inorganique et Bioinorganique, Ecole Polytechnique Fe´dérale de
Lausanne, EPFL-BCH, CH-1015 Lausanne, Switzerland, Department of Chemistry, the Center for Nanoscale

Science and Technology, and the Center for Biological and EnVironmental Nanotechnology MS 60, Rice UniVersity,
Houston, Texas 77251-1892, TDA Research Inc., 12345 West 52nd AVenue, Wheat Ridge, Colorado 80033, and

Department of Chemical and Biomolecular Engineering, Rice UniVersity, Houston, Texas 77251-1892

Received April 13, 2005; E-mail: andre.merbach@epfl.ch

Water-soluble fullerene derivatives possess potential for biomedi-
cal applications as antioxidants,1 anti-HIV drugs,2 X-ray contrast
agents,3 bone-disorder drugs,4,5 and photosensitizers for photody-
namic therapy.6 In addition, endohedral metallofullerenes (M@C2n)
have been suggested as nuclear medicines (M) Ho3+),7,8 fluores-
cent tracers (M) Er3+),9 and MRI contrast agents (M) Gd3+)10-13

largely because the closed fullerene cage ensures against toxic
metal-ion release in vivo. Water-soluble members of the Gd@C60

family of metallofullerenes have recently been shown to achieve
their large proton relaxivities (r1) through pH-controlled self-
aggregation.13,14 In fact, self-aggregation may well be a common
feature of all water-soluble fullerene chemistry,15-17 and its
understanding is, therefore, of general importance for fullerene-
based drug delivery. In this communication, we report that proton
relaxivity measurements for the water-soluble metallofullerenes,
Gd@C60[C(COOH)2]10 and Gd@C60(OH)x (x ≈ 27), can be used
as a reporter to probe the aggregation (or disaggregation) charac-
teristics of water-soluble fullerene materials in the presence of
physiologically encountered agents.

The proton relaxivity,r1, which is the gauge of contrast agent
efficiency, is remarkably higher (up to 10 times) for gadofullerenes
than for typical clinical agents (r1 is the paramagnetic longitudinal
relaxation rate enhancement of water protons, referred to 1 mM
concentration).10-13 The electronic structure of Gd@C60 involves
the transfer of three electrons from the Gd atom to the cage resulting
in seven unpaired electrons on the Gd3+ center and one unpaired
electron on the cage. The large relaxivity of the gadofullerenes has
been attributed to their slow tumbling in solution and to the large
number of surrounding water molecules.13 This slow tumbling/
rotation is related to aggregation phenomena in aqueous solution,
and recently, in a variable-pH proton relaxation and dynamic light
scattering (DLS) study, we confirmed a pH-dependent aggregation
of the gadofullerenes and proposed them as pH-responsive MRI
contrast agents.13

With the aim of assessing the interaction between the aggregated
gadofullerenes, Gd@C60(OH)x and Gd@C60[C(COOH)2]10

11,13and
physiologically encountered agents, we have carried out relaxivity
measurements in the presence of human serum albumin (HSA)
(4.5%) in phosphate-buffered saline (PBS; pH 7.4) at 60 MHz. The
Solomon-Bloembergen-Morgan theory predicts that at this field
r1 is mainly determined by molecular rotation and tumbling and
thus an interaction with HSA should lead to slower rotation and a

subsequent relaxivity increase.18 Surprisingly, the relaxivity de-
creased strongly in phosphate-buffered HSA in comparison to salt-
free gadofullerene solutions (r1 ) 43.1 vs 83.2 mM-1 s-1

for Gd@C60(OH)x; r1)17.2 vs 24.0 mM-1 s-1 for Gd@C60[C-
(COOH)2]10). We attribute this relaxivity decrease to the dis-
aggregation of the gadofullerene aggregates due to the presence of
the salt.

Relaxivity is an ideal reporter of aggregation phenomena in
paramagnetic solutions, as previously demonstrated in micellization
of amphiphilic Gd3+ chelates.19 Disaggregation of the gadofullerenes
leads to smaller and more rapidly tumbling entities, which will
directly translate into lower relaxivities. On increasing PBS
concentration in a gadofullerene solution, the relaxivity, indeed,
decreases dramatically, indicating aggregate disruption (Figure 1)

To separate the disaggregating effect of phosphate and sodium
chloride in PBS, we have performed a relaxometric and DLS study
of gadofullerene solutions at variable NaCl concentration (no
phosphate). As Figure 2 shows, the relaxivity decrease on NaCl
addition is also accompanied by a decrease of the hydrodynamic
diameter,DH, thus confirming disaggregation as the most likely
reason for the decrease in relaxivity.
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Figure 1. 1H relaxivity of Gd@C60(OH)x at variable PBS concentration;
pH 7.4, 37°C, and 60 MHz (cGd ) 0.5 mM). The curve is a guide to the
eye.

Figure 2. Hydrodynamic diameters (lefty-axis,9) and1H relaxivities (right
y-axis, histograms) of Gd@C60(OH)x (cGd ) 0.5 mM) (a) and Gd@
C60[C(COOH)2]10 (cGd ) 0.4 mM) (b) aqueous solutions at variable
NaCl concentration; pH 7.4, 37°C, 60 MHz.
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The potential of NaCl to disrupt aggregation is limited in
comparison to phosphate. Disaggregation is not exclusively related
to ionic strength, but rather it is more efficient in 10 mM phosphate
than in 150 mM sodium chloride (r1 ) 14.1 mM-1 s-1 andDH )
90.9 nm vsr1 ) 31.6 mM-1 s-1 andDH ) 120.8 nm, respectively,
for Gd@C60(OH)x, andr1)16.0 mM-1 s-1 andDH ) 107.0 nm vs
r1 ) 6.80 mM-1 s-1 andDH ) 31.6 nm for Gd@C60[C(COOH)2]10).

Halide anion size also seems to be unimportant, since identical
relaxivities were obtained with NaCl, NaBr, and NaI. Although
the disaggregation mechanism remains unclear, the specific effect
of phosphate might be related to the intercalation of H2PO4

- and
HPO4

2- ions (pH 7.4) into the hydrogen-bond network around the
malonate or OH-groups of the gadofullerenes. Phosphate has a
tendency to create strong hydrogen bonds. If fullerene aggregation
is mainly due to hydrophobic forces, the intercalation with
phosphate may separate the molecules and inhibit those interactions.

A nuclear magnetic relaxation dispersion (NMRD) profile
measures relaxivities as a function of magnetic field and is widely
used to characterize MRI contrast agents.18 At all magnetic fields,
r1 of Gd@C60(OH)x (and Gd@C60[C(COOH)2]10) is remarkably
lower in 100 mM phosphate than in pure water (Figure 3). In
addition to the diminution of the rotational correlation time,
disaggregation might also affect other parameters influencing
relaxivity, such as electronic relaxation, or proton exchange between
sites in the proximity of the paramagnetic center and the bulk. The
relaxivity hump at∼60 MHz, characteristic of slow tumbling,
largely decreases in intensity in phosphate solution but does not
disappear completely.

Disruption of the gadofullerene aggregates is not instantaneous
upon salt addition. In PBS or mice serum,r1 of gadofullerenes is
still changing even after 1 day following sample preparation.
Although the kinetic curves could not be fit by monoexponential
functions, disaggregation half-lives were estimated as 30 and 45
min at 37°C for Gd@C60(OH)x in PBS and serum, respectively,
and 25 min at 37°C for Gd@C60[C(COOH)2]10 (in both media).
These long half-lives imply that a gadofullerene contrast agent
injected into the blood stream will be mainly present in aggregated
(high relaxivity) form during the time of a typical MRI examination.
The phosphate concentration in human blood plasma is only 0.38
mM, much lower than that used in this study.20

In conclusion, a1H NMRD/DLS study has shown that aggregates
formed in aqueous solution of water-soluble gadofullerenes can be
disrupted by addition of salts. In this respect, phosphate is much
more efficient than sodium halides. The different synthetic methods
of preparing water-soluble gadofullerenes may involve varying
amounts of salts, and some may remain in the sample after
purification. This could influence the observed relaxivities and may
explain the diversity ofr1 values reported in the literature (e.g.,
Zhang et al. reported 47 mM-1 s-1 (25 °C, 9.4 T),21 Wilson et al.
20 mM-1 s-1 (40 °C, 0.47 T),22 and Shinohara et al. 81 mM-1 s-1

(25°C, 1.0 T)12 for Gd@C82(OH)x). The present study has important
implications not only for the development of gadofullerene-based
MRI contrast agents but also for biological or medical application
of fullerene-based materials. Phosphate buffers, widely used for in
vitro tests to mimic biological conditions, will strongly influence
properties related to aggregation phenomena. Moreover, real
biological fluids present a rather high salt concentration which will
also modify the behavior of fullerene aggregation and thereby
influence fullerene-based drug delivery.
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Figure 3. 1H NMRD profiles of Gd@C60(OH)x without (upper plot) and
with 100 mM phosphate (lower plot); pH 7.4 and 25°C (cGd ) 0.5 mM).
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