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A new magnetic resonance imaging contrast agent containing organophosphonate functional groups was
synthesized in high yield by a simple synthesis procedure. This molecule exhibits much higher longitudinal
water proton relaxivity (37.0 mM-1 s-1) than commercial Omniscan (Gd-DTPA BMA, 5.7 mM-1 s-1) at
0.35 T. Notably, the relaxivity is larger than that of carboxylated Gd@C82 (16.0 mM-1 s-1) under the same
conditions, indicating that the functional groups have an important role on the image contrast enhancement.
In addition, the introduction of phosphonate substituents may provide bone-targeting MRI contrast agents.

1. Introduction

Magnetic resonance imaging (MRI), one of the most
powerful noninvasive methods in medicine, plays an impor-
tant role in clinical diagnosis. Typically, the intrinsic contrast
between tissues is augmented by the use of paramagnetic
agents,1 commonly the gadolinium(III) chelate compounds
of DTPA, DO3A, and other similar linear and macrocyclic
ligands, which efficiently decrease the spin–lattice relaxation
time (T1) of water protons, leading to brighter images and
enhanced contrast between areas containing the contrast agent
and the surrounding tissues.2 However, the nontargeted
biodistribution of the present MRI contrast agents and the
limited chelate-site interaction with H2O directly decrease the
sensitivity in revealing anatomical details in vivo and detecting
lesions for diagnosis. Furthermore, the clinical applications of
many current macromolecular contrast agents (CAs) are limited
because of potential toxicity of free Gd3+ ions released by the
metabolism of the contrast agents3 and high incidence of NSF
in patients which receives high intravenous doses of Gd
compounds. Therefore, further development of contrast agents

with high efficiency and low toxicity are crucial for the early
accurate diagnosis of pathological tissues.

Endohedral metallofullerenes4 are fullerene-based species
that incarcerate one or more metal atoms, which yields
several potential medical applications: for example, antitu-
mors,5 radiotracers,6 X-ray diffraction contrast agents,7 and
MRI contrast agents.8 Indeed, water-soluble derivatives of
Gd@C2n (2n ) 60, 82) and Gd3N@C80 exhibit much higher
relaxivities than commercial Magnevist (gadolinium-dieth-
ylenetriaminepentaacetic acid, Gd-DTPA) and Ominiscan as
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MRI contrast agents.8 Most significantly, the fullerene cage
is believed to hinder both chemical attack on the lanthanide
ion and the escape of the lanthanide ion, which should
effectively eliminate the toxicity of naked Gd3+. Moreover,
we may improve the biodistribution by modifying the cages
with biologically active groups that exhibit high and specific
affinity for a particular tissue, resulting in local contrast
enhancement. Unfortunately, the metallofullerenes and modi-
fication have not yet found their way into clinical trials
because of their complexity and relatively large size, and
the latter in part governing the organ distribution.

Organic phosphonate compounds are biologically active
species.9 Owing to their high affinity to bone surfaces, orga-
nophosphonate have been widely used in medical treatment of
bone disease9c during the last 20 years. At the same time, X-rays
(bone fractures) and single photon emission computed tomog-
raphy (SPECT) (99m Tc) imaging (bone diseases) are already
excellent imaging modalities for bone. However, X-rays are
providing only structural (anatomical) information on the basis
of differential X-ray attenuation between bone and soft tissue.
MRI as one of the most powerful noninvasive methods in
medicine plays an important role in clinical diagnosis. Most
importantly, it can provide high specificity and sensitivity for
the detection of bone diseases due to the functionalized nature
and high relaxivity of contrast agents. More recently, MRI
contrast agents with phosphonates and bis(phosphonates) as
targeting groups have been developed.10 Unfortunately, the
Gd(III) complexes are relatively unstable in vivo, which has
hampered their applications.11 In particular, the phosphonate
groups strongly interact with the surface of hydroxyapatite,
which weakens the binding of the Gd(III) ion, resulting in a
decrease in stability of these complexes.11b Mirakyan and
Wilson12 reported a functionalized C60 with diphosphonate
groups as a model system for the design and study of bone-
vectored material.

Herein, we successfully introduced organophosphate groups
to Gd@C82 by a Bingel reaction in a high yield, and the
product was isolated by simple size-exclusion gel columns.
In vitro water proton relaxivity confirmed its high efficiency
as an MRI contrast agent.

2. Experimental Section

Fourier transform infrared (FTIR) spectroscopy measurements
were performed using a Nicolet magna-IR750 spectrometer. X-ray
photoelectron spectroscopy (XPS) measurements were taken with
an ESCALab220i-XL electron spectrometer (VG Scientific) using

300W Al KR radiation. The mass spectral data was collected by
matrix-assisted laser desorption/ionization-time-of-flight (MALDI-
TOF) mass spectrometry using the Biflex II spectrometer (Bruker,
Germany) and 4-hydroxyl-R-cyano cinnamic acid as the matrix.
The in vitro MRI phantom studies were performed at a 4 µM Gd
by the T1-weighted spin–echo method at a 1.5 T clinical MR
instrument (Sonata Siemens). The concentration of Gd in the
aqueous solutions was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Leeman, U.S.A.) at
342.247 nm. The relaxation times were measured at three different
magnetic field strengths: 0.35 T with a TEACH SPIN PS1-B
instrument, 2.4 T with a Bruker/Biospec, and 9.4 T with a Varian
Inova 400. The inversion–recovery method was used to measure
T1, and the Carr-Pucell-Meiboom-Gill method was used for
measurement of T2. In that, the inversion times were set from 0.25
to 3 s, and various inversion and echo times (at least 5 times per
concentration) were used for the measurement of T1 and T2. The
relaxivities (r1 and r2 in mM-1 s-1) in aqueous solution (pH ) 7)
were obtained from linear least-squares determination of the slopes
of relaxation rates (1/T1 and 1/T2) versus [Gd] plots. Dynamic light
scattering (DLS) measurements were carried out with a Malvern
Instrument (Zetasizer/nano Series, model ZEN3600).

The Gd@C82 was synthesized by a modified Krätschmer-Huffman
method and isolated by multistage HPLC technique.13 The orga-
nophosphonate-containing water-soluble derivative of Gd@C82

(Gd@C82O2(OH)16(C(PO3Et2)2)10, abbreviated as TEMDP-EMF),
was synthesized by a Bingel method.14 NaH (1 g) was added to a
solution of Gd@C82 (ca. 5 mg) and tetraethyl methylenediphos-
phonate (10 µL) in dry toluene (25 mL) at room temperature. After
stirring for 1 h, deionized water (50 mL) was added dropwise, and
the resulting solution was stirred at room temperature for additional
24 h; the organic layer became colorless (Scheme 1).

The brown aqueous layer was then separated from the colorless
organic layer and concentrated. This residue was purified on a
Sephadex G-25 (Pharmacia) size-exclusion gel column with distilled
water as eluent. The brown fraction (pH ) 6-7) was concentrated
in vacuum. The overall reaction yield was more than 80%. The
molecular composition was determined by MALDI-TOF mass
spectrum, FTIR, and XPS.

3. Results and Discussion

Similar to other water-soluble fullerenols15 and endohedral
fullerenols, such as Pr@C82(OH)n,16 the MALDI-TOF MS
of the TEMDP-EMFs exhibited only a strong Gd@C82 ionic
peak (Figure 1) while no parent ion peak was observed. It is
well-known that the laser desorption process easily strips
off functional groups from such endohedral fullerenes.15b,16

Because Gd@C82 is completely insoluble in water, the
observation of strong Gd@C82 ionic signals in water-soluble
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Scheme 1. Functionalization Reaction of Gd@C82
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samples indicates the existence of intact endohedral fullerene
cages, which is consistent with modification of Gd@C82 to
a water-soluble derivative. The FTIR spectrum (Figure 2)
exhibits a broad and strong peak centered at 3427 cm-1

which is assigned to the OsH stretching vibration, whereas
the weak peaks at approximately 2979 and 2930 cm-1 are
assigned to CsH stretching vibration. The several low-lying
sharp characteristic peaks at 1616, 1392, 1205, and 1048
cm-1 are assigned to the CdC stretching, OsH deformation,
PdO stretching, and CsOH stretching vibrations, respec-
tively. The weak peak at 527 cm-1 is ascribed to skeletal
vibration of the C82 cage, revealing the existence of hydroxyl
and phosphonate functional groups.

The UV–vis-NIR absorption spectra of TEMDP-EMFs
and Gd@C82 (Figure 3) were measured in water and toluene,
respectively. The spectra revealed that the Gd@C82 deriva-
tives lost most of the characteristic absorbance of Gd@C82

at 635 and 969 nm, implying that the electronic structure of
Gd@C82 is changed after introducing hydroxyl and tetraethyl
methylenediphosphonate groups on the carbon cage.

The XPS spectrum of as-synthesized TEMDP-EMFs film
yields elemental peaks from C 1s, O 1s, and P 2p. Similar
to other water-soluble derivatives of endohedral fullerenes,16,17

peaks corresponding to metal (Gd 3d3/2, Gd 3d5/2) were also

observed. However, the low signal-to-noise ratio of the XPS
data prohibited a detailed analysis. Considering the C:O:P
atomic ratio and the relative contents of different chemical
states for carbon (Figure 4), oxygen, and phosphorus
elements, we can estimate the average number of hydroxyl,
phosphonate ester, hemiketal (RO-C-OH) and carbonyl
groups. Thus, the molecular formula of the TEMDP-
endohedral fullerene is Gd@C82O2(OH)16(C(PO3Et2)2)10. It
is well-known that the reaction products for a fullerenol
material prepared by this method are very complex.18 The
uncertainty in structure and the paramagnetic property of
gadolinium restrict the detailed analysis by NMR.

To explore the potential of our molecule as an MRI
contrast agent, the proton relaxivity,1b the r1 value (the
paramagnetic longitudinal relaxation rate enhancement of
water protons, referenced to 1 mM concentration) is used
along with transverse relaxivity, r2.

The r1/r2 (mM-1 s-1/mM-1 s-1) values at different
magnetic fields are 37.0/42.0 (0.35 T), 38.9/68.3 (2.4 T), and
19.9/73.7 (9.4T), respectively. Notably, the r1 of TEMDP-
EMF at 0.35 T and 25 °C is more than an order of magnitude
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Figure 1. Negative-ion MALDI-TOF MS of water-soluble phosphonate
derivative of Gd@C82 (TEMDP-EMF).

Figure 2. FTIR spectrum of the water-soluble phosphonate derivative of
Gd@C82 (TEMDP-EMF).

Figure 3. UV–vis-NIR absorption spectra of (a) TEMDP-EMF in water
and (b) Gd@C82 in toluene.

Figure 4. XPS spectrum of C 1s in TEMDP-EMF.
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higher than that of commercial Omniscan (Gd-DTPA BMA,
5.7 mM-1 s-1) under the same conditions. Interestingly, the
relaxivity is higher than that of our earlier synthesized
Gd@C82O6(OH)16(NHCH2CH2COOH)8

22 (16.0 mM-1 s-1

at 0.35 T and 25 °C), revealing that the functional groups
can tune the water proton relaxivity. The in vitro MRI of
phantoms at a 4 µM Gd obtained by the T1-weighted
spin–echo method reveal that the MRI signal-enhancing
efficiency of TEMDP-EMF is also far higher than that of
Gd-DTPA (Figure 5), which is consistent with the above
proton relaxivity analysis of the two contrast agents.

In gadofullerene-based MRI contrast agents, water mol-
ecules are not directly coordinated to the metal ion, so the
present spin relaxation belongs to the so-called “second
sphere mechanism”.1a Besides the electron transfer between
metal and carbon cage, the large reorientational motion of
functionalized metallofullerenes and large number of sur-
rounding water molecules are expected to play crucial roles
in the high relaxivity.19

So far, only three types of functionalized MRI contrast
agents based on Gd@C2n (2n ) 60, 82) were reported. One
is the polyhydroxylated metallofullerenes;8a–d the others are
carboxylate8e,17 and sulfonate substituted metallofullerenes.8f

Notably, polyhydroxylated metallofullerenes with high retic-
uloendothelial system (RES) uptake exhibited much higher
relaxivity than the sulfonated system, which exhibits a
favorable non-RES distribution. A series of studies19–23

indicated that besides the number of hydroxyl groups,
aggregating size and distance of interaction between carbon
cage and water molecules play predominant roles in proton
relaxivity. That is, polyhydroxylated metallofullerenes with
larger aggregation sizes and shorter interaction distances
exhibit much higher relaxivity than carboxylated metallof-
ullerenes under the same conditions. Recently, Fatouros et
al.8h reported an MRI contrast agent based on a trimetallic
nitride templated metallofullerene (TNT EMF), Gd3N@C80,
which was PEGylated and hydroxylated. This compound
exhibited the highest relaxivity reported so far. Besides the
fast water exchange rate, the cocontribution of three para-
magnetic Gd(III) ions in one carbon cage together with the

slow rotational time caused by the attachment of a large
substituent, dipoly(ethylene glycol) malonate, plays a crucial
role. In contrast, our synthesized organophosphonate func-
tionalized metallofullerene with 16 hydroxyl and 10 orga-
nophosphonate groups attached on the carbon cage also
exhibit much higher relaxivity than carboxylated metallof-
ullerenes, which possess the same number of hydroxyl and
another eight carboxyl groups.17 This may be ascribed to
organophosphonate functional groups. DLS experiments
confirms our conclusion. Figure 6 displays the hydrodynamic
diameter distribution of as-synthesized Gd@C82O2(OH)16-
(C(PO3Et2)2)10 in water. The data clearly display bimodal
distributions for the compound, which is similar to that of
Gd@C60(OH)x and Gd@C60[C(COOH)2]10

21 but different
from that of our formerly synthesized Gd@C82O6-
(OH)16(NHCH2CH2COOH)8,22 since the latter displayed a
unimodal distribution. Laus et al.20 reported that phosphate
can disrupt the aggregation of Gd@C60(OH)x and Gd@C60-
[C(COOH)2]10 by intercalation of H2PO4

- and HPO4
2- ions

into the hydrogen-bond network around the malonate or
hydroxyl groups of the gadofullerenes. On the contrary, in
our compound, Gd@C82O2(OH)16(C(PO3Et2)2)10, the orga-
nophosphonate can merge the molecules together via strong
hydrogen bonds, resulting in larger and slower tumbling
entities and correspondingly higher relaxivity relative to
carboxylated gadofullerenes. This was verified by the
bimodal distributions with average hydrodynamic diameter
at 55 and 300 nm, respectively.

4. Conclusions

We synthesized a novel MRI contrast agent containing
organophosphonate functionalized groups in high yield by
a simple procedure. This molecule exhibits much higher
water proton relaxivity than commercial Gd-DTPA and
carboxylated Gd@C82 reported. We postulate that in addition
to an effective number of hydroxyl groups, the phosphonate
groups on the carbon cage are important in affecting the
relaxivity. The introduction of phosphonate substituents may
also provide great potential of this new compound as bone-
targeting MRI contrast agents.
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Figure 5. T1-weighted MRI of Gd@C82O2(OH)16(C(PO3Et2)2)10(Gd-
TEMDP), Gd-DTPA, and water phantoms at the Gd concentration of 4
µM by 1.5 T spin–echo method with TR/TE ) 800/15 ms, FOV ) 17.1 ×
22.8 cm2 at 24 °C.

Figure 6. Size distributions of Gd@C82O2(OH)16(C(PO3Et2)2)10 (Gd-
TEMDP) in water at room temperature.
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