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Abstract: Water-soluble multi-hydroxyl lanthanoid (La, Ce, Gd, Dy, and Er) endohedral metallofullerenes
(metallofullerenols, M@Cg,(OH),) have been synthesized and characterized for the use of magnetic
resonance imaging (MRI) contrast agents. The observed longitudinal and transverse relaxivities for water
protons, r; and r,, of the metallofullerenols are in the range 0.8—73 and 1.2—80 (sec™*mM™1), respectively,
which are significantly higher than those of the corresponding lanthanoid-DTPA chelate complexes. Among
these Gd-metallofullerenols, GAd@Csg2(OH), has exhibited the highest r; and r, values in consistent with
our previous results. The observed large r; of the current metallofullerenols can mainly be ascribed to the
dipole—dipole relaxation together with a substantial decrease of the overall molecular rotational motion.
The large r,, except for the Gd-metallofullerenols, have been attributed to the so-called Curie spin relaxation.
The MRI phantom studies are also performed and are consistent with these results. The metallofullerenols
will be an ideal model for future MRI contrast agents with higher proton relaxivities.

1. Introduction

ullerenes to magnetic resonance imaging (MRI) contrast agents

is one of the most intriguing aspects of the metallofullerene

Endohedral metallofullerenes (fullerenes with metal atom(s) studyl-10

encapsulated) are a novel form of fullerene-related materials Gadolinium chelate compounds are so far the most popular
and have been SftUd'ed extensively dyrlng the past P'ecade '"MRI contrast agents and have actually been used as commercial
terms of electronic, structural, and solid-state propetti®se contrast agent&-14 Such Gd chelate complexes have been used
of the most important and novel electronic properties of the ¢4 seyeral protocols to assess abnormalities such as brain tumors
metallofullerenes is the so-called intrafullerene electron transfer 5, hepatic carcinoma. Although MRI provides a superb
from the encaged metal atom(s) to fullerene cdgésror imaging resolution, it oftentimes suffers from a limited sensitiv-
example, mono-metallofullerenes, M@QM: metal atoms), jty |t is thus necessary to accumulate more targeting probes or
have been shown to have electronic structures formally ex- tg enforce its potential image-enhancing ability for molecular/

pressed as M@GCg®~ 23 and MMT@Gg2~ 45 as a result of the
electron transfer.

cellular diagnosis by MR¥-18 Under these circumstances,
novel materials having stronger proton relaxivity and higher MR

Although these fundamental structural and electronic proper- signal enhancement at significantly lower concentration are

ties of endohedral metallofullerenes have been well investi-
gated! only a few studies® have been reported for chemical
functionalization of the metallofullerenes. In our previous stldy,
we have shown that an application of water-soluble metallof-
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required for the next generation.
Recently, we have found that water-soluble polyhydroxylated
gadolinium metallofullerenols, Gd@&OH),, have a very
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strong ability of reducing water proton relaxation tim&sand
T, (the ability of the reagent is often expressed as relaxivities
r, andr,) both in vivo and in vitro’ The observed, values of
Gd@G(OH), were more than 20 times as higher as that of
the commercial MRI contrast agent such as Gd-DTPA (Mag-
nevist)’

Similar but lower relaxivities have also been reported by
Wilson and co-workef820 and Zhang et &' The Gd@G,-
(OH), metallofullerenols have also been characterized by FT-

IR, elemental analyses, and electron energy loss spectroscopy

(EELSY? in terms of the structural and electronic properties.

Here, we present a systematic investigation of a series of

lanthanoid metallofullerenols, M@g&OH), (M = La, Ce, Gd,

Dy, and Er), to obtain information on the proton relaxation
mechanism of these novel forms of MRI contrast agents. We
have found that both the andr; of these metallofullerenols

are much higher than those of the corresponding free ions and

lanthanoid-DTPA compounds.

Il. Experimental Section

Materials. Carbon disulfide, pyridine, toluene, NaOH, methanol,
diethylenetriaminepentaacetic acid (DTPA), Gd(IIg6H,0, Ce(lll)-
Cl3-6H;0, La(lll)Clz-7H0, and Er(l11)Ck-6H,O were purchased from
Wako Chemicals, and tetrabutylammonium hydroxide and 15-crown-5
were purchased from Aldrich. A cellulose dialyzer tube (cut off M.
W. = 500) was purchased from Spectrum Laboratories, Inc.

Instrumentation. High-performance liquid chromatography (HPLC)
separation of the lanthanoid endohedral metallofullerenes, M@C
= La, Ce, Gd, Dy, and Er), were performed with UV (312 nm) detection
on a 28x 300 mm Buckyprep column (Nacalai Tesque) and ax21
500 mm Buckyclutcher column (Regis Chemical Co.) with toluene
eluent. The purity of M@g; was quantified by both laser-desorption/
ionization (LD) TOF mass spectrometry (Shimadzu Kompact MALDI
IV) and UV—vis—NIR absorption measurements (Shimadzu UV-
3101PC).

Separation and Isolation of Metallofullerenes. Carbon soot

containing endohedral metallofullerenes were produced by the direct

current arc discharge method (500 A,-228 V) of metal/graphite
composite rods (1% 15 x 300 mm, 0.8 at. % of La, Ce, Gd, Dy, and
Er, Toyo Tanso Co. Ltdt)under a 14/min flow of helium at 60 Torr.
The resulting soot were Soxhlet extracted with carbon disulfide for 60
h and the residue of the Soxhlet extraction were further extracted with
pyridine by reflux for 3 h.

The separation of the various M@from soot extract was achieved
by the two-stage HPLC methddtage 1 is a preliminary HPLC process
on the Buckyprep column. At this stage, we obtained fraction containing
of M@Cs(l) and M@Gy(Il), where (1) and (Il) denote the structural
isomer’s numbering according to the increasing order of HPLC retention
time on Buckyprep columaA&f. Figure 1a, b). In the second stage,
M@Cs(I) and M@ G(11) were isolated from various empty fullerenes
on the Buckyclutcher column.

Syntheses of Metallofullerenols.Details of the synthesis of en-
dohedral metallofullerenols have been reported elsewttéréBriefly,
toluene solution of isolated M@l) was vigorously stirred with 50
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Figure 1. lsolation scheme of Gd@gl) by the two stage HPLC
method: (a) the first stage HPLC for g&xtracts using Buckyprep column

at 30 mL/min flow with toluene 100% eluent; (b) the first stage HPLC for
pyridine extracts using Buckyprep column at 30 mL/min with toluene 100%
eluent. (c) the second stage HPLC using Buckyclutcher-I column at 10 mL/
min with 100% toluene eluent. GA@#) is easily separated from the;&

and Gd@@G(ll) fractions.

0 5 40

wt % of aqueous NaOH containing few drops of tetrabutylammonium
hydroxide (40% in water) or 15-crown-5 as catalyst at room temper-
ature. Isomer-free metallofullerenes M@Q@ (M = La, Ce, Gd, and

Er) were used in the following fullerenols synthesis except for a mixture
of Dy@Gsx(I) and Dy@Gx(Il) isomers?*

The reaction mixture was removed by decantation. Aqueous solution
was precipitated with methanol, and the precipitation was filtrated and
rinsed with methanol to ensure the removal of the catalyst and NaOH.
The rinsed precipitates were dissolved in water. The resultant brown
solution was put into a cellulose dialyzer tube (cut off M. ¥500)
in water for a week for the complete removal of residual catalyst and
NaOH. Finally, purified metallofullerenols were obtained after filtration
with a membrane filter (0.5@m).

Syntheses of Lanthanoid-DTPA Complexesad(Il)Cls-6H,0, Ce-
(IMCl3+6H.0, La(lll)Cls:7H,0, and Er(Ill)Ck-6H,O were dissolved
in distilled water A 1 mol/L HNG; solution of Dy(II1)(NOs)s was used
for preparing Dy-DTPA. 0.1 mmol/L and 1 mmol/L NaOH were added
to the Gd, Ce, La, and Er solution and the Dy solution, respectively,

(24) Tagmatarchis, N.; Shinohara, Bhem. Mater200Q0 12, 3222.
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until pH 7 was reached. These neutralized solutions were slowly addedmination of the molecular magnetic moment are given in
to 1.05 eq of DTPA aqueous solution, while maintaining pH 7 by Appendix A. The Av values at 23.0°C obtained for Gd-
addition of further 0.1 mmol/L NaOF: fullerenols at 0.485 mmol/l and Gd-DTPA at 1 mmol/l were

Proton Relaxivity. The proton relaxivities;; andr; (corresponding 39.0+ 0.3 HZ {terlus = 7.9+ 0.3) and 75.3+ 1 Hz (uerlus
to 1/T1 and 17, of solvent water, respectively) of the metallofullerenols, _ 7.7+ 0.1), respectively. The results are consistent with the
the Izlinthanoid-DTPA colmplexes, a(rjld the co(rjresponding lanthanoid spin state expected from a compound vk 7/2 (telits =
metal ions in aqueous solution were determined at pHI7at concen- . . _—

7.94) or with an independent contribution frogw= 7/2 and

trations of 0.1, 0.5, and 1.0 mmol metal/L. The concentrations of La, o .
Ce, Gd, Dy, and Er in the aqueous solution were determined by induc- 12 (uerlus = 8.12). Thus, we could exclude the spin states

tively coupled plasma atomic emission spectroscopy (ICP-AES, SPS-Such a§ = 8/2 .(Ueff/ﬂB = 8.94) andS= 6/2 (uefilus = 6.93).
3000, Seiko Electro Ind.) at 333.749, 418.660, 342.247, 353.170, and The spin coupling between thé “electrons of G&" and the

337.271 nm, respectivefi?s Lanthanoid standard solutions (1009 electrons in the cage should, therefore, be very small. The
metal/mL in 1 mol/L of HNQ) were used for the calibration of the  negligible coupling betweerf4and cage electrons for GAd@£
measurements. (OH), is also supported by the spectral analysis of X- and

The relaxivities were determined at four different resonance frequen- W-pand EPR at 20 R? where a sharp single line with= 2

cies: 20 MHz with NMS-minispec from Bruker at 0.47 T, 40.5 MHz  has been observed in X-band ambient temperature EPR spectrum
with MAGNETOM Harmony from Siemens with a horizontal magnet ¢ aqueous solution of Gd@&OH),.

of 1 T, 200 MHz with Unity INOVA from Varian with horizontal Proton Rel tion Ti = i |
magnet at 4.7 T and 400 MHz with Unity INOVA from Varian at 9.4 roton Relaxation Times.-or paramagnetic aqueous solu-

T. The inversion-recovery method was used for measurement&of 10N, the longitudinal and transverse relaxation rate$s(ahd

at 20, 200, and 400 MHz. The spiecho method with various repetition ~ 1/T2, respectively) of the solvent proton spin are known to

time (TR) was used at 40.5 MHz. depend on the concentration of the paramagnetic species ([M])
For T, measurements, the Carr-Pucell-Meiboom-Gill method was as eq 1

used normally at 20 and 400 MHz and in some cases at 200 MHz.

Fast spir-echo was the main sequence used at 200 MHz.-Sggho (1/Ti)0bsd: (1/‘|’i)d + r x [|\/|] i=1,2 (1)

with various echo time (TE) was used for the measurements af

40.5 MHz. The sample temperature was controlled by a built-in . . .
regulator at 20 and 400 MHz to better than0.5 °C. In the case of where (1fi)opsqis the observed relaxation rate of water proton

horizontal magnet systems, temperature was controllet 10°C by 'n_the pres_ence of paramagnetlc species, ant){lis the )
a homemade system with a fluorescence thermometer AMOTH (diamagnetic) relaxation rate in the absence of the paramagnetic
FX-8501 from Anritsu. species. The relaxivityrj, commonly expressed in units of
Spin State. The electron spin state of the endohedral Gd-metallof- MM~*sec’’, reflects the relaxation enhancement ability of a
ullerenols was determined by using the magnetic susceptibility of the paramagnetic compound. The proton relaxivitigsandrs, of
solution.F NMR signals from hexafluorobenzene in benzene solution the metallofullerenols were determined at 20, 40.5, 200, and
(1/400, ratio of volume; sealed in a crank shaped capillary) measured 400 MHz at 37+ 1 °C. In general, the proton spin relaxation
in the sample solution in a 10 mm NMR tube atZ3with 500 MHz  rate, (1T;)obsg Can be expressed as a combination of interactions
(Varian, INOVA) were analyzed according to the method described in g,ch as dipoledipole interaction, contact interaction, and curie
Appendix A. spin relaxatiort#28 Because the encapsulated lanthanoid ions

MRI. The NMR phantom images of lanthanoid ions, lanthanoid- i, he fyllerenols cages do not contact directly to water
DTPA complexes as well as the metallofullerenols solutions at molecules. we can neglect the contact interaction
concentrations of 0.1, 0.5 and 1.0 mmol metal/L were obtained at 40.5 ' 9 )

MHz by the conventional spirecho technique with TR/TE= 17— Figures 2 (a) show; andr; of the lanthanoid ions at 20,
5000 ms/6 ms, FOV= 19 x 19 cn?, slice thickness of 6 mm, and ~ 40.5, 200, and 400 MHz, respectively. Obviously, the low
data point of 256x 256. magnetic moment ions, Ba(4f% and Cé&*(4f1), have almost

. ) zero proton relaxivities, whereas high magnetic moment ions,
Ill. Results and Discussion G+ (4f7), Dy3+(4f%), and EF+(4f1Y), exhibit higher proton

Electron Spin State. The valence state of Gd in the relaxivities. Among these, @Gd ion with seven unpaired
fullerenols, Gd@@xOH),, has been known as Gd(lll) by electrons in the half-filled # orbital exhibits the strongest
electron energy loss spectroscopy (EEES]he three electrons  relaxation capability of proton spins for nearby water molecules.
from the & and 5l orbitals are transferred to the fullerenol cages The obtained values are in good agreement with the proton
which presumably has a doublet spin state, resulting in the relaxation of paramagnetic solutioffs.
electronic structure Gd@[Cgx(OH)]~. To obtain information Similar tendencies were obtained for the lanthanoid-DTPA
on the spin coupling betweerf 4electrons of Gé and the complexes, the conventional style of MRI contrast agents, at
transferred electrons on the cag# NMR measurements of 20 MHz (cf. Table 1). The lanthanoid-chelate complexes have
the magnetic susceptibility were performed. one direct coordination window to a water molecule that rapidly

The relative shift of’%F NMR signals,Av, between the exchanges with the bulk water molecules surrounding the
parallel part and the perpendicular part of the capillary with lanthanoid ions. This leads to an efficient nuclear spin relaxation
respect to static magnetic fieBy was used as a measure of Of the solvent water molecules. Although Byand EB* possess
magnetic susceptibilities of the solution. The details for deter- higher magnetic moments than that of 3dthe proton

(25) Anelli, P. L.; Bertini, I.; Fragai, M.; Lattuada, L.; Luchinat, C. L.; Parigi, (27) Kato, T.; Kato, H.; Kanazawa, Y.; Okumura, M.; Yokawa, T.; Shinohara,

G. Eur. J. Inorg. Chem200Q 625. H. unpublish results.

(26) Cagle, D. W.; Alford, J. M.; Wilson, L. J. Ifcullerenes: Recent Adnces (28) Banci, L.; Bertini, I.; Luchinat, C. In Nuclear and Electron Relaxation,
in the Chemistry and Physics of Fullerenes and Related Matekaldish, The Magnetic Nucleus-Unpaired Electron Coupling in Solution, Wein-
K., Ruoff, R. S., Eds.; The Electrochemistry Society: Pennington, New heim: VCH: 1991.
Jersey, 1999; Vol. 5, 250. (29) Conger, R. L.; Selwood, P. W. Chem. Phys1952 20, 383.
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Table 1. Relaxivities of Lanthanoid Compounds at 0.47 T2 (a)
Ln compds T La Ce Gd Dy Er 100+ 4
iong r 0.0 0.0 12 0.5 0.4 : ]
r 0.0 0.0 14 0.6 0.5 i 1
M-DTPAP r 0.0 0.0 4.4 0.1 0.1 i 1
r 0.0 0.0 5.0 0.1 0.1
fullerenols ry 0.8 1.2 73 11 1.3 i 1
r 1.2 1.6 80 1.9 15 o)
10+ o ¢ v 7
aThe proton relaxivities, andr, were determined at 20 MHz (Minispec, In [ ]
Bruker), 19+ 1 °C and pH 7+ 1. ® The corresponding relaxivities of pure 8 r ]
ions and metal-DTPA complexes are shown for comparison. ,Lﬂ | |
relaxation of Dy and EF" are known to be smaller than that % © Gd(I) r,
of G&B*.2% The main reason of this is due to the difference in  ~ 1F L4 qrGdamr
the electron spin relaxation times as described in Appendix B. = [ & & N : ] A Dy(Ilh r,
In contrast, the observed relaxivities of metallofullerenols at - Vo v {4 Dyd) r,
20, 40.5, 200, and 400 MHz show a novel tendency that even I M 1| ExID 7,
ions with low magnetic moments such as*Land C&" have | [z B 7,
substantial proton relaxivities (cf. Figures 2b). 0.1 el T
Relaxation Mechanism.The present proton spin relaxation 10 100 1000
due to metallofullerenols within the framework of dipole or Resonance Frequency / MHz
Curie spin seems to belong to the so-called “second sphere
mechanism”. In the metallofullerenols, water molecules are not ©(b)
directly coordinated to the central metal ions. Because of the 100 © g
presence of hydrogen bonds together with the negatively chargec P ¢ 1
surface of the metallofullerenenols, motional freedom of the i ° 1
first hydration water molecules should be much less than those: r )
of bulk water molecules. In such a case, the most effective I R 1
motion for the proton relaxation should be rotational motion. 10+ . |
The origins of the observed high andr, values of the - f a
metallofullerenols are closely related to a couple of novel S I o 1[® La-fullerenols 7,
features that the present metallofullerenols inherently possess: ~ 8 O {|¢La-fullerenols ,
(1) the intra-metallofullerenols electron transfer, (2) large % 8 o 5 © {|MCe-fullerenols r,
reorientational motion of the metallofullerenols in water L i u i Eg‘:l'_ﬁf:lll'[‘;‘;‘:]‘;llss';z
solution, and (3) a large number of surrounding water mole- A : g \ 1|0 Gd-fullerenols r;
cules. i . o 1|aDy-fullerenols 7,
A. Electron Spins on the Metallofullerenol Cage We have L ||aDy-fullerenols 7,
shown already that Gd retains electron spin quantum number I || vEr-fullerenols r,
S equal or close to 7/2 in Gd@LOH), fullerenols by the v Er-fullerenols r,

susceptibility measurement. Furthermore, our preliminary EPR 0-{0 — '1'(')'0 — '1"0'00
studied’” on Gd@ G(OH), in water show a clear paramagnetic
signal at room temperature which is ascribed to long relaxation Resonance Frequency / MHz

time of electron spins of the Gtion as well as the one onthe  Figure 2. (a) Relaxivities of lanthanoid ions at 20, 40.5, 200, and 400
fullerenol cage. MHz (37 £ 1 °C, pH 7 £ 1). (b) Relaxivities of metallofullerenols at 20,

. . . . 40.5, 200, and 400 MHz (3% 1 °C, pH 7+ 1). Note that even La- and
The results are consistent with the long relaxation time of Ce-metallofullerenols exhibit proton relaxation ability (see text).

Gd 47 electron spins as known for &dions. Consequently,

the observed strong proton relaxivities of the GdgGH), relaxivities of the other metallofullerenols must include common
fullerenols can primarily be interpreted in terms of the dominant contribution from these cage electrons.

contribution from dipole-dipole interaction similar to the Gd B. Reorientational Motion of Metallofullerenols. The other
ion and Gd-DTPA case¥. important factor for the observed highvalues is related to a

The presence of an electron spin on the fullerenol cages thusspecial feature of the metallofullerenols. The temperature
play crucial roles in the observed high relaxivities. As described dependence of; obtained for Gd ion, Gd-, and La-metallof-
earlier, the M@@,(OH), fullerenols have paramagnetic property ullerenols are shown in Figure 3. Theof Gd ion decreases as
due to the electron transfer from the encaged metal atom to thethe temperature increases wheregasf Gd- and La-metallof-
Cg2 fullerenols cage, and the formal electronic structures of the ullerenols exhibit much different behavior.
fullerenols can be expressed ag®[Cs(OH),]3~ similar to In terms of dipolar interaction, such behaviors are explained
the intact M™@Cs,®~ metallofullerenes. The substantialand by the correlation timer for the overall molecular motion when
r, values of La-metallofullerenols (cf. Table 1) can partly be the main motion modulating the dipolar field for the proton is
explained by the presence of the cage electron. All the rotation or reorientational motion with respect to the static
magnetic fieldBy (cf. egs B1 and B2 in Appendix BY. At high

(30) Powell, D. H.; Dhubhghaill, O. M. N.; Pubanz, D.; Helm, L.; Lebedev, Y.
S.; Schaepfer, W.; Merbach, A. B. Am. Chem. Sod 996 118 9333. (31) Solomon, I.; Bloembergen, N. J. Chem. Physl1956 25, 261.
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Figure 3. Temperature dependence rf of GXB' ion, Gd-metalloful- Figure 4. Magnetic moment dependence iof (the effect of 1T) for
lerenols & 1/2), and La-metallofullerenolsx20) at 200 MHz. metallofullerenols at 400 MHz (3% 1 °C and pH 7+ 1). Ther; values

of La-, Ce-, Dy-, and Er-metallofullerenols have linear relationship with
respect to the square of calculated magnetic moments of free trivalent ions

proton resonance frequencies, where the term is not (see tex).

important, 1Ty increases withrg until wtr approaches unity

and decreases toward larger behavior of metallofullerenols in aqueous solution and the
The present results can be explained by this dipolar interaction 5ccompanying effect on the relaxivities.

scheme. The reorientational motion of Gd ion in water solution

is very rapid ¢r = 41 ps at 25°C).2° The observation that the

Gd-metallofullerenols show a broad maximunrimear 25°C

(cf. Figure 3) suggest®org = 1 at 200 MHz which, in turn,

leads torgr = 0.8 ns. This is much larger than the corresponding

correlation time tgr = 41 ps) of a G&"—water molecule pair. A )

The observed extremely large reorientational correlation time SPIN relaxation ternd

for the metallofullerenols increases substantially the proton

relaxivities of the species. (UTy) = [(215) (ugfdm)’ew, ug g (3 + 17r°(3KTY[37d
Another well-known method for increasing molecular rota- 1+ 0td)] (2a)

tional motion g) is to attach the conventional chelates to a

Iarger molecule, sugh as dendrimers, prpteins, or biopolymers,(ll-rZM) _ [(1/5)@‘0/4“)2%2//‘3494‘]2(3 + 1)2/r6(3k'l')2][4rc +

which consequently increases the relaxivity of the chéfafée 5 5

present experimental data strongly suggest that metallofullere- 3td(1+ 7)) (2b)

nols have slower molecular rotational motiar)(than expected

correlation times from its molecular size. Metallofullerenols are where ¢¢)™* = (zr)"* + (zm) %, #s?02)(J + 1) the square of

highly hydrophilic and have many coordinating water molecules effective magnetic momenter, tr the correlation time for

surrounded via hydrogen bonds. Although there is no experi- reorientational motion, andy the exchange lifetime.

mental evidence on the dynamical structure of surrounding water  Ther, values of the metallofullerenols at 400 MHz show a

molecules, the strong hydrophilic character of the metallof- clear increase with the square of effective magnetic moments

ullerenols may increase effective hydrodynamic radius and thus g g1yated for the ground-state free trivalent ions (cf. Figur& 4).
induce substantial decrease in the overall molecular rota’uonal-l-he result is consistent with the negligible coupling df 4

motion @r). Formation of aggregates also increases the hydro-
dynamic radius and induces slower molecular rotational motion
(tr); Some of water-soluble fullerenes derivatives as well as
Ceo fullerenols are known to aggregate (or to form clusters) in
aqueous solutio®® Further experimental studies should be

required for estimating the particle size of the aggregates
(clusters) and for obtaining information on the dynamical

To-Enhancing MRI Contrast Agents. Ther; values of the
present metallofullerenols increase as the magnetic f8gld
increases (cf. Figure 2), whereas the values are almost
constant with respect 8. The salient dependence of resonance
frequency o, should be a result of the so-called Curie nuclear

electron spins of C&, Dy3", and E#* ions in the fullerenol
cages as in the Gd-metallofullerenols. The longer correlation
time for reorientational motion zg) of metallofullerenols
significantly enhances of Curie spin relaxation as in the case
of Dy bound to dendrime?8 and albumif” especially at high

(34) Gueron, MJ. Magn. Reson1975 19, 58.
(35) Kittel, C.Introduction to Solid State Physicsth ed.; Wiley: New York,
(32) Merbach, A. E.; Toth, E. IfThe Chemistry of Contrast Agents in Medical 1998.
Magnetic Resonance Imagingohn Wiley & Sons: New York, 2001. (36) Bulte, M. W. J.; Wu, C.; Brechbiel, W. M.; Brooks, A. R.; Vymazal, J.;
(33) Jeng, U.-S.; Lin, T.-L,; Chang, T.-S.; Lee, H.-Y.; Hsu, C.-H.; Hsieh, Y.- Holla, M.; Frank, A. J.;Invest. Radial 1998 33, 841.
W.; Canteenwala, T.; Chaing. L. Yrog. Colloid Polym. Sci2001, 118, (37) Caravan, P.; Greenfield, T. M.; Bulte, M. W.Magn. Reson. Me®001,
232. 46, 917.
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IV. Conclusions
Er Ce La Dy Gd We have synthesized, for the first time, multi-hydroxylmet-
l’l’lM allofullerene derivatives (metallofullerenols) having La, Ce, Gd,
Dy, and Er lanthanoid metal atoms inside. The La-, Ce-, Gd-,
M(IH) 1.0 Dy-, and Er-metallofullerenols have values in the range 0-8
73 (sec'mM~1) at 0.47 T. In contrast, the corresponding
0.5 lanthanoid-DTPA complexes and intact ions have zero or
0.1 extremely lowr;. The strong relaxivities of the current metal-
* lofullerenols are mainly due to the dipetélipole relaxation
M-DTPA 1.0 together with a substantial decrease of the overall molecular
rotational motion €g). The Curie spin relaxation contributes to
0.5 r, of the metallofullerenols except for Gd-metallofullerenols.
0.1 Gd-, Dy-, and Er-metallofullerenols can be usedasnhancing
. MRI contrast agents at higher magnetic fields. The in vitro MRI
® & M@CSZ(OH)n 1.0 phantom studies were also performed and were consistent with
these results.
05 Appendix A
0.1 The determination of magnetic susceptibility in solution by
NMR is based on the principle that the signal from the capillary

Figure 5. Phantom NMR images of various metallofullerenols (together perpendicular toBg is shifted by (2:/3)(xcapilary — Xsolution
with those of lanthanoid ions and lanthanoid-DTPA complexes) solutions whereas the one from the parallel part is unaffeéie@ihe

at 1.0, 0.5, and 0.1 mmol metal/L. All MRl images were obtained by 1 T . . -
(MAGNETOM Harmony, Siemens), | spirecho with TR/TE= 200 ms/6 observed differencAv is the measure of susceptibility. Because

ms, FOV= 19 x 19 cn?, slice thickness of 6 mm, 256 256 points, and a common capillary (thus commogapiian) Was used for the
at 20°C. sample solution and solvent, tide values should correspond

o to those of the solute. Pure water was also measured as the
magnetic field*** The fact that Gd-, Dy-, and Er-metallof- g ,sceptibility standard to calibrate tH& sample and nonideal
ullerenols have such high values strongly suggests that these r5nk shape of the capillary.
can be used a3>-enhancing MRI contrast agents at higher  \jagnetic moment of the solute can be obtained from the
magnetic field. _ _ molar susceptibilityymo in equation (A1), whereu is the

Phantom MRI Studies. The present high values afy diamagnetic part of the susceptibilityo the permiability of

prompted us to carry out in vitro MRI phantom study of the vacuum,us Bohr magneton, angey the effective magnetic
metallofullerenols on the basis that the sufficient MRI signal \,oment of the molecule

enhancement should be obtained at lower Gd concentration as

r; increases. The measurement was Gd concentration as — 2

increases. The measurement was performed byitineeighted Hmo= Nalox + dgter 13KT] (A1)
spin—echo method (40.5 MHz und&i weighted condition with (elu )2: 4S(S+ 1) for the case of spin only. (A2)
TR/TE = 200/6 ms) and was evaluated according to the effi"B

following relatiorf? Appendix B

fTRfrl) e~ TEM A3) The dominating term in paramagnetic relaxation for a
spherically symmetric ion like Gd is the dipolar interaction

wherep is proton density, TR pulse repetition time, TE echo between electron spin and proton spin as in equation (B1 and

time, T longitudinal relaxation time, ant, transverse relaxation ~ B2). Long relaxation time of electron spins) paramagnetic

time. ions such as Gf, Mn?", Et?t, and Gd" have large proton
An extremely strong signal enhancement was observed for relaxivities originated from dipoledipole relaxatiof*28:30-31

Gd compounds whereas another compounds at the same

concentration showed only a slight enhancement of MRl signals  (1/T;y) = [BIr[77/(1 + wt.)) + 3r/(1 + w,°7.,)]

as compared with pure water (Figure 5). As clearly seen, the (B1)

MRI signal intensities of all of the present metallofullerenols

are much stronger than those of the corresponding metal ions(1/T,y) = [B/r°][6.57/(1 + wg’t.,”) + 1.5,/

and DTPA complexes. These phantom MRI results were 1+ o’ + 21,] (B2)

consistent with the highy andr; values at 20 MHz in Table 1.

The observation .that very high Gd c'oncentr'ations result in Here, ¢) 1= (tr) L + (tm) L + (ts) L B = (uo/dm)22y 2SS

decrease of the signal intensity is consistent with the very short 1)/3072, 7r correlation time for reorientational motiom

T2 of Gd-metallofullerenols. exchange lifetimezs; relaxation times of electron spinys

resonance frequency of electron spin,resonance frequency

, 85. of proton,r the distance between electron spin and proton, and

(39) Kellar, K. E.; Fossheim, S.; Koenig, S. hhvest. Radial 1998 33, 835. f ;
(40) Mansfield, P.: Morris, P. G. “NMR Imaging in Biomedicine” lAdvances Sspin quantum number of the metal ion.
in Magnetic Resonance, Suppj.\®augh, J. S., Ed.; Academic Press: New
York. 1982. (41) Dickinson, W. CPhys. Re. 1951, 81, 717.

signal intensityl p (1— e

(38) Aime, S.; Botta, M.; Barbero, L.; Uggeri, Magn. Reson. Chen1991
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