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Figure 1. Positive-ion LD-TOF mass spectrum of the
“Gd@C60 class" of fullerenes; inset is an expansion of the
870 to 900 mass region, showing the isotope patterns for

Gd@C60 and the empty fullerene, C74.
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Figure 2. Positive-ion MALDI-TOF mass spectrum of the
Gd@C60[C(COOCHgCH3)2]10 derivative product (S8 matrix); x =
10 derivative groups corresponds to the parent peak, with the lesser

x peaks due to molecular fragments formed by the laser desorption
process.
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Figure 3. Representative in vivo MRI intensity-derived
biodistribution data showing the Gd@C60[C(COOH)1]10
signal enhancement within the ?rst five minutes of

administration, revealing rapid renal uptake with a
minimum of liver uptake (red ?lled circles, kidney; blue
?lled squares, liver).
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Figure 4. Representative in vivo rodent MR images
focusing on a cross section containing a portion of one

kidney. a, baseline image without contrast agent; b,
image of the same cross section

16 min after

administration of Gd@C60[C(COOH)2]l0 with increased

signal intensity in the kidney.
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DERIVATIZATION AND SOLUBILIZATION
OF FULLERENES FOR USE IN
THERAPEUTIC AND DIAGNOSTIC
APPLICATIONS

diagnostic test; ?uorinated fullerenes for use in NMR imag
ing; C6O species labeled With carborane units for use in anti
cancer therapy using neutron irradiation; and l l lIn@C8O use
ful as a radiation source for SPECT imaging; C6OBr24 for use

in CT scanning. The patent notes the use of fullerene materi

als as contrast-enhancing agents in MRI, ultrasound, PET,

CROSS-REFERENCE TO RELATED
APPLICATIONS

Overhauser MRI, scintigraphy, X-ray, CT, SPECT, magneto
metric tomography, EIT, visible and it imaging and as carriers
for signal reporters, such as chromophores, ?uorophores or

This application takes priority under 35 U.S.C. §119(e)
from US. provisional application 60/371,380, ?led Apr. 9,
2002, Which is incorporated by reference in its entirety

radiolabels as Well as in in vitro assays and for tissue staining.

The patent further notes therapeutic applications of fullerene

herein. This application is further a continuation-in-part of
US. patent application Ser. No. 10/263,375, ?led Oct. 1,
2002 Which in turn claims priority under 35 U.S.C. §119(e)

materials to carry and release therapeutically active mol
ecules or atoms or in photodynamic therapy or radiotherapy
or as therapeutically active bioconjugates.
US. Pat. No. 6,265,443 reports a method for treatment of

from US. provisional application 60/326,353, ?led Oct. 1,

neurotoxic injury resulting form the release of oxygen-de
rived free radicals using carboxylated derivatives of C6O(C

2001. Both of these applications are incorporated by refer
ence in their entirety herein.
STATEMENT REGARDING GOVERNMENT
SUPPORT

20

(COOH)2)n, Where n is 1-4.
US. Pat. Nos. 5,811,460 and 6,204,391 report Water
soluble derivatives of C60 for inactivation of HIV. The deriva
tives a re generally described as symmetrically substituted

This invention Was made under a grant from the United

With organic moieties comprising from 1 to about 20 carbon

States government through the National Institutes of Health

atoms each and optionally comprising polar heteroatoms,

Grant No. 5R44CA066363-03. The United States govem

ment has certain rights in this invention.

25

such as oxygen and nitrogen. The patents illustrate the struc
tures of a number exemplary derivatiZed C6O molecules With
substituent groups added at one or tWo of the double bonds of

BACKGROUND OF THE INVENTION

the fullerene. An exemplary derivatiZed C60 is designated
4,4'-bis(HOC(O)(CH2)2C(O)NH(CH2)2-)diphenyl-C61 .

This invention relates generally to derivatiZed fullerenes

useful for therapeutic and in vivo diagnostic applications
Which exhibit improved biodistribution. In particular, the
invention relates to methods of making and using such deriva

30

US. Pat. Nos. 6,162,926 and 6,399,785 relate to multiply
substituted fullerene derivatives and to methods of producing
a large number of multiply-substituted fullerene derivatives
to generate combinatorial libraries Wherein some of the com

tives and more particularly to the use of such derivatives for

pounds has been discussed in the open literature since at least

pounds of the library are purported to possess pharmaceuti
cal, materials science, or other utilities. The patent provides
methods and lists references providing methods for derivati
Zation of fullerenes, for example, via various cycloaddition

1991 . A suggestion for the use ofC6O in cancer diagnosis and

reactions (1 ,3-dipolar additions, Diels-Alder reactions, etc.),

therapy even appeared in Popular Science Magazine (Edel

cyclopropanation by addition/elimination and by addition of
carbanions, alkyl lithium reagents or Grignard reagents.
These patents are incorporated by reference herein speci?

improved magnetic resonance imaging (MRI).
The use of fullerenes as diagnostic and therapeutic com

son 1991). US. Pat. No. 5,994,410 (Long et al.) relates to
therapeutic use of certain Water-soluble fullerene derivatives
Fi(X)m Where F is the fullerene core, m is 2-40, X is OH,

35

40

cally for the derivatiZation methods described and referenced
therein and for structures of derivatiZed fullerenes that are

(CH2)n-SO3H, or a metal salt of (CH2)n-SO3_ and n is 2-50
for treating a free radical-related medical condition.

US. Pat. No. 5,688,486 issued Nov. 18, 1997 by Watson et
al. based upon a PCT WO/93/15768, publishedAug. 19, 1993
relates to the use of fullerenes and metallofullerenes for diag

illustrated therein.
US. Pat. No. 6,355,225 relates to the use ofWater-soluble,
45

nostic and therapeutic applications. The patent provides a
number of examples of fullerenes that are purported to be
useful as carriers for diagnostic or therapeutic agents.
Examples include C6OFn, Where n' is 30 to 60 for use as a PET
contrast agent; Mtn@Cm (Mt:lanthanide, transition or rare

50

Several different groups have identi?ed Water-solubiliZed

With paramagnetic cage complexes useful as MRI contrast

agents and certain other metal cage complexes (lanthanum,
55

nostic atom and at least one treatment atom encapsulated
Within a fullerene cage for imaging and treating an area of the

polyhydroxylated Gd@C6O prepared by the method of
Chiang et al., 1992; Gd@C82 reported to be derivatiZable by
60

14 enriched C60) as a source of countable radiation in a

body. The patent indicates generally that the fullerene of the
patent may be “modi?ed to enhance absorption” in the body
and in target tissues by attaching at least one functional group
to the fullerene cage. Functional groups selected from “an
aminosubstituted group, a carboxyl group, a hydroxyl group,

fullerene for tissue staining; {[(C2H5)3P]2Pt}6C6O for use as
an X-ray contrast medium; sugar-labeled fullerenes for

enZyme assays; (eta-5-C9H7)Ir(CO)(C6O) for photodynamic
therapy for cancer; isotopically-labeled fullerenes (carbon

US. Pat. No. 6,471,942 relates to the use of trimetallic

nitride endohedral metallofullerenes having at least one diag

iodinated C6O useful as an X-ray contrast agent; C6O
(CH2C6H5)n, n':3,5 radical useful as MRI contrast agents;

the method of Chiang et al., 1992; Gd@C6O imbedded in
cyclodextrin for use in MR imaging (also M@C6O Where M is
Dy, Ho, La, Lu, and other rare earth metals); osmylated

lerols and particularly by radicals of C6O(OH),C (Where x is 12
or 32). The patent reports a relaxivity (r1) measurement of 0.5
mM'1 sec'1 for the —1 or —2 anion of C6O(OH)32.

polyhydroxyl Gd metallofullerene compounds as potential
MRI contrast agents Zhang et al. 1997; Wilson et al., 1999;
MikaWa, et al., 2001 .)

earth metal, m:60, 80, 82, 84, 92, 106 etc., and n:1, 2, etc.)

iridium and lutetium) useful in photodynamic therapy; poly

air-stable paramagnetic fullerenes having an unpaired elec
tron useful as contrast agents for MRI imaging and spectros
copy. The fullerenes of the invention are exempli?ed by ful

a polyethylene glycol complex, carbohydrates, amino acids,
65

proteins, nucleic acids, markers and antibodies.”
While the general idea for the use of fullerene and metal

lofullerene compounds having utility in medicine and diag

US 7,812,190 B2
3

4

nostics has been discussed in the prior art, With emphasis on

radioactivity Was retained in the liver after 30 h. From 30-160
h the radioactivity in the various organs decreased but Was
distributed in skeletal muscle and hair, Without excretion
from the body. Compound 2 Was found to exhibit no acute

MRI applications, feW of the compounds synthesized and
indicated to be useful for such applications to date have

signi?cant utility in general for such applications because

toxicity. Although fullerene 2 did not exhibit acute toxicity,

they are not suf?ciently Water-soluble.

In addition to being extremely hydrophobic, metallof

the authors state that the administered fullerene Was retained

ullerene molecules have a strong propensity to polymeriZe
and/or to aggregate When in Water. The hydroxyl groups
suggested in the prior art for Water solubiliZation do not
prevent aggregation, as a result the polyhydroxylated metal

chronic toxicity.”
Bullard-Dillard et al., 1996 reported that C6O intravenously
injected into rats as a ?ne suspension in Water and a more

lofullerenes are nano-aggregates that range in siZe from
10-100 nm or larger. When introduced in-vivo, the body’s

Water soluble quaternary ammonium salt derivatiZed C6O
injected as an ethanol-containing solution both predomi

reticuloendothelial system recogniZes that these compounds

nantly accumulated (90-95% and 52%, respectively) in the

are actually small particles, not individually solvated mol

liver. Further C6O Was reported not to be eliminated from the
liver over the 120-h period of the study. The authors state,
based on their results, that While C60 is not acutely toxic its
use in vivo Would likely lead to long-term accumulation in the
liver.
To realiZe the full potential of the fullerene and metallof

in the body for long periods Which “raise neW concerns about

ecules. They are subsequently encapsulated by phagocytosis
and carried to the RES tissues (liver, spleen, bone marroW and

lymph nodes). This pharmacokinetic (PK) behavior is unsuit
able for broad use in medical imaging. This PK behavior is
also not desirable for general MRI contrast agents, although it
may be acceptable for RES contrast agents.

20

ullerene compounds in medicine and diagnostics, other

Biodistribution studies of the polyhydroxylated metallof
ullerenes have recently revealed high uptake levels of these

derivatives that are eliminated through the kidneys in a
shorter time frame and Which do not accumulate in the RES

compounds by the reticuloendothelial system (RES). A
radiotracer study conducted by Cagle et al., 1999 With

tissues are needed.

l66Hon@C82(OH),C (n:1, 2; x~16) shoWed signi?cant RES

SUMMARY OF THE INVENTION

25

uptake in mice, including concentration of the polyol in liver
and bone. An MR imaging and biodistribution study by
MikaWa et al., 2001 With Gd@C82(OH),C (x~40) reported

endohedral

similar results. A radiotracer study With the (reportedly non

fullerenes exhibiting improved biodistributions Which are

endohedral) polyhydroxyl C6O derivative 99"'Tc4C6O(OH),C

This invention provides Water-soluble fullerenes and

30

in mice and rabbits also shoWed signi?cant uptake of the

35

metalloendohedral

useful in therapeutic and diagnostic (particularly in vivo diag
nostic) applications. The invention provides derivatiZation

is minimiZed. The derivatiZation methods herein are particu

larly useful for derivatiZing those fullerenes that are normally
insoluble and Which are speci?cally applicable to endohedral
fullerenes (including endohedral metallofullerenes and par

(OH)X, and Ho@C82(OH)), Will only have limited use as MRI
contrast agents, i.e. for imaging the reticuloendothelial sys

tem (liver, spleen, bone marroW)
TWo reports on in vivo absorption, distribution and excre
tion of fullerenes are consistent With the recent biodistribu

including

methods Which result in the production of fullerenes and
endohedral fullerenes, including endohedral metallof
ullerenes, Which exhibit biodistribution in Which RES uptake

polyhydroxyl fullerene by the kidneys, bone, spleen and liver
(Qingnuan et al, 2002.) In spite of the reported high rl values
for the polyhdroxylated metallofullerenes, these biodistribu
tion studies indicate that these fullerenes (e.g., Gd@C82

fullerenes,

40

ticularly to the endohedral metallo-C6O) and to very high
molecular Weight fullerenic materials generated in fullerenic

tion results reported for polyhydroxylated metallofullerenes.

soot, including metal-carbon nanoencapsulates.

Yamago et al., 1995 relates to studies using tWo Water-soluble

Derivatives formed by the methods herein exhibit
decreased aggregation or polymeriZation in solution resulting
in improved biodistribution and decreased uptake in vivo by

mono-derivatiZed C6O compounds 1 and 2:
45

the RES. Derivatives herein may also exhibit increased Water

solubility. Fullerenes derivatiZed by the processes herein

1

exhibit improved biodistribution as a result of increased solu
0

C60

in aqueous solutions. The methods of this invention can also

O\></O
O

bility and/ or the reduced tendency to aggregate or polymeriZe
OH

50

O

their biodistribution or to increase their Water-solubility. The
methods herein are further speci?cally applicable to deriva

2
0

C60

>/\n/
O

55

O\></O

be generally applied to the further derivatiZation of Water
soluble metallofullerenes to decrease aggregation, to improve

tiZation of empty small band gap fullerenes, particularly C74;
C72, C80; and generally C2” With 2n from 74 to 100, and giant

small-bandgap fullerenes With C2” (2n greater than 100).

OH

The derivatiZation methods herein can more speci?cally be
applied to form Water- soluble derivatives of endohedral met
allofullerene Which exhibit improved biodistribution as a

0
60

Compound 1 (radioactively labeled with 14C) Was reported to
not be effectively absorbed When administered orally, but the

embodiments, the metallofullerene derivatives are those hav

ing a C60, C70, C74, C82 or C84 fullerene cage.
In speci?c embodiments, the methods herein provide

small amount absorbed moved quickly to the liver and to
other tissues and thereafter excretion Was sloW With over 90%
of What Was absorbed retained in the body after one Week.

When delivered intravenously, 73% of radioactively labeled
compound 1 Was found in the liver after 1 h and 80% of the

result of increased solubility and/or the reduced tendency to
aggregate or polymeriZe in aqueous solutions. In speci?c

65

endohedral fullerene derivatives for use in therapeutic appli

cations, medical imaging techniques, and particularly in non
RES MRI imaging, and for targeting of metals and other

US 7,812,190 B2
5

6

atoms or molecules Within the fullerene cage selectively to

types of cells or types of tissues, Which exhibit improved

bonds or 1/3 of the functional groups calculated for a given
fullerene material is not an integer, the calculated number is

biodistribution, particularly derivatives of normally insoluble
fullerenes, and particularly derivatives of endohedral

rounded up to the next highest integer.) For example, for a C60
fullerene or endohedral metallofullerene, preferably at least 5

fullerenes With one or more (typically tWo) metal elements.

double bonds of the fullerene carry at least one non-hydro gen
functional group and at least 1/3 of the 5 functional groups
(1.8) rounded up to 2 of the functional groups are preferably

Metal elements can be lanthanide metals (Ce, Pr, Nd, Sm, Eu,

Gd, Th, Dy, Ho, Er, Tm, Tm, Yb, Lu, La, Sc andY), actinide
metals (Ac, Th, Pa, U, Np, Pu, Am, etc.), transition metal (Cu,
Sc,Y, Zr, Hf, etc.); alkali metals (Li, Na, K, Rb, Cs) or alkaline
earth metals (Be, Mg, Ca, Sr, Ba, Ra) and also including

charged functional groups.
In more preferred embodiments, at least about 1/3 of the
double bonds on the fullerene cage carry at least one non

radioactive, magnetic or paramagnetic metals. Other atoms
can be Within the endohedral fullerene for example Sb, I, Bi,
At, the noble gas elements (He, Ne, Ar, Kr, Xe, and Rn) or

hydrogen functional group. In other more preferred embodi
ments, at least about 1/2 of the non-hydrogen functional
groups on the fullerene are charged groups. In speci?c

NMR active atoms (e.g., 3He, 31P, 13C, 15N, 11B, 19F.)

embodiments, all of the functional groups on the fullerene are

Endohedral fullerenes of this invention include radionuclear

charged groups, Which may have like charges (all cationic or
all anionic) or different charges (some cationic and some
anionic). Charged groups are those that are charged under
conditions in Which the fullerene Will be employed and in
particular are those Which are charged at physiologic pH.

endohedral fullerenes, including among others, endohedral

fullerenes containing 61Cu, 64Cu, 67Cu, 177Lu, 133Xe, 141Ce,
147 Nd’ 160T‘), 161T‘), I66HO’ 169Er, 170Tm’ 175Y-b’ 223Ra’
225Ra’ 225AC, 227Th’ 233Pa’ 212Bi, 213Bi, 212Pb, 211At’ Or
222Rn. Radionuclear endohedral fullerenes derivatives of this
invention are useful in both therapeutic and diagnostic appli
cations.
The invention also provides methods of using the Water
soluble derivatiZed fullerenic species of the invention Which
exhibit minimal aggregation and/ or improved biodistribution

20

Non-charged functional groups on the fullerene or endohe

dral fullerene may be selected to be non-polar or polar and/or
hydrophilic to enhance solubility of the fullerene or endohe

25

dral fullerene in Water.
Functional groups that can be introduced onto the fullerene
surface include among others those containing one or more

for therapeutic and/or diagnostic applications. Endohedral

highly polar or ioniZed groups such as carboxylic acid groups

metallofullerenes With functional groups that provide
improved solubility, reduced tendency to aggregate or

(iCOOH), carboxylates (iCOO_), alkyl or aryl groups

improved biodistribution are particularly useful as paramag

boxylates (e. g., carboxy-substituted phenyl groups), ether or

netic contrast enhancing agents for magnetic resonance imag

substituted With one or more carboxylic acid groups or car
30

techniques. Derivatives made by the methods of this inven
tion can, for example, be particularly useful as blood pool
contrast agents. Containment of the paramagnetic or other
metal (such as a lanthanide metal ion, e.g., Gd3+) useful for
therapy or diagnostics Within the fullerene under physiologi
cal conditions prevents dissociation of the metal ion into the
patient, providing reduced toxicity When compared to con
ventional metal coordination complexes and chelates.
In preferred embodiments the methods herein are used to
generate Water-soluble fullerenes derivatiZed With a plurality

(tWo or more) functional groups (Which are alternatively des
ignated substituents) Wherein at least tWo of the plurality of
functional groups are charged groups. The charged functional
groups on the fullerene may be of like charge (either all
anionic or all cationic) or the fullerene maybe substituted
With a mixture of cationic functional groups and anionic
functional groups. A fullerene or metallofullerene that is sub
stituted With charged groups may be a charged, neutral or
ZWitterionic species. Charged functional groups are those that
are charged under the conditions in Which the fullerenes Will

ether groups substituted With carboxylic acid groups or car

boxylate groups (e.g., functional groups of compounds 1 and
2), amino groups (iN(R)2) or quaternary ammonium cations

ing (MRI), or for use in radiotracer studies or in other imaging

(iN(R)3+), or alkyl or aryl groups substituted With one or
35

more carboxylic acid groups or carboxylates (e.g., carboxy
substituted phenyl group s) Where R independent of other R is
hydrogen, alkyl, aryl or alkenyl groups. R groups of the
quaternary ammonium cations may themselves be substituted

With polar groups, including CO, OCO, N(R)2, halogen (F,
40

Cl, Br, I) or OH groups. Preferred substituents are selected to
increase solubility and minimiZe aggregation and are com
patible With other substituents and the intended use of the
fullerene.

In speci?c embodiments herein, the charged functional
groups attached to the fullerene or endohedral fullerene can
45

be alkyl or aryl groups substituted With one or more carboxy

lic acid groups or carboxylate groups. Of particular interest
are charged functional groups that are carboxy-substituted

aryl and carboxy-substituted phenyl groups. Aryl groups, in
general, and phenyl groups and substituted phenyl and aryl

be employed, e.g., at physiologic pH. Also in preferred

groups, more speci?cally can be covalently attached to the
fullerene cage of empty or endohedral fullerenes employing
methods as illustrated in Avent et al., 1994; SaWamura et al.,

embodiments the number of functional groups and the num
ber of those functional groups that are charged on the

the art. More than 2 carboxy-substituted phenyl or aryl groups

fullerene increases With increasing siZe of the fullerene cage.
For example, generally for a fullerene or endohedral
fullerene With fullerene cage of formula C2” (Where n is an
integer equal to or greater than 25 or more preferably 30)

50

1996 or SaWamura et al., 2000, or by other means knoWn in
55

there are n double bonds on the fullerene surface that can be

derivatiZed. Each double bond can be derivatiZed With up to
tWo non-hydrogen groups. The maximum number of non
hydrogen groups that can be added to the fullerene surface is

60

can be bonded to fullerenes. Preferably 5 or 10 carboxy
substituted phenyl or aryl groups can be bonded to fullerenes.
Structures of phenyl-substituted fullerenes are illustrated in
Avent et al., 1994; SaWamura et al., 1996 or SaWamura et al.,
2000.
Preferred derivatiZed fullerenes carry tWo or more charged

(or ioniZed) groups. Charged groups include carboxylate
groups can be in the form of carboxylate salts-COO'A", or

thus 2n. In preferred fullerenes and endohedral fullerenes of

dicarboxylate salts, >C(COO_)2B2+, Where A+ and B2+ are

this invention at least about 1/6 of the double bonds on the
fullerene cage carry at least one non-hydrogen functional
group and at least about 1/3 of the functional groups on the

appropriate mono- and dications, such as an alkali metal

double bonds are charged groups. (When 1/6 of the double

65

cations (Li", Na", K", Rb", and Cs’’), alkaline earth metal
dications (e.g., Mg“); or organic-based mono and dications
such as quaternary ammonium cations and other substituted

US 7,812,190 B2
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ammonium species, including cationic amino acid residues.

a cycloaddition or other reaction. A plurality of such cyclo
additions can be performed in a given fullerene. More spe
ci?cally three, ?ve, six or seven member cycloalkyl or het

Quaternary ammonium cations can be in the form of salts
iN(R)3+D_ or Where D' is an appropriate anion (Which can
be a mono charged anion or a multiply charged anion), such as

erocycloalkyl rings can be added across a double bond of the

halides (e.g., Cl‘), sulfates, bisulfates, phosphates, anions of

fullerene. These cycloalkyl rings can be substituted With

organic mono and diacids, acetate, maleate, fumarate,

polar, hydrophilic, non-polar or charged groups. Heterocy

oxalate, lactate, tartrate, citrate, gluconate, methane

cloalkyl rings may contain a charged species, such as a
ammonium ion or quaternary ammonium ion, or they may be

sulfonate, 4-toluene-sulfonate. Anions and cations employed
in salts for medical imaging, therapeutic or diagnostic assays

substituted With polar, hydrophilic, charged or non-polar

should be pharmaceutically acceptable anions and cations as

groups.
Functional groups can be substituted directly on the

are knoWn in the art. Polar derivative groups can also include

(such as 4CF3 or iC6F5 groups) or halogens.
Functional groups may also include non-charged groups,
groups of loW polarity or non-polar groups, including among

fullerene ring or generally more preferably through the Well
knoWn Bingel reaction via cyclopropanation of a fullerene
double bond. In the later case, up to tWo non-hydrogen sub
stituents (X1 and X2) can be added to the fullerene double

others alkyl groups, (including straight-chain, cyclic or

bond by each cyclopropanation resulting in the formation of

branched alkyl groups), aryl groups, alkyl-substituted aryl

the derivatiZed cyclopropane ring on the fullerene e.g.

OH, esters, amides, polar halogenated alkyl or aryl groups

groups, heterocyclic groups, heteroaromatic groups, ether
groups, polyether groups, polyetheylene glycol moieties or
fragments, polyethylene oxide moieties or fragments, thioet
her groups, as Well as alkyl and aryl groups substituted With

20

OH, OR (Where R is alkyl or aryl groups), or one or more

halogens.
Functional groups Which contain carbonyl (4C:O)
groups, such as esters, amides and carbamates, 4OiCOi

25

R, 4COiN(R)2, 4OiCOiN(R)2 Where R is an alkyl,
alkenyl or aryl group can also exhibit improved solubility.
These R groups can also be substituted With charged or polar

groups, including CO, OCO, N(R)2, halogen (F, Cl, Br, I) or
OH groups. Alkyl and alkenyl groups of substituents can be

30

straight-chain, branched, or cyclic. Preferred alkyl groups
that are substituents or that represent portions of substituents
have one to 6 carbon atoms, With methyl, ethyl and propyl

groups being more preferred. Cyclic alkyl groups are prefer
ably cyclohexyl or cyclopentyl groups. Preferred alkenes

35

have one or tWo double bonds. Preferred aryl groups that are

substituents or that represent portions of substituents contain
one or tWo aromatic rings Which are typically 5- or 6-member

rings and Which may be heterocyclic. Preferred aryl groups
include optionally substituted phenyl groups Which may be
substituted With polar or charged (e.g., halogen, ‘COO’, or

40

iCOOR groups). HoWever, preferred non-charged substitu

X1 and X2 are selected from the various functional groups
listed above. At least tWo of the total number of X1 and X2
groups on the fullerene are charged groups With like charge.
Preferably, the tWo charged groups are on different cyclopro
panation sites on the fullerene. Derivatives of fullerenes and
endohedral metallofullerenes include those in Which X1 and
X2 groups are selected as described above for functional
groups or sub stituents on the fullerene surface. Derivatives of
fullerenes and endohedral metallofullerenes include those in
Which one of X1 or X2 at a cyclopropanation site on the
fullerene is a charged group, Where all charged groups on the

fullerene cage are preferably of like sign. Derivatives of
fullerenes and endohedral metallofullerenes also include
those in Which all of the X1 and X2 groups on the fullerene
cage are charged groups.
Water-soluble derivatives of this invention include those
Where the fullerene has the structure:

ents are generally selected to increase solubility of and mini
miZe aggregation of the fullerene or endohedral fullerene and

are compatible With other substituents, particularly the
charged substituents, and With the intended use of the

45

fullerene or endohedral fullerene.

DerivatiZed fullerenes and endohedral fullerenes of this
invention may carry functional groups that enhance absorp
tion in target tissues by attaching at least one functional group
to the fullerene cage that functions for targeting tissue, e. g. is
a chemical or biological species that selectively binds to or
accumulates in certain cell or tissue types. Biological species

50

Where F is the fullerene and X l and X2 are functional groups
and x is the number of cyclopropyl groups on the fullerene 3 9.
In speci?c embodiments, x is 5 or more and at least tWo of the

useful for such targeting are knoWn in the art and can be

readily attached to the fullerene. Biological species include,
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among others, steroid and other ligands for cell surface recep

tors; antibodies (or fragments thereof), peptides, proteins (or
fragments thereof), and nucleic acids. DerivatiZed fullerenes
and endohedral fullerenes of this invention may carry func
tional groups that function as reporter (moieties Whose pres
ence is qualitatively or quantitatively detectible by some

60

preferred embodiments the methods herein are used to gen
erate Water-soluble endohedral metallofullerenes derivatiZed

means, such as a radiolabel, or ?uorescent or phosphorescent

labels).
A single cycloalkyl or heterocycloalkyl group Which may
be substituted With various charged, polar, hydrophilic or

X1 and X2 functional groups are charged groups. In other
speci?c embodiments all of the X 1 and X2 functional groups
are charged groups. In other speci?c embodiments x is 4, 5, 6,
7, 8, 9, 10, 11 or 12.
In speci?c embodiments the derivatiZation methods herein
provide Water-soluble endohedral metallofullerenes Which
exhibit minimal aggregation or improved biodistribution. In
With a plurality (tWo or more) of functional groups (or sub
stituents) Wherein at least tWo of the plurality of functional

65

groups (or substituents) are charged groups (either both

non-polar groups (particularly those speci?cally listed

anionic or both cationic) under the conditions in Which they

herein) can be added across a double bond of the fullerene via

Will be employed, e.g., at physiologic pH.
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from the groups >CRlR2 and >SiRlR2 Where R1 and R2 are

ternary ammonium cations and other substituted ammonium
species, including amino acid residues. M in the formula can

organic groups independently selected from the group con

generally be any metal ion, but in particular embodiments is

sisting of optionally substituted aryl groups, 4COOR3,

a lanthanide metal ion for use in medical imaging technolo

Functional groups useful in this invention can be selected

iO4COiR3, iCOiNR3R4, 4COR3, iCN, iP(O)

gies, particularly non-RES MRI imaging, and speci?cally M

(OR3)2, SO2R3, -and OiCOiN R3R4 Where R3 and R4 are

is a Gd ion. Carboxy-substituted M@C2n may be further

independently selected from hydrogen, an aryl group, an
alkyl group, or an alkenyl group each of Which may be sub

derivatiZed With one or more polar and/or hydrophilic groups
(e.g., OH or halogens) and/or derivatiZed With one or more

stituted With one or more substituents selected from the group

consisting of iCOi, iOCOi, and iN(R5)2, Where R5 is

biological species for targeting and/or derivatiZed With one or

hydrogen, an aryl group, an alkyl group, or an alkenyl group.

more reporter groups.

In preferred embodiments the number of functional groups

In a yet more speci?c embodiments the invention provides
methods for making Water-soluble endohedral metallof

and the number of those groups that are charged on the

endohedral metallofullerene increases With increasing siZe of
the fullerene cage. Generally, for endohedral metallof
ullerenes of formula M@C2n, it is preferred that at least about

ullerenes exhibiting improved biodistribution having the
5

1/6 of the double bonds on the fullerene cage carry at least one

non-hydrogen functional group and that at least about 1/3 of
these functional groups are charged groups. In more preferred
embodiments, at least about 1/3 of the double bonds on the
fullerene cage carry at least one non-hydrogen functional
groups. In other more preferred embodiments, at least about
1/2 of the non-hydrogen functional groups on the fullerene are

20

transition metal. In a speci?c embodiment, M@C6O(C
(COOA)2)x, Where M is Gd3+ and x and A are as de?ned
above, are particularly useful as MRI contrast reagents. Car

charged groups. In speci?c embodiments, all of the functional
groups on the endohedral metallofullerene are charged

25

groups. Non-charged functional groups may be selected to be

polar and/or hydrophilic to enhance solubility of the endohe

employed to produce endohedral metallofullerene derivatives
having a mixture of carboxylate and hydroxy groups, prefer
ably those having at least tWo carboxylate anion groups

ioniZed groups, such as those described above, to break apart

and prevent inter-fullerene bonding or aggregation. The
highly ioniZed groups can also provide ready linking points
35

nation With one, tWo three or more OH substituent groups can 40

for further derivatiZation. For example, organic groups can be
attached via the carboxylate functionalities to increase bind
ing With serum protein components, such as albumin, to raise
the blood residency time of the compound and make it a more
effective blood pool contrast agent. Other targeting groups
can be used including, but not limited to, peptides, polypep

tides, proteins, and protein fragments, antibodies and anti
body fragments, etc.
Additionally, metallofullerene derivatives containing mul

exhibit improved solubility, reduced aggregation and or
favorable biodistribution.
In speci?c embodiments, the methods herein can be

employed to produce endohedral metallofullerene derivatives
45

at least about 1/6 of the double bonds of the fullerene are
derivatiZed With at least one carboxyl group. In preferred

tiple non-ioniZing groups that are extremely soluble in Water
can also have favorable biodistribution. Non-ionizing groups
useful for the invention include serinol amide (iNHC
(CH2OH)2), serinol amide derivatives such as iC(NHC

(CH2OH)2)2, polyethylene glycol moieties or fragments,

embodiments, carboxy-substituted endohedral metallof
ullerenes include those in Which at least about 1/6 of the double
bonds of the fullerene are derivatiZed With tWo carboxyl

In general, the fullerene surface is covered With enough

30

(present as carboxylic acid groups or carboxylate salts) and a
suf?cient number of OH groups to ensure Water-solubility of
the metallofullerene. Water soluble endohedral metallof
ullerenes carrying tWo or more carboxylate groups in combi

having tWo or more carboxylate substituents. Carboxy-sub
stituted endohedral metallofullerenes include those in Which

boxy-substituted M@C2n may be further derivatiZed With one
or more polar and/or hydrophilic groups (e.g., OH or halo
gens) and/or derivatiZed With one or more biological species
for targeting and/or derivatiZed With one or more reporter
groups.

dral fullerene in Water. Non-charged functional groups or

substituents can be selected generally from polar groups and
groups of loW polarity and non-polar groups as noted in the
various groups above.
In speci?c embodiments, the methods herein can be

structures M@C2n(C(COO_A")2),C or M@C2n (C(COO')2
B2"),C Where 2n is 60 or more, Where x ranges from 4 to about
12, and more preferably is 5 to 10 and yet more preferably is
8 to 10; A is a monovalent cation (or tWo A’ s can be a divalent
cation) and M is a metal ion, particularly a lanthanide, or a

50

polyethylene oxide moieties or fragments. Su?icient num
bers of these groups may be employed to prevent inter

group. Carboxy-substituted endohedral metallofullerenes

fullerene aggregation. These highly Water-soluble, but non

include those in Which at least about 1/3 of the double bonds of
the fullerene are derivatiZed With at least one carboxyl group.

more charged functional groups to obtain Water-soluble

In preferred embodiments, carboxy-substituted endohedral

ioniZed groups can be combined With one or preferably tWo or
55

metallofullerenes include those in Which at least about 1/3 of
the double bonds of the fullerene are derivatiZed With tWo

Scheme 1 provides representative examples of derivatiZed

carboxyl groups.
In a more speci?c embodiment, M@C2n(C(COO_A")2),C

or M@C2n (C(COO_)2B2"),C compounds are provided

60

Wherein 2n can be about 50 or more and the value of x can

vary from 1 to about 10, or x can be greater than 10, particu
larly for 2n greater than 60. A in the formula can be any

monocation and B any dication, particularly pharmaceuti
cally acceptable cations, and can include anions of alkali
metals (Li, Na, K, Rb and Cs). Other cations can include
alkaline earth metals or organic-based cations, such as qua

fullerene derivatives With improved biodistribution.
fullerene structures of this invention. Note that fullerenes that
can be derivatiZed by the methods of this invention, include
among others, empty or endohedral fullerenes, carbon nano
tubes, carbon coated nanoparticles and metal-carbon nanoen
capsulates. These fullerenes can be derivatiZed With any one
or more of the groups as listed above or as illustrated Scheme

1.
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The invention further relates to method for using Water
soluble fullerenes and endohedral metallofullerenes made by
the methods of this invention and Which exhibit minimal or
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non-aggregation in various therapeutic and diagnostic appli

from the soot or enriched in the soot. Soot produced during

cations and particularly as MRI contrast agents.

the synthesis of carbon nanomaterials, such as fullerenes,
typically contains a mixture of carbon nanomaterials Which is

BRIEF DESCRIPTION OF THE DRAWINGS

a source for further puri?cation or enrichment of carbon

nanomaterials or Which may itself exhibit desired properties
FIG. 1. is a positive-ion LD-TOF mass spectrum of the

of carbon nanomaterials and be useful as an addition to con

“Gd@C6O class” of fullerenes; inset is an expansion of the
870 to 900 mass region, shoWing the isotope patterns for

vey those properties. The term “carbon nanomaterials,” When
used Without limitation, is intended to include soot containing
detectable amounts of carbon nanomaterials. For example,

Gd@C6O and the empty fullerene, C74.
FIG. 2. is a positive-ion MALDI-TOF mass spectrum of

the term fullerenic soot is used in the art to refer to soot

the Gd@C6O[C(COOCH2CH3)2]l0 derivative product (S8

containing fullerenes. Fullerenic soot is encompassed by the

matrix); x:10 derivative groups corresponds to the parent
peak, With the lesser x peaks due to molecular fragments
formed by the laser desorption process.
FIG. 3. Representative in vivo MRI intensity-derived bio

term carbon nanomaterials. Non-fullerenic carbonaceous
materials include, but are not limited to, non-fullerenic car
bon nanomaterials as Well as amorphous carbonaceous mate
rials. Carbon nanomaterials are not amorphous carbonaceous
materials.
Fullerene and endofullerene derivatives of this invention

distribution data shoWing the Gd@C6O[C(COOH)2]1O signal
enhancement Within the ?rst ?ve minutes of administration,

revealing rapid renal uptake With a minimum of liver uptake
(red ?lled circles, kidney; blue ?lled squares, liver).
FIG. 4. Representative in vivo rodent MR images focusing

useful in therapeutic and diagnostic applications are Water

soluble. In general, derivatives employed in therapeutic appli
20

on a cross section containing a portion of one kidney. a,

baseline image Without contrast agent; b, image of the same
cross section 16 min after administration of Gd@C6O[C

(COOH)2] 10 With increased signal intensity in the kidney.
25

DETAILED DESCRIPTION OF THE INVENTION

The term “fullerene” is used generally herein to refer to any

closed cage carbon compound containing both six- and ?ve
member carbon rings independent of siZe and is intended to
include the abundant loWer molecular Weight C60 and C70

30

cations are su?iciently Water-soluble so that a therapeutically
effective amount of the derivatives fullerene or endofullerene
can be delivered to a patient and provide a therapeutic bene?t.
The absolute level of Water-solubility needed to obtain a

therapeutic effect Will then depend upon the therapeutic
effectiveness of the derivative. In preferred embodiments,
derivatiZed fullerenes and endofullerenes of this invention
exhibit Water-solubility of greater than about 0.1 mM. In
more preferred embodiments derivatiZed fullerenes and end
ofullerenes of this invention exhibit Water-solubility of
greater than about 1 mM. In yet more preferred embodiments
derivatiZed fullerenes and endofullerenes of this invention

fullerenes, larger known fullerenes including C76, C78, C84

exhibit Water-solubility equal to or greater than about 3 mM.

and higher molecular Weight fullerenes C2N Where N is 50 or
more (giant fullerenes) and Which may optionally be nested

plurality of charged, polar or hydrophilic groups generally

and/or multi-concentric fullerenes. The term is intended to
include “solvent extractable fullerenes” as that term is under

DerivatiZation of fullerenes or endohedral fullerenes With a
35

stood in the art (generally including the loWer molecular

Water-solubility for fullerenes or endofullerenes of larger
cage siZe. Solubility of a given derivative in a given solvent,

Weight fullerenes that are soluble in toluene or xylene) and to

include higher molecular Weight fullerenes that cannot be
extracted, including giant fullerenes Which can be at least as
large as C400. Additional classes of fullerenes include, among
others speci?cally noted herein, endohedral fullerenes con

renders the derivative Water-soluble. In general, larger num
bers of such groups are needed to achieve a desired level of

particularly Water or an aqueous solution, can be quantita
40

tively determined using methods knoWn in the art. The term
Water-soluble as used herein refers also to solubility in aque
ous solutions and in particular to aqueous solutions at physi

ological pH. Quantitative solubility of a derivative in Water

tains one or more elements, particularly one or more metal

elements, and heterofullerenes in Which one or more carbons
may be different than its solubility in an aqueous solution.
of the fullerene cage are substituted With a non-carbon ele 45
Biodistribution refers to the distribution of an agent admin
ment, such as B or N. The term fullerenic material is used
istered to an individual in the tissues, body ?uids and organs
generally to refer to a material that contains a mixture of
of that individual (animal or human) after administration.

Biodistribution patterns re?ecting relative amounts of the

fullerenes or a mixture of one or more fullerenes With non

fullerenes, e.g., amorphous carbonaceous materials that may
fullerenes, such as combustion soot as Well as raW or crude

agent in different tissues, organs or ?uids can be determined
using various methods knoWn in the art, and as illustrated in
the examples herein. Biodistribution patterns change as a
function of time after administration and may exhibit initial

preparations of fullerenes that have been at least partially
puri?ed, for example, by extraction and/ or sublimation.

decreasing levels due to transfer to other sites or metabolism

for example be formed during fullerene synthesis by any

50

knoWn method and includes raW or crude preparations of

Fullerenes are members of a broader class of materials

accumulation in certain tissues (organs or ?uids) folloWed by
55

called “carbon nanomaterials” Which as used herein generally

refers to any substantially carbon material containing six

and/or excretion of the agent. The agent may selectively accu
mulate in certain tissue and not in other tissue. The agent
administered may be a therapeutic or diagnostic agent and

membered rings that exhibits curving of the graphite planes,

dependent upon the application of the therapeutic or diagnos

generally by including ?ve-membered rings amongst the

tic agent a given biodistribution pattern over time, may be
more or less desirable for that application. For example, in

hexagons formed by the positions of the carbon atoms, and

60

certain therapeutic applications it is desirable to target the
therapeutic agent to given tissue, e.g. cancer tissue. Methods
are knoWn in the art for achieving such targeting by function

has at least one dimension on the order of nanometers.

Examples of carbon nanomaterials include, but are not lim

ited to, fullerenes, single-Walled carbon nanotubes (SWNTs),
multiple-Walled carbon nanotubes (MWNTs), nanotubules,
and nested carbon structures With dimensions on the order of
nanometers. Carbon nanomaterials may be produced in soot

and, in certain cases, carbon nanomaterials may be isolated

aliZation of an agent With tissue selective or cell selective
65

functional groups (e.g., those exhibiting having cell surface
binding function.) Similar, it may be bene?cial to target diag
nostic agents to certain tissue types, e.g., to selectively
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enhance imaging. Notwithstanding the speci?c bene?ts of
such selective targeting of therapeutic and diagnostic agents,

fullerene aggregation in Water or aqueous solution to mini
miZe or avoid uptake of the derivatiZed fullerene or endof

it is generally not bene?cial for a therapeutic agent or par
ticularly for a diagnostic agent to accumulate in tissues or
organs over extended periods of time (days, months or years).
It is generally bene?cial for a therapeutic agent or diagnostic

ullerene by the RES.
In a preferred embodiment the number of charged groups
(starting With a minimum of tWo charged groups) on the
fullerene or endohedral fullerene Which provides for

agent to be metaboliZed and/ or excreted from an individual in

improved biodistribution and limits aggregation increases

a reasonably rapid manner and avoid excessive accumulation,
particularly in the liver, spleen, lymph nodes or bone marroW
(the RES tissues.) Undesired accumulation is a more signi?

generally With the siZe of the fullerene cage as noted above. In
more preferred embodiments, the fullerene or endohedral
fullerene is derivatiZed With three or more charged groups,
four or more charged groups, six or more charged groups,
eight or more charged groups, ten or more charged groups,
tWelve or more charged groups, fourteen or more charged
groups, sixteen or more charged groups, eighteen or more

cant problem for therapeutic agents and diagnostic agents that
are not metaboliZed or are only sloWly metaboliZed in vivo. It

is most often bene?cial for therapeutics and diagnostic
agents, particularly those like fullerenes Which may not be
readily metaboliZed, to be passed to the kidneys for excretion

charged groups or tWenty or more charged groups. In general,
more preferred derivatiZed fullerenes of this invention are

in urine. One mechanism Which enhances accumulation of

those that have the most charged functional groups.
The derivatiZation methods of this invention alloW the pro
duction of Water-soluble derivatives of fullerene and metal

agents in certain tissues is uptake by the RES system Which
results generally in accumulation of agents in RES tissue,
particularly the liver. As noted above, fullerenes can aggre
gate in aqueous media and such aggregates Will exhibit higher
levels of uptake by the RES system and as a result Will
accumulate in RES tissues.
Fullerene and endohedral fullerene derivatives of this

invention exhibit improved biodistribution in that they exhibit

20

lofullerene therapeutics or diagnostics Which retain therapeu
tic activity or retain usefulness for diagnostics and Which

exhibit improved biodistribution, in particular Which exhibit
25

loWer levels of in vivo uptake by the RES compared to the
fullerene or metallofullerene therapeutic or diagnostic prior
to derivatiZation. In preferred embodiments, the derivatiZa

relatively loW levels of in vivo up take into RES tissue as

tion methods herein provide Water-soluble fullerene or met

demonstrated by uptake levels into the liver in the short term

allofullerene derivatives Which exhibit improved biodistribu
tion Without any signi?cant loss of therapeutic effectiveness

(minutes or hours) after administration to an individual. The

levels of in vivo uptake into RES tissue by fullerene and
endohedral fullerene derivatives of this invention are gener

compared to the therapeutic fullerene or metallofullerene

ally loWer than those of in vivo uptake into RES tissue in

prior to derivatiZation. In other preferred embodiments, the
derivatiZation methods herein provide Water-soluble

comparable in vivo systems observed for underivatiZed

fullerene or metallofullerene derivatives Which exhibit

30

fullerenes (e.g., C60), monosubstituted C6O (e.g., C6OiN

improved biodistribution and increased Water-solubility

dimethylpyrrolidine ammonium iodide of Bullard-Dillard et
al., 1996, or compounds 1 and 2) or polyhydroxylated Water

Without any signi?cant loss of therapeutic effectiveness com
pared to the therapeutic fullerene or metallofullerene prior to
derivatiZation. In other preferred embodiments, the derivati
Zation methods herein provide Water-soluble fullerene or
metallofullerene derivatives Which exhibit improved biodis
tribution Without any signi?cant loss of usefulness as a diag
nostic agent compared to the diagnostic fullerene or metal
lofullerene prior to derivatiZation. In other preferred

35

soluble fullerenes (particularly polyhydroxylated C60).
Fullerene and endohedral fullerene derivatives of this inven

tion also exhibit improved biodistribution in that they exhibit
relatively rapid excretion from the individual (e.g., via the
kidney) in the short term (minutes or hours) after admini stra

40

tion. The excretion rates of fullerene and endohedral fullerene
derivatives of this invention are faster and preferrably at least
about 50% faster than those observed in comparable in vivo

embodiments, the derivatiZation methods herein provide
Water-soluble fullerene or metallofullerene derivatives Which
exhibit improved biodistribution and increased Water- solubil -

systems for underivatiZed fullerenes (e.g., C60), monosubsti

tuted C6O (e.g., C6OiN-dimethylpyrrolidine ammonium

45

iodide (Bullard-Dillard et al., 1996) or compounds 1 and 2),
or polyhydrolylated Water-soluble fullerenes (particularly
polyhydroxylated C60. Biodistribution and rates of excretion
can also be assessed by tissue distribution experiments and
plasma clearance studies in vivo as knoWn in the art and as
described in Bullard-Dillard et al., 1996. Biodistribution may

ity Without any signi?cant loss of usefulness as a diagnostic
agent compared to the diagnostic fullerene or metallof
ullerene prior to derivatiZation. In derivatiZation methods
used to produce improved therapeutic fullerenes or metallof

ullerenes, the starting point ofderivatiZation is the therapeutic
50

or diagnostic fullerene or metallofullerene (Which may

already carry substituents) or the corresponding underiva

also be assessed using absorption, distribution, and excretion
experiments as exempli?ed and illustrated in Yamago et al.,

tiZed fullerene or metallofullerene therapeutic or diagnostic

1 995.
Fullerene and endofullerene derivatives of this invention

contain tWo or more carboxyl groups to generate an improved

agent. For example, a hydroxylated C6O may be derivatiZed to
55

useful in therapeutic and diagnostic applications contain at
least tWo charged functional groups, preferably carboxyl

derivatiZed to contain tWo or more carboxyl groups to gener

ate the improved therapeutic. In another example, a hydroxy

groups, and as a result exhibit biodistribution characterized

lated M@C6O Which can be employed as an MRI contrast
reagent can be derivatiZed by addition of tWo or more car

by generally loWer uptake levels in vivo by RES tissues. More
speci?cally, fullerene and endofullerene derivatives of this
invention exhibit biodistribution characterized by loWer

60

boxyl groups to generate an improved MRI contrast reagent.
Alternatively, M@C6O may be derivatiZed to contain tWo or
more carboxyl groups and further derivatiZed to contain
hydroxyl groups to provide the same improved MRI contrast

65

therapeutic fullerenes and metallofullerenes can be applied to
improve biodistribution or to improve biodistribution and
increase Water-solubility in any fullerene or metallofullerene

uptake levels in vivo by RES tissues than uptake levels by
RES tissues of underivatiZed fullerenes and endofullerenes as
Well as Water-soluble fullerene and endofullerene derivatives
that do not have tWo or more charged functional groups. The
presence of charged functional groups on the fullerene or

endohedral fullerene is believed to suf?ciently minimiZe

therapeutic or underivatiZed C6O may be hydroxylated an

agent. The method of this invention for generating improved
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that exhibits a therapeutic activity. The method of this inven

contain other active ingredients, such as antimicrobial agents,

tion can be applied to make fullerene or metallofullerene

or preservatives. In general, therapeutic compositions of this

diagnostic agents With improved biodistribution or improved
biodistribution and increased Water-solubility compared to

invention can contain from 0.001 -99% (by Weight) of one or
more improved fullerene or metallofullerene therapeutic

underivatiZed fullerene or metallofullerene diagnostic agents.

compounds. The daily dosage employed for treatment of a
given patient Will be adjusted as knoWn in the art for the
clinical condition, age, sex and Weight of the patient, and for
the type of administration. The daily dosage for administra

The present invention generally provides improved meth
ods for treatment With fullerene or metallofullerene therapeu
tic compounds Wherein a therapeutically effective amount of
a Water- soluble derivative of the fullerene or metallofullerene

tion to an adult patient Will typically range from about 1.5

therapeutic compound Which derivative exhibits signi?cantly

mg/kg to about 1500 mg/kg.

less uptake in vivo by the RES compared to the therapeutic

Therapeutics can be formulated in dosage units Which are

fullerene or metallofullerene is administered to a patient in

discrete pharmaceutical units, for example, as tablets, drag
ees, capsules, caplets, pills, suppositories or ampules (con

place of the fullerene or metallofullerene therapeutic. The
Water-soluble derivatiZed fullerene or metallofullerene

taining a de?ned amount of a liquid or suspension). The active
compound content of each unit is a fraction or a multiple of an

exhibits improved biodistribution patterns but substantially
retains the therapeutic activity of the therapeutic fullerene or

individual dose. An individual dose preferably contains the
amount of active compound Which is given in one adminis
tration and Which usually corresponds to a Whole, one half,

metallofullerene. In a preferred embodiment, the Water
soluble derivative of the fullerene or metallofullerene thera

peutic exhibits 1/2 or less uptake in vivo by the RES compared
to uptake of the fullerene or metallofullerene therapeutic in
vivo by the RES. In a more preferred embodiment, the Water

one third or one quarter of a daily dose. The magnitude of a
20

soluble fullerene or metallofullerene derivative exhibits 10%
or less uptake in vivo in the RES system. In a most preferred
embodiment, the Water-soluble fullerene or metallofullerene

derivative exhibits no substantially uptake in vivo by the RES
system (i.e., 5% or less). Uptake in vivo by the RES is
assessed by animal model studies employing an animal
model appropriate for the mode of administration of the
therapeutic, the condition or disorder being treated and the
patient (animal or human) being treated. Preferred Water

or metallofullerene and its route of administration. It Will also

vary according to the age, Weight and response of the indi
25

a given disorder or condition. A disorder or conditions is
30

treatment. Those of ordinary skill in the art understand hoW to

10% as effective as the therapeutic fullerene or metallof
35

Therapeutic formulations of improved fullerene and met
allofullerene derivatives of this invention are prepared by

therapeutic fullerene or metallofullerene before derivatiZa
tion for the treatment of a given condition or disorder. Thera
40

alloWs quantitative comparison, e.g., relative dosage levels
required, relative speed of effect, relative magnitude of effect,

knoWn procedures using Well-knoWn and readily available
ingredients. In making such formulations of the present
invention, the active ingredient Will usually be mixed With a

pharmaceutically acceptable carrier, or diluted by the carrier,

etc. More preferred Water- soluble derivatives of the fullerene
or metallofullerene are at least as Water-soluble as the
45

tion and preferably are more Water-soluble.

The improved therapeutic fullerenes and metallofullerenes
of this invention can be employed to treat various disorders

and conditions. For therapeutic applications and methods any
knoWn method for administration of the therapeutic appro
priate for the condition or disorder being treated and appro

determine, employing methods knoWn in the art and Without
undue experimentation, the effective amount of a given thera
peutic to administer to a given patient to treat a given disorder
or condition.

improved biodistribution are at least about as effective as the

fullerene or metallofullerene therapeutic prior to derivatiZa

effectively treated if a measurable improvement in the disor
der or condition is observed over a reasonable period of

peutic With improved biodistribution exhibit are at least about

peutic effectiveness can be assessed by any method that

vidual patient.
As the term is used herein an effective amount of a given
therapeutic to be administered is the amount to be adminis
tered to a given patient, over a given time, to effectively treat

soluble derivatives of the fullerene or metallofullerene thera

ullerene before derivatiZation for the treatment of a given
condition or disorder. More preferred Water-soluble deriva
tives of the fullerene or metallofullerene therapeutic With

prophylactic or therapeutic dose of a particular multivalent
ligand Will, of course, vary With the nature of the severity of
the condition to be treated, the particular derivatiZed fullerene

dissolved in the carrier or enclosed Within the carrier Which
may be in the form of a capsule, sachet, paper or other con
tainer. When the carrier serves as a diluent, it may be a solid,
semi-solid or liquid material Which acts as a vehicle, excipi
ent or medium for the active ingredient.

The therapeutic compositions of this invention can be in
50

the form of tablets, pills, poWders, loZenges, sachets, cachets,
elixirs, suspensions, emulsions, solutions, syrups, aerosols

priate for the patient being treated can be employed. The

(as a solid or in a liquid medium), ointments containing for

fullerenes and metallofullerenes of the invention may be for
mulated as is knoWn in the art for oral, buccal, parenteral,

example up to 10% by Weight of the active compound, soft

topical or rectal administration. In particular, the improved

55

and hard gelatin capsules, suppositories, sterile injectable
solutions and sterile packaged poWders.

derivatiZed fullerenes and metallofullerenes herein may be
formulated for injection or for infusion and may be presented

Some examples of suitable carriers, excipients, and dilu
ents include lactose, dextrose, sucrose, sorbitol, mannitol,

in unit dose form or in multidose containers.

starches, gum acacia, calcium phosphate, alginates, traga
canth, gelatin, calcium silicate, microcrystalline cellulose,
polyvinylpyrrolidone, cellulose, Water, aqueous solutions,
syrup, methyl cellulose, methyl and propylhydroxyben

Therapeutic compositions may take such forms as suspen
sions, solutions, or emulsions in oily or aqueous vehicles, and
may contain formulatory agents such as suspending, stabiliZ

60

ing and/ or dispersing agents. Alternatively, the active ingre

Zoates, talc, magnesium stearate and mineral oil. The formu

dient may be in poWder or other solid form for constitution
With a suitable vehicle, e. g. sterile, pyrogen-free Water, before

lations can additionally include lubricating agents, Wetting

use.

agents, buffering agents, emulsifying and suspending agents,
65

preserving agents, sWeetening agents or ?avoring agents. The

Therapeutic compositions containing improved fullerene

compositions of the invention may be formulated so as to

or metallofullerene therapeutics of the invention may also

provide quick, sustained or delayed release of the active
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ingredient after administration to the patient by employing

mixture, in particular derivatives exhibiting differential solu
bility properties can often be separated. HoWever, application

procedures Well knoWn in the art.

Therapeutic compositions can be formulated using any

of such methods may not be needed to achieve the desired
bene?cial effect of derivatiZation. Often a mixture of deriva

appropriate solvent or carrier system Which may be an aque

tives can be employed Without signi?cant detrimental effect.
As used herein, “derivatiZation” generally refers to the

ous solution, a lyophiliZed or a spray-dried material so long as

desired function is maintained.
In a speci?c embodiment, derivatiZed metallofullerenes of
this invention exhibiting improved biodistribution are

chemical modi?cation of a fullerene or the further chemical

employed as carriers for introduction of therapeutic metals,

modi?cation of an already derivatiZed fullerene. DerivatiZa
tion of a fullerene refers to the attachment, typically via

such as therapeutic radionuclides. Formulation and adminis

covalent bonds, of one or more chemical groups to the

tration of endohedral metallofullerenes containing medically

fullerene surface. Further derivatiZation of a derivatiZed
fullerene refers to further attachment of groups to the

effective radionuclides, particularly for cancer treatment and

other nuclear medicine application is performed by methods

fullerene surface.
The methods of this invention can employ various proce
dures, methods and techniques knoWn in the art for introduc
ing functional groups onto the fullerene cage of fullerenes or
metallofullerenes. Hirsch, A., 1994 and Wilson et al. 2000a

Well-known in the art.
The derivatiZed fullerenes and metallofullerenes of this

invention With improved biodistribution or With improved
biodistribution and solubility can be employed as diagnostic
agents and particularly as iii vivo diagnostic agents in Which
a pharmaceutically acceptable composition containing one or
more of the improved derivatiZed fullerenes or metallof

provide revieWs of fullerene chemistry including methods for
derivatiZation of fullerenes and metallofullerenes. U.S. Pat.
20

Nos. 6,162,926 and 6,399,785 and references therein provide

ullerenes is administered to a patient for, among others, tissue

a number of methods for the derivatiZation of fullerenes.

imaging, tumor imaging or scanning, tissue or organ scan

Methods described, exempli?ed and referenced in these pat

ning, or tracing studies. DerivatiZed metallofullerenes of this

ents can be employed in the derivatiZation methods of this
invention. Methods that can be applied to fullerene cage
derivatiZation useful in the methods of this invention include
among others:

invention are of particular use as MRI contrast agents.

In vivo diagnostic agents are formulated using conven

25

tional techniques Well-known in the art. Formulations, types
of carriers and additives Will be generally similar to those

1. Cycloadditions
Diels-Alder [4+2] cycloadditions

employed in therapeutic applications. Various modes of
administration can be employed and Will generally depend
upon the type of diagnostic application. An amount of the

30

diagnostic agent su?icient to provide the diagnostic function

Addition of aZides

or bene?t desired must be administered to the patient under
going the diagnostic test. Those of ordinary skill in the art can

Addition of diaZomethanes, diaZoacetates, diaZoamides
Addition of trimethylenemethanes

readily determine With undue experimentation using methods
Well-known in the art the amount of a given diagnostic deriva
tive of this invention that is needed to carry out a given

35

diagnostic assay. The amount employed Will generally be
dependent the type of assay, the mode of administration, and
the function of the diagnostic agent (tracer, contrast agent,
etc.). The amount of MRI contrast agent employed can be
generally determined for a given application in vieW of rl

40

[2+1] cycloadditions (addition of carbenes and silylenes)
2. Halogenation and Arylations

istered must also be appropriate for the condition, age, sex,
45

It Will be appreciated by those in the art that it may not be

possible due to steric constraints, the type of reaction being
employed or changes in reactivity With increasing function
50

attached to a given fullerene cage Will depend upon the siZe of

55

4. Electrophilic Addition
Addition of strong to very strong electrophiles
Addition of Weak to strong electrophiles to anionic or
otherWise electron-rich fullerenes or metallofullerenes
60

5. Radical Addition (Mono- and Poly-Radical Addition)
6. Addition/Coordination of Organometallic and/or Metal

during reactions. Fullerene and endohedral fullerene deriva
tives prepared by the methods herein Will typically be pre
pared as mixtures, preferably the desired derivative exhibit
component of the mixture. Methods are available in the art for
enhancing the amount of a desired fullerene derivative in a

Modi?ed-Bingel addition as described in published US
patent 20030065206 A1
Addition of amines

nucleophiles) (i.e. carbanions, alkoxides, metal-organic
intermediates, etc.)

further be recogniZed that due in general to the large number

ing desired improved solubility or biodistribution is the major

tion

Direct addition of nucleophiles (anionic and neutral

of possible derivatiZation sites on a fullerene a mixture of

derivatives Which may contain different numbers of func
tional groups or different isomers is most often generated

Halogenation, folloWed by substitution or partial substitu

3. Nucleophilic Additions
Michael additions and the standard Bingel-Hirsch reaction

the fullerene cage as Well as upon the siZe and chemical nature
of the functional group or groups that are to be attached and in
most cases Will be less than the number of available sites for

derivatiZation. In general, it is possible to attached a larger
number of sterically smaller functional groups to a given
fullerene cage than sterically larger functional groups. It Will

reaction” conditions)

[2+2] cycloadditions (photochemical and otherwise)

given agent. The amount of in vivo diagnostic agent admin

aliZation to derivatiZe all available sites on the fullerene cage.
The maximum number of functional groups that can be

Addition of nitrile oxides
Addition of sul?nimides
Addition of disiliranes

Addition of aZomethine ylides (fulleropyrrolidine and ful
leroproline formation, including the so-called “Prato

values or other properties that can be readily determined for a

and Weight of the patient.

[3+2] cycloadditions
Oxidative [3+2] cycloadditions

Coordination Complexes (Primarily Transition Metals and
Their Complexes.)
65

Scheme 1 illustrates a number of representative functional
groups that can be employed in the methods herein. The

carboxylate containing functional groups of compound 1 and
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2 (above) can also be employed as charged functional groups
in the methods of this invention.
The derivatiZation method of this invention is based in one
embodiment on the cyclopropanation reaction as applied to

Sc3N@C8O and related endohedral fullerenes have been

reported (Stevenson et al., 1999) but their puri?cation still
relies on costly and time-consuming HPLC separations of
minor components of the arc process. For these reasons, the

soluble fullerenes ?rst reported by Bingel et al. and further

relatively loW availability of metallofullerenes has hampered

expanded upon by Hirsch et al. (Bingel, 1993; Hirsch, 1994;

the advancement of metallofullerene-based applications.

Recently, methods for generating larger quantities of met

Us. Pat. No. 5,739,376) and as applied to insoluble fullerene

as

described in Us.

published patent application

allofullerene M@C6O class materials have been developed as

20030065206, published Apr. 3, 2003. In the “Bingel deriva
tiZation”, base-induced deprotonation of ot-halo (halogen: F,
Cl, Br, I) substituted bis-malonates and more generally alpha
halo-CH-acids (see U.S. Pat. No. 5,739,376) examples ofthe

described in commonly oWned U.S. provisional application
No. 60/326,353, ?led Oct. 1, 2001, Us. patent application
Ser. No. 10/263,375, ?led Oct. 1, 2002 (published on Apr. 3,
2003 as U.S. 20030065206), and PCT application US/02/
31362 ?led Oct. 1, 2002. Each of these applications are incor

“cyclopropanation reagent” as used herein produces an
incipient carbanion. This nucleophilic carbanion adds to the
fullerene surface, making a neW carbon-carbon bond, fol

porated by reference in their entirety herein for the teachings
provided regarding derivatiZation of fullerenes and metallof

loWed by elimination of the halide anion, completing the
cyclopropanation and leaving a neutral derivative group posi

ullerenes.
These methods are described herein by reference to the
Gd@C6O class of endohedral metallofullerenes Which are of
particular interest for applications as MRI contrast agents.

tioned 1,2 across a carbon-carbon double bond of the

fullerene. The cyclopropanation reagent of the method of this
invention can also be generated in situ by treatment of mono

20

and bis-malonates and other acids and esters, for example,
With halogen-releasing agents such as CBr4, I2, etc. (as

metal-containing fullerenes, and in particular to all M@C6O,
M@C7O, M@C74, in general to all insoluble metallof

described by Camps, 1997; Nierengarten, 1997). This alloWs
for derivatiZation With more elaborately substituted groups
for Which the ot-halo precursor may be dif?cult to individu
ally prepare and/or isolate as a reagent. The Camps and

25

Nierengarten references are speci?cally incorporated by ref
erence herein to provide details including useful halogen
releasing agents and esters and acids of in situ generation of
cyclopropanation reagents. Other methods knoWn in the art
for the generation of cyclopropanation reagents can be
employed in the methods of this invention.
It Will be appreciated by those in the art that multiple

ullerenes that are polymeric/intermolecularly bonded solid,
and including endohedral metallofullerenes that contain more
than one metal. M is generally any metal, and in particular is
any lanthanide, actinide, rare earth or transition metal (in

cluding any radioactive metal, magnetic or paramagnetic
metal). Additionally, the speci?c methods exempli?ed can be
30

applied to empty small-band gap fullerene Which are
insoluble in common fullerene solvents and to derivatiZation

of giant fullerenes.
Gd@C6O Was generated by the standard DC arc discharge

of Gd2O3-impregnated graphite rods, using cathode deposit

functional groups may be attached to a fullerene cage in a

single reaction and that the number of groups attached can

HoWever, the methods described herein can be readily applied
by one of ordinary skill in the art to the preparation of other

35

“back-burning” to maximiZe the total yield of fullerenes per

generally be controlled by adjusting the reaction conditions

arc run. Sublimation Was used to separated the fullerenes

employed. When it is desired to derivatiZed a fullerene With

(including both soluble and insoluble empty fullerenes and
Gd@C2, endohedrals) from the non-fullerene carbon soot

tWo or more different non-hydrogen functional groups, the
order in Which the derivation reactions are carried out may

(Diener andAlford, 1998; Diener et al., 1997.) Exploiting the

affect the outcome of the reactions. In general, one of ordi

insolubility of the M@C6O class, the soluble C 2n and Gd@C2n
fullerenes Were removed from the sublimate by repeated

nary skill in the art, in vieW of the body of teachings in the art
concerning fullerene derivatiZation methods, in vieW of What
is generally knoWn in the art and in vieW of the teachings
herein can employ or readily adapt methods knoWn in the art
to prepare the derivatives of this invention.
M@C6O and related metallofullerenes are a class of mol

45

endohedral fullerene materials (Hettich et al., 1999; Bethune
et al., 1993; Nagase et al., 1996; Liu and Sun, 2000; Nagase et

ecules completely insoluble in the usual fullerene solvents

(e. g., toluene, xylene). Their insolubility arises from intermo
lecular polymerization caused, at least in part, by their open
shell electronic con?guration and small HOMO-LUMO gaps
(Diener and Alford, 1998), Largely because of the insolubil
ity of this class of metallofullerene, much of the previous

al., 2000; Shinohara, 2000.)
50

fullerenes having similar redox properties from other com

55

2000). While also having open-shell electronic con?gura
tions, the intermolecular association of certain M@C82 iso
mers is apparently much Weaker than in the M@C6O class
because of signi?cant electron density localiZation of the
unpaired electron inside the fullerene cage (Kessler et al.,

1998; Us. Pat. Nos. 6,517,799 and 6,303,016 and commonly
oWned U.S. patent application Ser. No. 10/263,374; PCT
application US/02/31361, both ?led Oct. 1, 2002 and Us.
provisional application No. 60/326,307, ?led Oct. 1, 2001 all
of Which are incorporated by reference herein for their teach

ings regarding separations of fullerenes.) In the exempli?ed
separation, a chemically oxidative treatment Was used to
60

enrich the Gd@C6O content of the insoluble material by solu

biliZing and removing several percent of oxidiZable Gd@C2n
(2ni72) and C74. The remaining insoluble “Gd@C6O frac

1997) The reported processes for isolating these soluble
M@C82 species from the products of arc synthesis are labor
intensive and expensive, relying on multi-step HPLC puri?

tion” of metallofullerenes, the mass spectrum of Which is

cation using costly specialty columns (Shinohara et al. 1993;
Bethune et al. 1993; Nagase et al. 1996; Liu and Sun, 2000;
Nagase et al. 2000; Shinohara, 2000.) In addition, some of the
M@C82 species are air sensitive. Higher yields of soluble

Reductive and oxidative treatments of mixed endohedral
fullerene materials can be used to separate fractions of

ponents With differing redox properties. (Diener and Alford,

Work With metallofullerenes has instead focused on the

soluble M@C82 class (Bethune et al. 1993; Nagase et al.
1996; Liu and Sun, 2000; Nagase et al. 2000; Shinohara,

o-dichlorobenZene Washings, e.g., using a Soxhlet extractor
operating at 40 torr and 1000 C., until the Washings Were
colorless. The collection of the sublimate and extraction Were
performed anaerobically due to the air sensitivity of some

65

shoWn in FIG. 1, is composed primarily of Gd@C6O and
Gd@C74, With smaller amounts of Gd@C7O, empty C74, and
other minor Gd@C2n species With 2n>70. Only traces of C60,
C70, etc. remained in this material. Over 500 mg of the
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Gd@C6O fraction Was readily obtained from ca. 2.5 g of

Large amounts of a highly organic-soluble and air-stable
derivative can be obtained in only minutes Without heating.

starting sublimate, using this non-chromatographic separa
tion process. This is a considerably larger amount of material

Mass spectral analysis of the derivatiZed product (FIG. 2)

than can be currently obtained by chromatographic separa
tion of only the soluble metallofullerenes, e.g. Gd@C82 or the
various soluble M3N@C2n species such as Sc3N@C8O.
(Stevenson et al. 1999; Bethune et al., 1993; Nagase et al.,
1996; Liu and Sun, 2000; Nagase et al., 200 and Shinohara,

reveals it to be chie?y composed of Gd@C6O[C
(COOCH2CH3)2]X, With the parent ion peak at x:10. This
ester derivative Was readily converted into the Water-soluble

Gd@C6O[C(COOH)2]1O carboxylate acid using a method
reported by Lamparth and Hirsch, 1994 for the conversion of
C2n[C(COOCH2CH3)2],C to the corresponding C2n[C

2000.) While Gd@C6O has yet to be isolated as a pure mate

(COOH)2],C species.

rial, it is the dominant component (at least about 50%, more
typically about 75%) of this class or fraction of fullerene

The derivatiZation of M@C6O described herein is signi?
cant because it provides a solution to the long-standing prob

molecules having very similar properties (see FIG. 1).
There are a number of reports of exohedral derivatiZation

lem of hoW to exploit the polymerized M@C6O species that,

of metallofullerenes. Akasaka et al, 1995 (a-c) reported the

While more abundant than soluble M@C82 metallofullerenes,
previously Went unused. Using more polar solvents like tet

?rst derivatiZations of La@C82, Gd@C82, La2@C8O and
Sc2@C84 With disiliranes and digermanes. Suzuki et al., 1995
reported the reaction of La@C82 With substituted diaZ

rahydrofuran (instead of non-polar hydrocarbons like tolu

omethanes to form methanofullerene derivatives. Feng et al.,

2002 reported generation of methanofullerene derivatives of

Tb@C82 by Cu(l) catalyZed addition of ot-diazocarbonyl
compounds. Additionally, several different groups have
reported polyhydroxylation of the metallofullerene cages
Ho@C82, Ho2@C82, Pr@C82 and Gd@C82. See: Wilson et
al., 1999; Cagle et al., 1999; Zhang et al., 1997; MikaWa et al.,
2001 and Sun et al., 1999. HoWever, these reported derivati
Zations began With metallofullerenes already soluble in the

20
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reaction medium, Which in most cases Was toluene or a simi

run.

lar “standard” fullerene solvent. In contrast, the process of

this invention is highly effective for derivatiZing insoluble
fullerenes, and speci?cally the exohedral chemical modi?ca

30

tions described herein alloW endohedral fullerenes that pre
viously Went unused as Waste (including M@C6O) to be uti
liZed.

A cycloaddition reaction Widely used to add functionalities

35
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cally-used Gd(lll) chelates and demonstrate that Gd metal
lofullerene compounds can serve as potent Tl relaxation
50

insoluble polymer material Without requiring their prior dis
solution. Using tetrahydrofuran (THF) as solvent at room
55

MRI contrast agents, such as ProHanceTM ([Gd(HP-DO3A)

(H2O)] With rl:3 .6 mM‘1 s_l) and MagnevistTM ([Gd(DTPA)
(H2O)]2_ With r1:4.3 mM_ls_l) under similar conditions

onate ester groups, Which readily solubiliZe this otherWise
intractable material. Other solvents useful for conducting the
derivatiZation reaction include, but are not limited to, at least

(Lauffer, 1987; Caravan et al., 1999.) For comparison,
La@C6O[C(COOH)2],C Was prepared in an analogous manner
60

as Gd@C6O[C(COOH)2]1O. This La-containing metallof
ullerene should be similar in electronic structure to its Gd
analogue, as both contain trivalent endohedral lanthanide
metals (resulting in one unpaired electron on the fullerene

robenZene, halobenZenes), dialkylsulfoxides (e.g., dimethyl
sulfoxide) and miscible combinations thereof. Useful ether

agents for Water protons.
The relaxivity rl measured in Water for Gd@C6O[C
(COOH)2] 10 is 4.6 mM‘1 s-1 (at 20 MHZ, 400 C. and based on
Gd content by ICP analysis). This rl value is comparable to

the best [Gd’”(chelate)] currently employed commercial

temperature With a ca. 15-fold excess of diethyl bromoma

moderately polar aprotic solvents. Useful solvents speci?
cally include aliphatic ethers, aryl ethers, cyclic ethers, halo
genated alkanes (e.g., dichloromethane, tetrachloroethane),
halogenated aryls, halogenated benZenes (e. g., ortho-dichlo

Gd@C82(OH),C (x~40) With an rl value of 67 mM_ls_l (at
0.47 T and 250 C.) and rl:81 mM_ls_l (at 1.0 T and 250 C.).
These rl values are all higher than the relaxivities of clini

(Skiebe et al., 1994), a problem only exacerbated by the
electronegativity of the metallofullerene.

lonate and alkali metal hydride (NaH or KH), the Gd@C6O
fraction material is rapidly derivatiZed With multiple mal

pounds as potential MRI contrast agents, With each reporting
different rl values. Zhang et al. measured r1:47 mM_ls_l (at
9.4 T) for a mixed sample of empty fullerene and Gd-metal
lofullerene polyhydroxyl compounds, While Wilson et al.

reported rl:20 mM_ls_l for Gd@C82(OH),C (at 0.47 T and
400 C.). More recently, Shinohara and co-Workers reported

because, like basic nitrogen solvents (pyridine, aniline, dim

For the Gd@C6O-fraction metallofullerenes, reaction con
ditions are employed that derivatiZe and solubiliZe the

Toth et al., 2001) (Note that relaxivity measurement are
dependent upon temperature and magnetic ?eld used, so that
it is most meaningful to compare rl values obtained under the
same conditions.) Several different groups have identi?ed
Water-solubiliZed polyhydroxyl Gd metallofullerene com

undec-7-ene (DBU) as the base) are not optimal With metal
lofullerenes. DBU use is not preferred With metallofullerenes

ethylformamide, etc., see KuboZono et al., 1996; lnoue et al.,
2000; Kanbara et al., 2001; OgaWa et al., 2000 and
Solodovnikov et al., 2001) it adds readily to fullerene surfaces

Measuring the rl “relaxivity’ of a Water-soluble paramag
netic compound is a quantitative Way to compare its e?icacy
in relaxing solvent Water protons (shortening T 1 or the longi

tudinal relaxation time) to that of otherparamagnetic ions and
their complexes. (Lauffer, 1987, Caravan, et al., 1999 and

across carbon-carbon double bonds of fullerenes is the base

induced Michael addition of malonates ?rst reported for C6O
by Bingel, 1993 (see also US. Pat. No. 5,739,376) and later
expanded upon by Hirsch et al., 1994. The reaction conditions
described in these references (using hydrocarbon solvents
like toluene and sodium hydride or 1,8-diaZabicyclo[5.4.0]

ene) in the Bingle-type reaction is believed to facilitate the
incipient malonate carbanion to derivatiZe the solid M@C6O
surface in an apparently heterogeneous solid/ solution phase
reaction. In derivatiZation of Gd@C6O, the reaction proceeds
very rapidly to the deca-addition stage Without heating (un
like the traditional Bingel and Hirsch conditions) With the
exohedral derivatiZation breaking up intermolecular poly
meriZation. The derivatiZation process is easily scalable to
produce hundreds of milligram, grams or hundreds of grams
of the Water-soluble, air-stable M@C6O[C(COOH)2]1O per
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cage); hoWever, With its dO con?guration, La3+ has no metal
centered unpaired f-electrons. The rl relaxivity of La@C6O [C

solvents include tetrahydrofuran, 1,4-dioxane, dimethoxy

(COOH)2],C in Water Was determined to be less than 1

ethane and miscible combinations thereof.

mM_ls_l (ca. 0.3 mM_ls_l at 20 MHZ and 400 C. With xzlO).

US 7,812,190 B2
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Since Water molecules have no direct access to a Gd3+ ion

Several mechanisms may contribute to the clustering of

inside the fullerene carbon cage, it is plausible that an outer

these Water-soluble fullerene derivatives, including both

sphere relaxation mechanism occurs in these species With
Water molecules hydrogen-bonded to the Water-solubiliZing
groups on the fullerene surface, With the unpaired f-electrons

fullerene-fullerene attraction With the degree of aggregation
varying With concentration. This invention recogniZes that

of the encaged Gd3+ ion magnetically coupled to the unpaired

the extent of derivatiZation needed to inhibit or prevent aggre

electron in the fullerene-centered molecular orbital, Which
itself transfers some spin density to the substituents. While
not Wishing to be bound by any particular mechanism, an
outer sphere relaxation mechanism is consistent With the

as Well as the type of functional group. As noted above,
undesired aggregation of fullerenes can be prevented or mini

intermolecular hydrogen bonding

gation of fullerenes is dependent on the siZe of fullerene cage

miZed by derivatiZation of the fullerene With charged func

large drop-off in relaxivity observed in going from the car

tional groups. TWo charged functional groups at a minimum
are needed to affect aggregation. Preferred fullerenes exhib

boxylated Gd@C6O compound (seven f-electrons) to the
La@C6O analogue (Zero f-electrons). Lanthanide metal@C6O

iting less aggregation carry three or more charged substitu
ents. Aggregation can be further reduced by functionaliZation

compounds Where the metal has at least one unpaired f elec
tron Would be expected to exhibit higher rl than La@C6O.
lntermolecularly-aggregated MRI contrast agents are
knoWn to exhibit increased rotational correlation times,
Which results in enhanced relaxivities relative to non-aggre

With additional non-charged functional groups (Which may
be polar, hydrophilic or non-polar). In preferred derivatives at
least about 1/6 to 1/3 of the available sites for attachment of
functional groups have been derivatiZed and at least about 1/3
to 1/2 of the functional groups on the fullerene are charged.

gated agents (Toth et al., 2001; Fatin-Rouge et al., 2000.)
Thus, the propensity of Water-soluble fullerene derivatives to
aggregate or clustering in aqueous solution Would confuse the
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A qualitative assessment of aggregation of Water-solubi

liZed Gd@C6O compounds by dynamic light scattering (DLS)

interpretation of measured relaxivities. Laser light scattering,
small-angle neutron scattering and small-angle X-ray scatter

Was performed. DLS measurements comparing polyhy
droxylated fullerene compounds such as Gd@C6O(OH),C and

ing measurements on several Water-soluble fullerene deriva

tives provide experimental evidence for aggregation. Guldi

and hydrophobic

Gd@C6O[C(COOH)2]1O under the same conditions revealed
25

that the polyhydroxylated fullerenes form aggregates in

and co-Workers have found evidence of aggregation for

excess of 100 nm in diameter, While Gd@C6O[C(COOH)2] 10

Water-soluble C6O derivatives, including C6O(OH)l8 and C60

displayed no aggregation doWn to the instrumental detection

[C(COOH)2]. (See, Guldi et al., 1995; Guldi et al., 1997;
Guldi, 1997; and Mohan, et al., 1998.) Pulse radiolysis and
triplet lifetime measurements on the C60 monoadduct, C6O [C
(COOH)2], suggested aggregation in aqueous solution (Guldi
et al., 1995 and Guldi, 1997.) Pulse radiolysis and optical
absorption spectroscopy With C6O(C4HION+) also revealed

limit (~10 nm). This order-of-magnitude difference in aggre

aggregation for this monoadduct (Guldi et al., 1997 and
Guldi, 1997.) Guldi concluded that covalent attachment of

gation propensity correlates With the elevated rl values seen
30

for the polyhydroxyl compounds in comparison to Gd@C6O

[C(COOH)2]1O. Large clusters of sloWly tumbling polyhy
droxyl fullerenes Will have higher relative relaxivities than
comparable molecules that are not intermolecularly aggre
35

gated. The deca-methano Gd@C6O compound (With its 20
carboxyl groups) exhibits less intermolecular aggregation

only one addend to the C60 surface Was insuf?cient to prevent

than the polyhydroxylated fullerenes because of its highly

hydrophobic attraction and aggregation of these derivatives.
Bensasson et al. reported that loWer singlet oxygen quantum
yields for C6O[C(COOH)2]n derivatives (With n:2 to 6) in
aqueous solution as compared to the corresponding ethyl

charged surface.
It is further believed that the steric disposition of the ten
derivative groups uniformly over the entire surface of the
40

esters in toluene Was indicative of clustering of the acids in

Water (Bensasson et al., 2001 .)
Furthermore, dynamic light scattering measurements on
the polyhydroxyl C6O compound C6O(OH) 1 8 shoWed evidence
for aggregates at high solute concentrations (up to 39 mM)

type of derivative groups on the fullerene as Well as the
45

(Mohan et al., 1998.) A small-angle X-ray scattering study
reported by Jeng et al., 2001 and Jang et al., 1999 measured
C6O(OH)l8 aggregates in aqueous solution of 20 A Rg
(RgIradius of gyration) at 0.7 mM, With the aggregates dou
bling in siZe to 40 A Rg at 50 mM. Water-soluble C6O[(CH2)4

fullerene provides for enhanced protection of the underiva
tiZed fullerene surface(s) of Gd@C6O[C(COOH)2]1O from
hydrophobic-induced aggregation. Thus, the number and
relative positioning of the groups on the surface affect the
extent of intermolecular aggregation. To minimize undesir
able aggregation, fullerenes are preferably derivatiZed With a
plurality of functional groups at least tWo of Which are

charged groups (under the conditions in Which aggregation is
to be inhibited (i.e., under physiologic conditions.) Prefer
50

SO3Na]6 Was found to have 19 A Rg across the range of
concentrations from 0.4 to 26 mM in aqueous solution (Jang

ably, the substituents are distributed over the entire fullerene
or the number of substituents is suf?ciently large so that the
substituents are distributed over the entire surface.

et al., 2001 and Jang et al., 1999.) Dynamic light scattering

Aggregation of fullerenes used in in vivo applications is

measurements on a highly Water-soluble dendro-C6O

undesirable because it can lead to recognition and uptake of

monoadduct derivative (having a second generation bis

55

(polyamide) malonate dendrimer With eighteen carboxylate
groups) by Brettreich and Hirsch, 1998 revealed clusters of at
least tWo different siZe ranges. Clusters With average hydro
dynamic radii of ca 10 nm and 38 nm Were seen at pH:8, With
a decrease in siZe to 5 nm for the smaller clusters at pH:11. 60

Zhou, et al., 2001 recently reported that Water-soluble
Ph5C6OK forms vesicles having a hydrodynamic radius of 17

the aggregated fullerene particles by the RES Which leads to
undesirable biodistribution of the fullerene in RES tissues,
such as the liver, and Which results in undesired retention of
the fullerenes in the body. DerivatiZation of fullerenes by the
methods herein inhibits or prevents undesired aggregation in

Which particles large enough to be recogniZed by the RES are
formed. It Will be appreciated that loW levels of aggregation
may occur With a given derivative Without having a signi?cant

nm as detected by laser-light scattering. These different

detrimental affect on biodistribution or retention of the

examples demonstrate that intermolecular aggregation of

derivatiZed fullerene. In general, preferred fullerene deriva

Water-soluble fullerene derivatives occurs With a range of 65 tives of this invention exhibit no formation of aggregates
different derivative groups having a variety of dispositions on
having diameters of 100 nm or greater in Water or aqueous

fullerene cages.

solution (under physiologic conditions). More preferred

