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1. Introduction was stable for long periods and could be delivered to
cells.™ Solubilization of Cq, using cyclodextrins (up to a
Over the past few years, many research groups have concentration of 80 pM) has also been reported.*"
begun to investigate biological uses of fullerenes.” To Due to the size of C,, the most common cyclodextrin,
understand these applications, it is useful first to review pB-cyclodextrin, could not be used. Therefore, the larger
the general physical properties of this unique new class internal radii of y-cyclodextrins was employed to form
of molecule. Therefore, the first section of this survey a 2:1 complex (1) with C,,.” Alternatively, attachment
provides a description of the general properties of of a biphenyl ‘handle’ to C,, allows the complexation
fullerenes. Specific biological applications of fullerenes and solubilization of fullerene derivative 2 with
are then discussed in the following order: enzyme B-cyclodextrin."
inhibition, antiviral activity, DNA cleavage, photo-
dynamic therapy, electron transfer and miscellaneous Other solubilization methods include the formation of
uses. A section on fullerene metabolism, excretion, and inclusion complexes with calixerenes'> and solubiliza-
toxicity is also included. tion using the detergent Tween-20," phospholipids,™'*
micelles,'™'® liposomes,'” vesicles," and polyvinyl-
pyrrolidone.'"
2. Properties of Fullerenes
. Several water soluble fullerene derivatives have been
2.1 Solubility reported.”’"* For example, polyamino and polyhydroxy
i fullerenes 3 and 4 have been studied,®* as well as
Sever.a_l _reports have appearezd concerning ‘fullerene several monofunctional derivatives of C,, containing
solubilities in various solvents. -6 The solubility of C, polar side chains. As a general rule, the greater the
in polar solvents is kncn;vn to be quite low.** On the number of water solubilizing groups added to the
other hand, a study of *C-labeled C,, reported that it fullerene, the greater the water solubility.

was possible to form a suspension of C,, in water that

Most reports of ‘water-soluble’ fullerene compounds in

Key words: fullerenes, enzyme inhibition, electron transfer, biological studies do not address two important iS'Sl_leS
photodynamic therapy (PDT), metabolism. for drug development of any compound: (1) partition
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coefficient (log P) in octanol/water, a measure of
relative lipophilicity, and (2) prospects for oral absorp-
tion. In spite of its reported water solubility, compound
Sa was only slightly absorbable orally in rats.
Compound 5a was also found to deposit in body tissues
when injected intravenously due to its high
lipophilicity.™

Bioactive fullerene compounds should be constructed
so as to maximize the chances of low toxicity and
advantageous adsorption, distribution, metabolism and
elimination properties. Many of these parameters, such
as toxicity and metabolism, are seldom more than
educated guesses. However, it is generally accepted
that there are certain desirable ranges of lipophilicity
(log P values of —1 to +2), and water solubilities
(solubilities >mg/mL) that are most likely to provide
the best chances of oral absorption.*** With the excep-
tion of studies on compound 5a,* almost nothing has
been published about the lipophilicity and water
solubility characteristics that the fullerene moiety
confers on analogues.

Partition coeffients (log P)* in buffer/octanol and
buffer/hexane should be measured by standard
methods using UV absorption, to establish solubilities
in the lipid and aqueous phases. These measured Log P
values can then be added to commercially available
CLOGP databases (such as BioByte Corp., Claremont,
CA)* for use in prediction of the lipophilicity of future
analogues. A log P values™* may then be calculated
from the log P values determined in these two solvent
systems, which have been proposed as improved
measures of the ability of compounds to cross either
the gut wall®* or the blood-brain barrier.” It remains
to be shown that good oral absorption of substituted
fullerenes is possible. Fullerene derivatives whose
measured lipophilicity/water solubility falls in advanta-
geous ranges for oral bioavailability can then be used
to test the hypothesis that fullerene-based drugs are
possible.

2.2 Redox properties

C, may be reversibly reduced by up to six electrons.”
Molecular orbital calculations predict very low lying
triply degenerate LUMOs.** The electron affinity of
Cq can be explained qualitatively by considering its
numerous pyracylene units, which upon receiving 2
electrons could go from an unstable 4n n-system to a
stable aromatic 4n +2 7 system.*’ Moreover, the forma-
tion of sp’-like anionic centers may lower the energy of
the somewhat strained fullerene surface of bent sp’
carbons.

2.3 Light abserption

Fullerenes absorb strongly in the UV and moderately
in the visible regions of the spectrum (Fig. 1).*~* The
UV absorption of Cq, in hexanes is characterized by
intense broad absorption bands at 211, 256, and 328
nm. The band at 211 has a shoulder at 227 nm and that
at 328 nm has several distinguishable shoulders at 365,
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Figure 1. UV-vis absorption spectra of C, and C, in hexanes.
Reprinted with permission from 42. Copyright 1990 American
Chemical Society.

377, 391, and 396 nm extending into the visible region.
These shoulders are indicative of vibrational structure.
A minor peak appears in the visible at 404 nm, which
descends to a minimum from 420 to 440 nm before
rising again to relatively weak absorption bands of
varying width and intensity from 440 to 635 nm corre-
sponding to symmetry-forbidden transitions. The
visible absorption minimum at around 430 nm makes
dilute C,, solutions purple. In general, the UV absorp-
tion of C,, derivatives is similar to that of Cg,.

UV absorption of C,, (see Fig. 1) shows two intense
peaks at 215 and 236 nm, the latter containing three
shoulders as it approaches a minimum at around 310
nm. Three peaks of varying medium intensity appear at
331, 359, and 378 nm. These are followed by another
lower absorption minimum from about 400 to 430 nm.
The spectrum then rises slowly, forming a broad peak
with a maximum at 469 nm, which slowly decreases to
zero by 650 nm after passing through a series of
smaller peaks and shoulders. The color of C,, in dilute
solutions is orange—red.

Singlet excited states of C,, ('Cs) and C,, ('Cy,) are
initially formed upon light excitation.** Very little
fluorescence is observed for either Cg, (O;=107°-10"%
where @; is the quantum yield of fluorescence—the
ratio of photons which fluoresce to photons absorbed)
or Cy (©,=10"* at 77 K).* The lifetime (1) of 'Cy, is
~ 1.3 ns, while that of 'C,, is ~ 700 ps.*® The singlet
states were characterized by recording their respective
transient absorption spectra and then monitoring the
transient decay.*

The predominant decay mode of fullerene singlets is
intersystem crossing to triplets. Quantum yields of
triplet formation (®) for *Cq and °C,, are almost
unity.*~* This is explained by the relatively large spin
orbit coupling of C, due to its spherical geometry.”’
Transient absorption spectra for *Cy, and *C,, were also
measured and their lifetimes were determined spectro-
scopically and photothermally.*® The triplet lifetime of
3Cqo in solution is 130 ps and that of *Cs, is ca. 2.2 ms.*
Additionally, fullerene triplets can be formed indirectly
using triplet sensitizers such as acridine and anthra-
cene, and are quenched by triplet quenchers such as
rubrene, tetracene, and ground state triplet oxygen
(C0O,). M4 If O, is present, *Cq, efficiently (almost 100%)
sensitizes formation of '0,.* The behavior of *C,, is
similar to that of *Cg, although the efficiency of 'O,
formation is slightly smaller (~81%).** 'O, is a
highly reactive form of O, that can damage biomole-
cules such as DNA. The efficient generation of 'O, by
photoexcited Cg, and C,, makes fullerenes candidates
for DNA cleavage and photo-
dynamic therapy (vide infra).

3. Biological Applications
3.1 Enzyme inhibition
In 1993 Tokuyama et al.*® synthesized and tested a
series of fullerenes (5a-b, shown previously) for photo-
induced enzyme inhibition. Fullerene Sa was found to
inhibit cysteine proteinases (m-calpain and papain) and
serine proteinases (trypsin, plasmin, and thrombin)
when exposed to low-energy light. The same derivative
was inactive against cathepsin D, acyl-CoA cholesterol
acyltransferase, diacylglycerol acyltransferase, HIV-re-
verse transcriptase (RT), and the sterol biosynthesis
enzymes. The mechanism for inhibition was proposed
to involve 'O,.

Based on molecular modeling, Friedman et al. antici-
pated that a C,, molecule should fit nicely into the
hydrophobic cavity of the protease specific for the
human immunodeficiency virus HIV-1.?' Using the
program DOCK3 they were able to fit a minimized
structure of C, into the enzyme active site. Good van
der Waals interactions with the hydrophobic surface
resulted when the Cg, was squarely in the center of the
cavity. Calculations indicated that 298 A® of hydro-
phobic surface was removed from exposure to solvent
upon binding of the fullerene. The free energy of
binding was estimated to be 8-12 kcal/mol, corre-
sponding to a dissociation constant K, of 107°~107° M,
In this model, interaction of the catalytic aspartate
residues of the enzyme with the fullerene was not
specifically taken into account. A computer-minimized
inclusion complex of the water-soluble C, derivative 6,
prepared in three steps from Cq by Sijbesma et al.,”
again positions the fullerene in the center of the hydro-
phobic cavity at the enzyme active site.” Experiment-
ally, fullerene 6 was found to be a competitive inhibitor
of recombinant affinity-purified HIV-1 protease
(HIVP), with a K, value of 5.3 uM.”' For comparison,
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the best peptide-based protease inhibitors are effective
in the subnanomolar range, while nonpeptide inhibitors
are effective in the high nanomolar range.

3.2 Antiviral activity

Fullerene derivative 6 was tested by Schinazi et al.?* for
antiviral activity in cells acutely and chronically
infected with HIV-1 and in cell-free systems. In human
peripheral blood mononuclear cells (PBMC) infected
with HIV type ILA-I, the antiviral activity (ECs,) of 6
was found to be 7.3+5.9 yM. Compound 6 was also
active against chronically infected H9 cells (ECs,
10.8+8.2 uM) and human PBMC acutely infected with
HIV-2;6p (ECs of 5.5+3.8 uM). While the anti-AIDS
drug 3'-azido-3'-deoxythymidine (AZT) has signifi-
cantly greater activity against acutely infected cells
(ECsy 0.003-0.004 pM), it is not active in chronically
infected H9 cells. When cell-free HIV-1 was incubated
with 6 at concentrations of 5-25 pM, virus infectivity
was reduced by more than 95% relative to controls,
demonstrating that 6 interacts directly with the virus.
Since agents used to treat viruses frequently lead to the
development of drug resistant viral strains, fullerene 6
was tested against AZT-susceptible HIV-1y,,,, as well
as AZT-resistant HIV-1g0,, in acutely infected
primary human lymphocytyes. The activity of 6 was the
same in both cases, indicating no cross-resistance
between 6 and AZT. This suggests that combination
therapy using water-soluble fullerene derivatives and
AZT might be fruitful,

The anti-HIV activity of 6 was also shown by Schinazi
et al. to be selective, since 6 did not bind to CD4+
receptors on the surface of human lymphocytes, which
are primary targets for the HIV virus, nor with viral
glycoprotein gp 120. Thus, 6 has potent and selective
activity against HIV-1 in both acutely and chronically
infected cells due to direct interaction with the virus, as
well as inhibition of the HIV-1 protease and reverse
transcriptase.  Furthermore, no cytotoxicity —was
observed with 6 up to 100 pM in uninfected slowly
dividing PBMC or rapidly dividing H9, Vero or CEM
cells under conditions where AZT is cytotoxic in all but
the first cell line. In addition, when 6 was administered
intraperitoneally to mice in doses up to 50 mg/kg/day
for 6 days, all the animals (18 were given 6 in various
dosages + 18 controls) steadily gained weight and none
died up to 2 months after initial treatment.”® Schinazi
et al. concluded that other water-soluble fullerenes that

HN OH
OH
OH

behave similarly but with even greater potency might
be discovered. Such compounds might find use, for
example, in inactivating HIV in blood and blood
products as well as genital secretions.?

More recently, the tris-hydroxymethyl methanoful-
lerene derivative 7 was prepared and evaluated for
anti-HIV activity by Schinazi, Wudl, and co-workers
using the same assays as described above for 6.7
Compound 7 was slightly more active than 6 against
HIV-1, 4; in human peripheral blood mononuclear cells
(ECs) 2.5 pM versus 7.5 uM) and demonstrated no
toxicity up to 100 pM in two human and one monkey
cell system (PBM, Vero, and CEM cells).

Eleven additional C,, derivatives synthesized at New
York University by Wilson, Schuster, and co-workers
were tested as DMSO/water emulsions against human
PBMC infected with HIV-1, strain LAL* All but one
of these showed antiviral activity (ECs,) in the low
micromolar range. The three most active were
compounds 8, 9, and 10 (EC, 0.88, 2.2, and 2.9 uM,
respectively). These and all but one of the other test
compounds demonstrated no toxicity in PBM and Vero
cells (ICs,> 100 pM). Although the mechanism of anti-
HIV activity of these compounds has not been estab-
lished using cell-free assays, it appears that anti-HIV
activity and low toxicity seem to be general properties
of many types of C,, derivatives, although the pattern
of activity may vary from compound to compound.
Since compounds 8 and 9 are chiral, in contrast to 6
and 7, it will be possible to determine the enantiospeci-
ficity of the anti-HIV activity of 8 and 9 in both cell-
based and cell-free assays. The presence or absence of
such enantiospecifity in these assays will shed some
light on the nature of the interactions responsible for
the anti-HIV activity. It will also be interesting to see if
these fullerenes have activity against other viruses.

Finally, two C,, derivatives (11 and 12) prepared by
Wilson and co-workers were also evaluated by Schinazi
for anti-HIV activity.* Models analogous to those used
by Friedman et al.”* indicated that C,, fits in the HIVP
hydrophobic cavity as well as or better than C,.
Preliminary data indicated lower anti-HIV activity for
11 and 12 than for analogous C,, derivatives, but the
low solubility of these compounds in DMSO may be a
contributing factor. It will be necessary to prepare and
test C,, derivatives with greater solubility in DMSO to
resolve this question.
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3.3 DNA cleavage

Compounds 5a and 5S¢ were found to cleave DNA
when incubated with supercoiled pBR322 DNA and
then irradiated with light.* Compound 5¢ was shown to
specifically cleave a 182 base-pair fragment at guanine
residues upon exposure to light. It is presumed that the
mechanism for scission of the oligonucleotides involves
photoexcitation of the fullerene portion followed by
sensitized formation of 'O,, regenerating ground state
fullerene, and interaction of the reactive 'O, with the

\ CO,H
@ QO
(o}
11

12

R = Single strand of DNA (DNA Cleavage)
or cancer cell (Photodynamic Therapy)

Figure 2. Applications of C,, mediated formation of 'O,. First, *C, is
formed by photoexcitation (100% efficient). Second, 'O, is generated
by the fullerene as a result of sensitization of ‘O, by *C,, as the
fullerene decays back to the ground state. Finally, either cleavage of
a DNA strand or destruction of a cancer cell could occur as a result
of interaction with 'O,.

oligonucleotide. An overview of the proposed
mechanism for DNA cleavage and photodynamic
therapy is shown in Figure 2.

Boutorine et al. later described the synthesis of a
fullerene-oligonucleotide (13) that could bind single-
stranded DNA, double-stranded DNA, and double-
stranded DNA with a hairpin to form a duplex, triple
helix, and triple helix with hairpin, respectively.” The
addition of the fullerene to the complementary strand
did not appear to hinder the formation of the duplex
or triple helices. In each case the conjugate was
cleaved specifically at guanine residues proximal to the
fullerene moiety upon exposure to light. Once again,
'0, was suspected to be the cleaving species.

In a related study, An et al. found that another
fullerene-oligonucleotide (14) also cut DNA specific-
ally at guanine residues located near the fullerene
terminus of the oligonucleotide.” They investigated the
possible intermediacy of 'O, by comparing the
reactivity of the fullerene-oligonucleotide with a
similarly linked eosin-oligonucleotide, which is known
to sensitize 'O, formation. A favorable environment for
'0, formation was provided by performing the experi-
ment in D,O instead of water, because 'O, has a signi-
ficantly longer lifetime in D,O than in water.”
Eosin-oligonucleotide cleavage was more efficient in
D,0, while the fullerene-oligonucleotide exhibited the
same rate in both solvents. Also, sodium azide (a 'O,
quencher) was found to inhibit the eosin-oligonucleo-
tide DNA cleavage, but not the fullerene-oligonucleo-
tide cleavage. These results suggest that the
fullerene-oligonucleotide cleavage mechanism does not
involve 'O, but may involve a direct interaction
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between the guanosine residues and the fullerene, such
as a electron transfer.

3.4 Photodynamic therapy

As mentioned above, C,, and C,, are efficiently
converted to their triplet states upon UV and visible
irradiation and C,, and C,, triplet states readily convert
%0, to 'O, It was suggested that fullerenes had a
‘strong potential for photodynamic damage to

biological systems’.**

Fullerenes 5a-and 5¢ were shown to be cytotoxic upon
incubation with HeLa S3 cells and irradiation with
light.* The same mixtures of fullerenes and cells was
unaffected when not exposed to light. Compound 5b
was not cytotoxic, even when irradiated, possibly due to
its relatively low water-solubility compared with 5a and
5¢* A reference compound lacking the fullerene
moiety but possessing a side chain similar to that of 5a
and S5c¢ was inactive when incubated with the cells and
exposed to the same light source. These results can be
explained by interaction of 'O, with the cells or direct
interaction between the fullerene excited state and the
cells.

Li et al. reported that when a mixture of liposome-
encapsulated C, and human cervix cancer cells was
irradiated for a short period of time, the irradiated
cells showed a twofold increase in proliferation relative
to the unirradiated cells.”® The authors stated that “this
phenomenon is in accord with our experience in laser
irradiation experiments with HPD (hematoporphyrin
derivative) [in] that the cancer cell will be killed only
[under] condition[s] [such] that the laser power is
above some threshold [for a] suitable duration of
irradiation time, otherwise it will have promoted cell
growth”.*

Recently, Nakajima et al. reported that C, function-
alized with polyethylene glycol units (to enhance
solubility) was cytotoxic when irradiated with visible
light but not in the dark.> These fullerene derivatives
were not well characterized due to their instability. It
was postulated that two separate derivatives were
made, depending on the reaction conditions used. The
first type supposedly consists of polyethylene glycol
attached to the fullerene via a nitrogen—carbon bond,
prepared by reaction of an amino terminal poly-
ethylene glycol with C, The second type, from
reaction of 1,2-diaminoethane with Cg, supposedly
formed a cyclic diamine adduct. Addition of poly-
ethylene glycol with a terminal carboxylic acid could

protonate the amino units and form ionic bonds
between the C,, and the polymer.

Interestingly, they showed that cytochrome C is
reduced when it is irradiated with the fullerene deriva-
tives. This could imply generation of superoxide. When
superoxide dismutase (SOD) was also added, reduction
of cytochrome C was suppressed. Cytotoxicity as a
function of SOD added was also determined. The
results showed “no clear change in the cytotoxicity ...
even upon addition of SOD as high as 3000 unit/mL”**
The authors further stated “this clearly indicates that
the superoxide produced by light irradiation was not
converted by SOD”* However, when SOD,
cytochrome C and the C, derivatives were added
together, apparently without cells, the SOD suppressed
cytochrome C reduction. This apparent discrepancy
was justified by the theory that the C,, adduct might be
taken up by the cells while the SOD might not be.*
However, the reverse could also be true. The authors
further postulated that 'O, production by fullerenes
may occur indirectly via superoxide.™

3.5 Electron transfer

As discussed previously, Cq, readily accepts up to six
electrons,” due to its low lying, triply degenerate
LUMOs.** This has led to interest in the electron-
transfer capabilities of fullerenes in biological systems.
In one such report by Hwang and Mauzerall in 1993,
it was reported that C, could be used to mediate
electron transport through a lipid bilayer system in
which the C,, was imbedded in the membrane.

They formed a C,-containing lipid bilayer in a 1.5 mm
diameter hole of a thin Teflon sheet. On one side of
the lipid bilayer was an aqueous solution containing
ascorbate, an electron donor, and on the other side, an
aqueous compartment containing anthraquinone
2-sulphonate, an electron acceptor. They then
positioned an electrode in each of the aqueous
compartments. Upon irradiation with light, after
removal of oxygen, a current was observed between the
aqueous compartments which showed no decrease for
the first 2 min and then slowly decayed to zero by 30
min. In the absence of C,,, no current was observed,
nor was current observed if oxygen was not removed
from the bilayer.

They suggested that electron transport proceeds via
“electron hopping among fullerene molecules, possibly
in the form of aggregates”.”” However, they did not
rule out the possibility of reduction of C,, molecules
near the boundary and diffusion of the C,, radical
anions across the bilayer, followed by release of the
electron on the other side of the membrane (see Fig. 3).

Prior to their trans-membrane electron transport study,
Hwang and Mauzerall reported intermolecular electron
transfer between porphyrins and fullerenes.'® This work
was carried out by measuring the photovoltage
between fullerenes imbedded in a lipid bilayer and
porphyrins attached to the bilayer—water interface
upon irradiation with light.
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Figure 3. Trans-membrane electron transport mediated by C,,. The
nechanism could either involve electron hopping along a bridge of
5, molecules within the membrane or reduction of individual C,,
molecules, followed by diffusion to the other side of the bilayer and
release of the electron.

Just and coworkers reported the preparation of a
‘ullerene—porphyrin dyad (15).” When the porphyrin
moieties of both the Zn-complexed and free base dyads
ire  selectively irradiated in toluene solvent, the
porphyrin singlet ecxcited state is formed. Intra-
molecular energy transfer is then observed from the
singlet porphyrin moieties to the Cg, moiety, generating
the C,, singlet. For the Zn-complexed dyad, the 'C,
unit accepts an electron from the porphyrin, forming
the C,, radical anion and porphyrin radical cation. For
‘he free base porphyrin in toluene, the excited 'Cy,
ntersystem crosses to *Cy, which sensitizes formation
of '0,. In the more polar solvent benzonitrile, the 'Cy,
sortion of the free base dyad undergoes electron
rransfer to form the C,, radical anion and porphyrin
radical cation.

In a similar study, Imahori et al. reported the photo-
physical properties of porphyrin C, dyad 16 In
agreement with the previous study,” quenching of both
the singlet excited Zn-complexed and free base
sorphyrins by the C,, moiety in THF was observed, as
well as electron transfer from the Zn-complexed
porphyrin to 'Cg. This was not observed in the free
sase dyad. They further indicated that there is little
difference between the visible absorption spectra of the
dyads and the untethered porphyrins, except for minor

M=2Znand Hy
15

16

peaks attributed to visible absorption by the C,,
portion. Thus, there appears to be no significant
ground state interaction between the two chromo-
phores.

Chiang and co-workers have reported some interesting
biological effects of water-soluble polyhydroxylated Cy,
(3) in whole blood samples, which they attribute to
scavenging of intermediate free radicals.’™™® The fuller-
enols were prepared via nitronium-activated nucleo-
philic attack on C,, through reaction of C, with
nitronium tetrafluoroborate and arenecarboxylic acids
in methylene chloride, followed by alkaline hydrolysis.
It is presumed that initial addition of nitronium ions to
Co activates the fullerenes to nucleophilic attack by the
arenecarboxylate ion. From 'H NMR spectroscopy and
elemental analysis, the chemical composition of the
adducts from p-bromobenzoate indicated an average of
4-5 p-bromobenzoates and 13-15 hydroxyl groups per
Cq molecule, corresponding to 17-20 hydroxyl groups
per C, after alkaline hydrolysis. Fullerols were also
produced by reaction of C, or C,, with fuming sulfuric
acid followed by addition of potassium nitrate. Mass
spectrometry indicated the presence of numerous
hydroxylated fullerenes, while “C NMR spectroscopy
(solid state and in D,O solution), suggested the
presence of several hemiacetal moieties as well as
tertiary hydroxyl groups.

It was anticipated that this mixture of polyhydroxylated
fullerenes might act as a water-soluble free radical
trap, based upon the known susceptibility of C,, to
radical attack. This was explored in a study of chemi-
luminescence from blood samples treated with luci-
genin. In the absence of whole blood, only minimal
chemiluminescence from lucigenin was observed. A
moderate increase in chemiluminescence was observed
when whole blood from healthy human subjects was
added, attributed to reaction of lucigenine with super-
oxide radicals in the blood samples; this emission was
suppressed in the presence of superoxide dismutase.
When blood from male and female patients with
gastric cancer (number of patients not given) was used,
a high intensity of chemiluminescence upon addition of
lucigenine was observed. When the whole blood from
the same patients suffering with cancer was pretreated
with the fullerenol mixture at a concentration of 60
pg/mL, a sharp decrease in chemiluminescence was
observed. This was assumed to be the result of inter-
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ception of superoxide radicals, as seen with superoxide
dismutase. Assuming the fullerenols are acting as
radical traps, the scavenging efficiency at this concen-
tration is ~85%.

Further studies are needed to more fully probe the
mechanism of action of this mixture of fullerenols.
Since polyhydroxy compounds in general show
antioxidant activity, the uniqueness of the behavior of
these fullerenols remains to be established. Nonethe-
less, if these interesting results can be replicated,
generalized and extended to larger patient populations,
it is possible that water-soluble fullerenes may have
important clinical applications in treatment of condi-
tions where production of free radicals occurs in
response to invading pathogens.

3.6 Miscellaneous applications

Tsuchiya et al. recently investigated the effect of C,, on
differentiation and proliferation of rat embryo cells.”
They solubilized C,, by interaction with poly(vinylpyr-
rolidone) (PVP)," and found that C, promoted cell
differentiation by a factor of 3.2 over control cells with
and without PVP. However, the proliferation of the
cells was slowed relative to the controls. PVP is not an
ideal solubilizing macromolecule because it promotes
differentiation and inhibits proliferation.” Yamakoshi
et al. showed that PVP-solubilized C,, had no effect on
hemolysis of sheep red blood cells.” The hemolytic
properties of C,, have also been investigated by Baierl
et al.”’

A new technique for studying many types of biological
properties of fullerenes was recently reported by
Richmond and Gibson.”” The technique involves vapor
deposition of fullerenes (a mixture predominantly of
Cq and C,, derived from unrefined soot) on various
types of surfaces, which were then used to support
growth of mammalian cells and attachment of DNA
and proteins. Cells grew only on fullerene-coated glass,
consistent with the finding that fullerene coating over
glass provides a somewhat more hydrophilic surface
compared with the same coating over polystyrene, due
to the underlying mono- and divalent cations in the
glass. In initial studies, Chinese hamster ovary AAS8
cells were seeded onto fullerene-coated or partially
masked glass surfaces (slides and culture dishes), and
cell growth to give a monolayer then proceeded after
exposure to appropriate media. Exposure of the cells in
an oxygen atmosphere to a visible wavelength light
beam with no UV and only 10% IR content led to
damage in cells deposited on fullerene-coated surfaces,
but not to cells deposited directly on the glass surface.
Membrane damage to the cells was measured by the
uptake of trypan blue stain. Cell damage, which did not
take place in the absence of oxygen, was dependent on
light intensity (J/cm®). Although a photodynamic effect
of the fullerenes is clearly implicated, there was no
direct experimental proof that singlet oxygen ('O,) was
involved in these experiments. However, given the
known efficacy of fullerenes as 'O, sensitizers, forma-
tion of 'O, under the reaction conditions is highly
likely.

It was also observed that DNA and protein bound to
different surfaces in the following order: nitrocellulose
>fullerene-coated glass > glass > polystyrene. The at-
tachment of biogenic factors to the fullerene surface
was rationalized in terms of weak m-interactions, as in
adsorption of such materials to the surface of activated
carbon.

These findings open up the possibility of studying
membrane-related drug interactions and membrane-
based events that direct processes such as signal trans-
duction, cell fusion and differentiation on
fullerene-coated surfaces after adsorption of appro-
priate biogenic factors. Since the photodynamic effect
observed here clearly results in a significant increase in
cell membrane permeability, the entry of various
agents (e.g., transfecting DNA, antibodies, proteins
and other intermediates) into cells could be manipu-
lated by illuminating cells on fullerene surfaces.

Wilson et al. synthesized fullerene steroids 17-20 using
thermal cycloadditions to form 17 and 18 and [2+2]
photocycloadditions to form 19 and 20.*' In a prelimi-
nary assay 18 inhibited the binding of *H estradiol to
estrogen receptors present in calf uterus cytosol. Rubin
and co-workers have also synthesized steroidal fuller-
enes 21 and 22% and fullerene amino acids 23 and 24,
but did not report biological activity of these
compounds. Wudl and co-workers have also reported
the synthesis of a fullerene steroid 25.* Vasella,
Diederich, and co-workers have reported the synthesis
of fullerene sugars 26 and 27.

4. Metabolism, Excretion and Toxicity

Besides getting a potential fullerene drug to the target
cell, an important issue for development of pharma-
ceuticals based on fullerene units involves metabolism
and excretion. As alluded to previously, a labeled
version of 5a (“C 5a) has recently been tested for
biological behavior in rats by Yamago et al.** When "C
5a was fed orally to the rats, minimal absorption
occurred as most of the compound was excreted in the
feces. However, upon intravenous injection, most of
the compound was rapidly (within 1 h) transported to
the tissues. Surprisingly, after 1 week only 5.4% was
fecally excreted and less than 2% remained in the
organ tissues; the remainder was distributed in the
skeletal muscle and hair. This raises questions
regarding prolonged exposure to fullerene drugs. Acute
toxicity of C Sa was low. Since the fullerenes are
rather quickly carried to the tissues, it may be possible
to use them as carriers of highly polar drugs to certain
hydrophobic sites and tissues such as the liver.
However, while no toxic effects due to accumulation
have been reported thus far, deposition of C,, is a
negative factor in potential biomedical applications.
Also noteworthy is the observation that *C 5a was able
to cross the blood-brain barrier.*

A very recent study involving injection of suspensions
of "“C-labeled Cq and the more polar ammonium salt
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26 in female Sprague—Dawley rats indicates that the
fullerenes rapidly clear from circulation and most of
the radioactivity appears in the liver (see Table 1).%

These data contrast with results of Yamago et al.,”
particularly with regard to crossing the blood-brain
barrier.

Scrivens et al.®* have also studied cellular uptake of
underivatized Cg, by preparing "“C-doped Cq, as a fine
aqueous suspension, thought to be composed of small
clusters of Cg, molecules, and monitoring its uptake by
cells.® This suspension was then used to treat human
keratinocytes. The radioactive C,, was apparently taken
up by the cells; however, it is unclear whether or not
the C,, was merely associated with the surface of the
cells, was incorporated into the lipid bilayer, or was
taken into the cells. Unlabeled C,, did not appear to

affect the proliferation rate of cultured human kerati-
nocytes and human fibroblasts.”* "“C-doped C, has also
been prepared in our labs.”

One interesting result that is consistent with all the
above studies is that fullerenes accumulated in the liver
do not appear to be metabolized. While most organic
compounds in the liver are oxidized, conjugated and
then excreted, the fullerenes and derivatives studied so
far remain apparently unchanged in the liver.

A direct by relevant study of this problem was recently
presented at the Pacifichem-96 meeting.”®™ They
reported the conversion of C,, into its epoxide chemi-
cally, but not with rat liver microsomes under condi-
tions known to oxidize polynuclear aromatic
hydrocarbons. Taken together, all of these results
suggest that, perhaps not unexpectedly, the fullerene

24a R=tBoc,R'=Bn
24b R,R'=H
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portion of C,, and its derivatives is quite stable to
metabolic attack.

A few additional studies concerning fullerene toxicity
have appeared. Nelson et al. topically administered Cq,
to skin in animal trials to determine possible health
risks.” Questions had arisen as to the potential carci-
nogenicity of Cy,. At the dosages used it was found that
there were no deleterious effects of the topically

Table 1. Distribution of radiolabeled C,, and ammonium salt 28 in
tissues after intravenous injection. Reprinted with permission from J.
M. Tour®

“Ceo “C-Ammonium salt
Adrenals <0.1 < 0.1
Bladder <0.1 <0.1
Brain <0.1 <0.1
Eyes <0.1 <0.1
Fat 0.3 2.1
Heart <0.1 0.1
Kidney <0.1 0.1
Liver 81.6 46.0
Lungs 1.3 126.2
Muscle 0.9 12.9
Red blood cells 33 11.4
Plasma <0.1 2.8
Skin 0.7 9.0
Spleen 38 14
Urine 0.2 <0.1

administered C,, on mouse epidermal DNA synthesis
or induction of ornithine decarboxylase activity after
72 h. Furthermore, repeated administration of the
fullerene for up to 24 weeks did not result in benign or
malignant skin tumor formation. As mentioned previ-
ously, Schinazi et al. reported that no toxicity was
observed when 6 was given intraperitoneally to mice
for 6 days (up to 50 mg/kg/day).” None of the mice
died within 2 months of the initial treatment, although
some initial weight loss was noted.” Yamago et al.
tested the toxicity of a methanofullerene version of 5a
through one intraperitoneal injection (200-500 mg/kg).
Although the mice showed some initial writhing,
stretching, and weight loss, they all survived for 1
week.” Zakharenko et al. estimated the genotoxicity of
fullerene and fullerol compounds by assaying for
mutations in Escherichia coli and larvae,” and found
that C,, and a polyhydroxylated C,, derivative were
essentially nongenotoxic.

Very recently, Moussa et al. injected large amounts of
micronized C,, into Swiss mice, and found that crystals
of Cy, collected in the spleen and liver."” Photographs
of granular deposits of C,, within the cells were taken.
These pictures clearly demonstrate the ability of Cg,
(unfunctionalized) to pass through cellular membranes
(see Fig. 4).

Figure 4. Picture of crystals of C, (marked by arrows) in a liver
fat-storing cell. Reprinted with permission from 13. Copyright 1996
Marcel Dekker, Inc.
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5. Summary and Conclusions

Thus far, development of applications of fullerenes in
biology has been hampered by the poor water solubility
of fullerenes. In spite of such concerns, fullerenes have
proved useful for a wide variety of biological applica-
tions. As derivatized and underivatized fullerenes
continue to become increasingly available, additional
applications and further development of those
discussed in this article will invariably follow.
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