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Fullerenes (C60, C70, etc.), carbon allotropes with a globular
conjugatedπ-electron system, possess unique physicochemical
properties. The biological activity of fullerenes has attracted
considerable attention with regard to the development of novel
pharmaceuticals.1 C60 and its derivatives have been reported to
promote chondrogenesis,2 and to exhibit enzyme-inhibiting activ-
ity3 and radical-quenching activity.4 These activities may be useful
in some pharmaceutical applications. Fullerenes are also very
strong photosensitizing agents5 and may exhibit bioactivity against
biomolecules with light, which could lead to their wider applica-
tion as pharmaceuticals. Along these lines, the photoinduced
DNA-cleaving and lipid peroxidation activities have been studied.6

In these reports, the oxidative damage of biomolecules was
thought to be primarily caused by singlet oxygen (1O2) produced
by photoexcited fullerenes since photosensitization by fullerenes
is frequently attributed to the generation of1O2, that is, the ground
state of C60 (1C60) is excited by visible light irradiation to give a
singlet excited state (1C60*) followed by conversion to a triplet
state (3C60*) through an intersystem crossing in high quantum
yield (nearly 100%). Subsequently,3C60* transfers energy to3O2

to generate1O2 (type II energy-transfer pathway).5a,c Essentially
the same process has been noted for C70.5b Photoexcited fullerenes
also react with various electron donors.7 3C60* has a higher
electron-accepting ability than1C60, and electron-donating com-

pounds such as amines7b,h,k,m, antioxidants,7d,getc. can reduce3C60*
to give the C60 radical anion (C60

•-) via a type Ielectron-transfer
pathway. C60

•- generation with light in the presence of an electron
donor was demonstrated by UV-vis and EPR methods,8 and the
involvement of C60

•-, rather than1O2, in the DNA cleavage was
recently proposed.6e In this paper, we report photoinduced DNA
cleavage by C60 and C70 in the presence of NADH, a common
reductantin ViVo, and the detection of reduced active oxygen
species (O2•- and •OH) under photoirradiation by the EPR
spectroscopic method coupled with a spin-trapping agent. These
oxyl radicals may be generated by electron transfer from C60

•-

to molecular oxygen, and may be the ultimate active species for
DNA cleavage.

The effect of a reductant on the DNA-cleaving activity of C60

or C70 was first examined using pBR322 supercoiled DNA. C60

(>99.98%, Terms) and C70 (>99%, MER) were dissolved in water
with detergent, poly(vinylpyrrolidone) (PVP).9 NADH served as
the reductant and a 300-W reflector lamp served as the source of
visible light irradiation. In the presence of NADH (10 mM),
pBR322 was cleaved into form II (nicked DNA) under photoir-
radiation (Figure 1, lane 3 for C60 and lane 6 for C70). The effect
of NADH was dose-dependent, and no DNA cleavage occurred
in the absence of NADH (Figure 1, lanes 2 and 5). Photoirra-
diation was required for DNA cleavage by either of these
compounds (Figure 1, lanes 4 and 7). NADH should reduce3C60*
(3C70*) to C60

•- (C70
•-), which may be essential for O2•-

generation.10 To prove that O2•- is involved in DNA cleavage,
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Figure 1. Photoinduced DNA cleavage by C60 and C70. The pBR322
supercoiled plasmid (Wako) was incubated with each chemical in TDC
buffer for 4 h at 37°C under irradiation with a 300-W reflector lamp.
Lanes 1-3 and 5-6, incubation under visible light irradiation: lane 1,
pBR322 DNA with 1.25% PVP; lane 2, with 0.14 mM C60; lane 3, with
0.14 mM C60 and 10 mM NADH; lane 5, with 0.07 mM C70; lane 6,
with 0.07 mM C70 and 10 mM NADH. Lanes 4 and 7, incubation in the
dark: lane 4, pBR322 DNA with 0.14 mM C60 and 10 mM NADH; lane
7 with 0.07 mM C70 and 10 mM NADH.
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experiments were performed using superoxide dismutase (SOD).
With the addition of 0.01µg/mL (0.04 units/µL) SOD, the
formation of nicked DNA decreased significantly (Figure 2, lane
2 for C60 and lane 4 for C70). 1O2 scavengers, such as NaN3, 2,5-
dimethylfuran, andL-histidine, and D2O, which prolongs the
lifetime of 1O2, did not have any effects. Thus, the photoinduced
damage of DNA would appear to occur via atype I electron-
transfer pathway in which superoxide (O2

•-) is generated as an
intermediate.

To confirm the generation of O2•- and•OH, EPR was carried
out using PVP-solubilized C60 and C70 under irradiation with a
300-W reflector lamp. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
served as the spin-trapping agent to detect•OH and O2

•-. •OH
was detected by adding NADH (10 mM) and then DMPO (0.75
M) to an aqueous solution of C60, followed by photoirradiation
for 60 s. Four characteristic peaks were detected for the DMPO
adduct of•OH (DMPO-OH) (Figure 3c). The peak height was
dependent on the duration of irradiation and on the amount of
C60 and NADH. No peaks (or only small peaks) appeared without
photoirradiation or in the absence of NADH (Figures 3a and b,
respectively). To detect the generation of O2

•-, DMSO (5.9 M)
was added to the previous mixture to scavenge•OH. At 5 s of
photoirradiation, characteristic peaks for the DMPO adduct of
O2

•- (DMPO-OOH) could be seen instead of those for the
DMPO-OH (Figure 3d). These peaks completely disappeared
with the addition of SOD. Peak height was dose-dependently
increased by C60 and NADH. In the absence of NADH, no peaks
were detected for DMPO-OOH. Similar results were obtained
for C70 (Figure 3e).

The present findings indicate that O2
•- and•OH are efficiently

formed by photoexcited fullerenes in aqueous solution (Scheme
1).11 Electrons are transferred from NADH to photoexcited
fullerenes and then to O2 to generate O2•-. These oxyl radicals

were observed even at a low NADH concentration (0.08 mM),
and thus the reductive activation of O2 by photoexcited fullerenes
should be possible under physiological conditions. O2

•- and
subsequently produced•OH may be the primary factors for the
biological damage caused by fullerenes under photoirradiation.12
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Figure 2. Effects of SOD on photoinduced DNA cleavage by C60 and
C70. The procedure for photoirradiation was the same as that in Figure 1.
The duration of photoirradiation was 2 h. Lanes 1-4, incubation under
visible light irradiation: lane 1, pBR322 DNA with 0.14 mM C60 and 10
mM NADH; lane 2, with 0.14 mM C60, 10 mM NADH and 0.04 units/
mL of SOD; lane 3, with 0.07 mM C70 and 10 mM NADH; lane 4, with
0.07 mM C70, 10 mM NADH and 0.04 units/mL of SOD.

Scheme 1.Possible Pathway for the Generation of Oxyl
Radicals by Photoexcited C60

Figure 3. EPR spectra of DMPO adducts of active oxygen species (•OH
and O2

•-) generated in aqueous solutions of C60 and C70 under irradiation
with a 300-W reflector lamp: (a) with C60 0.12 mM, PVP 0.4%, DMPO
0.75 M, NADH 10 mM (under dark conditions); (b) with C60 0.12 mM,
PVP 0.4%, DMPO 0.75 M (under visible light irradiation for 60 s). (c)
with C60 0.12 mM, PVP 0.4%, DMPO 0.75 M, NADH 10 mM (under
visible light irradiation for 60 s); (d) with C60 0.12 mM, PVP 0.4%, DMSO
5.9M, DMPO 0.75 M, NADH 10 mM (under visible light irradiation for
5 s); (e) with C70 0.12 mM, PVP 0.4%, DMSO 5.9M, DMPO 0.75 M,
NADH 10 mM (visible light irradiation for 5 s). The hyperfine splittings
wereaN ) aH

â ) 1.48 mT for DMPO-OH, aN ) 1.37,aH
â ) 1.09,aH

R )
0.10 mT for DMPO-OOH andaN ) 1.57 mT andaH

â ) 2.23 mT for
DMPO-CH3. These coupling constants are in good agreement with the
values reported in ref 13.
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