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Abstract: To characterize fullerenes (Cgo and C7o) as photosensitizers in biological systems, the generation
of active oxygen species, through energy transfer (singlet oxygen *0,) and electron transfer (reduced active
oxygen radicals such as superoxide anion radical O, and hydroxyl radical «OH), was studied by a
combination of methods, including biochemical (DNA-cleavage assay in the presence of various scavengers
of active oxygen species), physicochemical (EPR radical trapping and near-infrared spectrometry), and
chemical methods (nitro blue tetrazolium (NBT) method). Whereas 'O, was generated effectively by
photoexcited Cgo in nonpolar solvents such as benzene and benzonitrile, we found that O,* and «OH were
produced instead of O, in polar solvents such as water, especially in the presence of a physiological
concentration of reductants including NADH. The above results, together with those of a DNA cleavage
assay in the presence of various scavengers of specific active oxygen species, indicate that the active
oxygen species primarily responsible for photoinduced DNA cleavage by Cso under physiological conditions
are reduced species such as O,* and «OH.

Introduction particularly attractive due to their long wavelength of absorption
((S—S absorption: 530, 920 nm §g; 570, ~740, ~900 nm
(Cr0). T—T absorption: 400, 740 nm ¢g); 525, 575, 960 nm
(C70)),2 high quantum yield (1.0 based on generation of singlet
oxygen,10,),3-5 and lack of acute toxicity, except in rare cases,

in the absence of light. Despite these advantages, progress in
the development of fullerene-based agents for PDT has been
hampered by two major obstacles: (1) the low solubility of
fullerenes in biologically relevant mediand (2) the uncertainty
about the mechanism of action of photoexcited fullerenes in
biological systems.

To realize the potential of these promising compounds, we
have sought to overcome both of these limitations. In particular,
our discovery of a novel approach to the effective solubilization
of fullerenes in aqueous, physiologically relevant médias

Photodynamic therapy (PDT) is an important approach to
cancer treatment and is emerging as an antimicrobial chemo-
therapy with particular promise for the treatment of multidrug
resistant pathogens. In a typical course of PDT, the combination
of a photosensitizing agent and focused irradiation is used to
elicit specific, controlled production of reactive species in a
localized area, leading to cell destruction through several
pathways, of which one of the most important is DNA strand
cleavage. By using highly focused light irradiation, PDT has
the potential to act specifically at the desired site of action with
low levels of collateral damage to healthy cells.

Typical photosensitizers used for PDT are aromatic mol-
ecules, which can efficiently form a long-lived triplet excited

state and which have the potential to generate highly reactive gapjeqd the study of the mechanism and biological activity of
oxygen species. The ideal drug for PDT should have a high ,\noexcited fullerenes, leading to the discovery of DNA strand
quantum yield to form reactive species, a long wavelength of ¢jeaying activity? hemolytic activity® antimicrobial photody-
absorption, and low toxicity in the nonilluminated state. While 5 mic therapy* and cytotoxicity!213 and, in the absence of
the majority_ of clinically em.ployed. photosensitizers for PDT irradiation, a chondrogenesis-promoting effé&¢ and glu-
are porphyrin-based, associated side effects and the search fofahione Stransferase-inhibitory activiti The readily avail-
more efficient therapeutic agents have led numerous groups,apijity of aqueous fullerene solutions also led to the first

including our own, to investigate the potential of fullerengdC  nechanistic study of active oxygen generation by underivatized
and Go) derivatives as novel PDT drugsSuch molecules are photoexcited fullerenesn aqueous medialeading to the

(1) For reviews on photophysical properties of fullerenes, see: (a) Guldi, D.

- ) )
National Institute of Health Sciences, Japan. M.: Prato, M.Acc. Chem. Re€00Q 33, 695-703. (b) Guldi, D. M.Chem.

* Graduate School of Pharmaceutical Sciences, The University of Tokyo. Commun200Q 321-327. (c) Guldi, D. M.; Kamat, P. V. Iffullerenes
S Research Laboratory, KOSEorporation. Chemistry, Physics, and Technolodgadish, K. M., Ruoff, R. S., Eds.;
I' Application and Research Center, JEOL. Wiley: New York, 2000; pp 225281.
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discovery of superoxide (£*) and hydroxyl radical {OH),
rather than the expected singlet oxygéf.), as the active
species for DNA cleavage activity.

We now present a full account of our studies documenting
the specific generation of £ and«OH by photoexcited €
solubilized by detergent in agueous solutions, which are in
marked contrast with previous explanations for the observed
biological activity of photoexcited &. Prior studies on pho-
toexcited Go, which were performed in organic solvents or on
water-soluble @ derivatives, have suggested a critical role of
10, generation and subsequent DNA cleav&gé? Further
experimentation on related derivatives, however, cast doubt on

(2) (a) Krusic, P. J.; Wasserman, E.; Parkinson, B. A.; Malone, B.; Holler, E.
R., Jr.; Keizer, P. N.; Morton, J. R.; Preston, K. ..Am. Chem. Soc.
1991 114, 6274-6275. (b) Arbogast, J. W.; Foote, C. S.; Kao, MAm.
Chem. Soc1992 114, 2277-2279. (c) BrezovaV.; Stasko, A.; Rapta, P.;
Domschke, G.; Bartl, A.; Dunsch, 1. Phys. Chem1995 99, 16234~
16241. (d) BrezovaV.; Guegel, A.; Rapta, P.; Stasko, A. Phys. Chem.
1996 100, 16232-16237. (e) Stasko, A.; Brezoyd.; Rapta, P.; Biskupic,
S.; Dinse, K.-P.; Ggel, A. Res. Chem. Intermed997, 23, 453-478. (f)
Ruebsam, M.; Dinse, K.-P.; Plueschau, M.; Fink, J.;'t&camer, W.;
Fostiropoulos, K.; Taliani, Cl. Am. Chem. S02992 114, 10059-10061.
(9) Hwang, K. C.; Mauzerall, DJ. Am. Chem. Sod992 114, 9705-
9806. (h) Hwang, K. C.; Mauserall, DNature 1993 361, 138-141. (i)
Osaki, H.; Tai, Y.; Tazawa, M.; Yanemura, S.; Inukai, K.; Ishiguro, K.;
Sawaki, Y.; Saito, Y.; Shinohara, H.; Nagashima, @hem. Lett.1993
789-792. (j) Imahori, H.; Cardoso, S.; Tatman, D.; Lin, S.; Noss, L.; Seely,
G. R.; Sereno, L.; de Silber, J. C.; Moore, T. A.; Moore, A. L.; Gust, D
Photochem. Photobiol995 62, 1009-1014. (k) Williams, R. M.; Zwier,
J. M.; Verhoeven, J. WJ. Am. Chem. Sod 995 117, 4093-4099. (I)
Imahori, H.; Hagiwara, K.; Aoki, M.; Akiyama, T.; Taniguchi, S.; Okada,
T.; Shirakawa, M.; Sakata, YJ. Am. Chem. So996 118 11771+11782.
(m) Mikami, K.; Matsumoto, S.; Ishida, A.; Takamura, S.; Suenobu, T.;
Fukuzumi, SJ. Am. Chem. S04995 117, 11134-11141. (n) Kuciauskas,
D.; Lin, S.; Seely, G. R.; Moore, A. L.; Moore, T. A.; Gust, D.; Drovetskaya,
T.; Reed, C. A.; Boyd, P. D. WI. Phys. Chenl996 100, 15926-15932.
(o) Guldi, D. M.; Asmus, K.-D.J. Phys. Chem1997, 101, 1472-1481.
(p) Fukuzumi, S.; Suenobu, T.; Kawamura, S.; Ishida, A.; MikamiCKem.
Commun 1997 291-292. (gq) Fukuzumi, S.; Suenobu, T.; Patz, M.;
Hirasaka, T.; Ito, S.; Fujitsuka, M.; Ito, @. Am. Chem. Sod.998 120,
8060-8068. (r) Akasaka, T.; Suzuki, T.; Maeda, Y.; Ara, M.; Wakahara,
T.; Kobayashi, K.; Nagase, S.; Kako, M.; Nakadaira, Y.; Fujitsuka, M.;
Ito, O.J. Org. Chem1999 64, 566—-569.

?3) Arbogast J. W.; Darmanyan, A. P.; Foote, C. S.; Diederich, F. N.; Whetten,

L.; Rubin, Y Alvarez, M. M.; Anz S JJ. Phys Chem1991, 95,

11—12
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the role of!O, in mediating the observed biological activity. In
this regard, An et al. demonstrated that, while the DNA-cleaving
activity of eosine derivatives (well-knowi®, generators) was
suppressed by the addition ¥, trapping reagents, the DNA-
cleaving ability of photoexcited ggwas unaffected by suci®,
traps?!

The photochemical properties of fullerenes have been well
studied. The first study of this type, reported by Foote and co-
workers, described the appearance of an excited statggf C
(1Cs0* and 3Cgo*) that subsequently affordeD, through an
energy transfer mechanism (type Il pathway, ed A)closely

%0, o,

SCGD* \ / 1c60

hv ISC

1Ceo

K (1)

related study on ¢ was subsequently reportédAlmost
simultaneously, Wasielewski et al. detected triplet-excited states
of Ceo and Gyo (3Ceg* and 3Cy¢*) by an EPR method?2 Other
investigators extended these findings to the study of type Il
energy transfer by photoexcitation of fullereriés.

Electron transfer (type | pathway, eq 2) reactions of photo-
excited fullerene have been reporfeth 1991, Krusic et al.
reported the generation ofg&* by photolysis in the presence
of an electron donot? Shortly thereafter, Foote et al. described
the generation of g * by photoirradiation of G in the presence
of amines and reported the high first electron-reducing voltage
of 3C60* (El = +1.14 V vs SCE in PhCNj;Ceoi E, = —-0.42
V vs SCE in PhCN)?®

hv ISC e —donor

Ceo

Ceo* 3Ceo* (&)

Erq=+1.14V

60 *

In the present paper, we report the generation of active oxygen
species from photoexcited fullerenes through both type | and Il
pathways, in solvents with a range of polarity values and we
evaluate the contributions of these active species to photoinduced
DNA cleavage under physiological conditions.

Results and Discussion

To clarify the active species principally responsible for the
DNA cleavage upon photoirradiation, we employed biochemical
(DNA-cleavage assay), chemical (NBT method), and physico-
chemical methods (EPR spin-trapping and near-infrared spec-
troscopy).

DNA Cleavage. First, we examined the DNA-cleavage
activity of Csp and Go to establish the effects of visible light,
reductants, and initiator or quencher af ©andO,. The widely
used assay with pBR322 supercoiled DNA was employed.
According to our previous repdttCso and Go were solubilized
in water with poly(vinylpyrrolidone) (PVP). Figure 1 shows that

(21) An, Y.-Z.; Chen, C.-H. B.; Anderson, J. L.; Sigman, D. S.; Foote, C. S;
Rubin, Y. Tetrahedron 1996 52, 5179-5189.

(22) Wasielewski, M. R.; O'Neil, M. P.; Lykke, K. R.; Pellin, M. J.; Gruen, D.
M. J. Am. Chem. S0d.99], 113 2774-2776.

(23) (a) Hung, R. R.; Grabowski, J. J. Phys. Chem1991, 95, 6073-6075.
(b) Hung, R. R.; Grabowski, J. Phys. Lett.1992 192 248-249. (c)
Anderson, J. L.; An, Y.-Z.; Rubin, Y.; Foote, C. 3. Am. Chem. Soc.
1994 116 9763-9764. (d) Williams, R. M.; Verhoeven, J. VBpectrochem.
Actal1994 50A 251-254. (e) An, Y.-Z.; Viado, A. L.; Arce, M.-J.; Rubin,
Y. J. Org. Chem1995 60, 8330-8331. (f) Bensasson, R. V.; Bienvenue,
E.; Janot, J. M.; Leach, S.; Seta, P.; Schuster, D. I.; Wilson, S. R.; Zhao,
H. Chem. Phys. Lett1995 254, 566-570. (g) Hamano, T.; Okuda, K.;
Mashino, T.; Hirobe, M.; Aarakane, K.; Ryu, A.; Mashiko, S.; Nagano, T.
Chem. Commuril997 21-22.
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Figure 1. Photoinduced DNA cleavage bys£and Go. The pBR322
supercoiled plasmid was incubated with each chemical in TDC buffer for
4 h at 37°C under irradiation with a 300-W photoreflector lamp. Lanes
1-3 and 5-6, incubation under visible light irradiation: lane 1, pBR322
DNA with 1.25% of PVP; lane 2, with 0.14 mM g lane 3, with 0.14
mM Cgo and 10 mM NADH; lane 5, with 0.07 mM ; lane 6, with 0.07 Wavelength (nm)
mM Czg and 10 mM NADH. Lanes 4 and 7, in the dark: lane 4, pBR322 Figure 3. Near-infrared singlet oxygen luminescence emission spectra in
DNA with 1.25% PVP 0.14 mM g and 10 mM NADH; lane 7 with 1.25% Coo excited by Ar laser light at 514.5 nm with 200-mW output power. (a)
PVP 0.07 mM Go and 10 mM NADH. 40 uM benzene solution, (b) 46M benzonitrile solution.

1 I 1 1 I 1
1100 1200 1300 1400 1500 1100 1200 1300 1400 1500
Wavelength (nm)

« Gy Cn, In vivo biological systems contain a similar concentration of
sop .+ -+ NADH to that used in the in vitro tests employed in this paper.
It is therefore possible that £ is generated in vivo and
subsequently affordéOH, which is highly reactive and could
directly attack DNA in the body. To compare the generation of
oxyl radicals and!O,, we applied spectroscopic methods
including near-infrared spectroscopy and EPR spin-trapping.
Figure 2. Effect of SOD on the photoinduced DNA cleavage by @nd Deteptlon of 102'. For the det.ecj[lon 0f0, 6} dl.reCt method
Cro. The pBR322 supercoiled plasmid was incubated with each reagent in (detection of near-infrared em|SS|6ﬁ},1nd an indirect method

TDC buffer foar 2 h at 37°C under irradiation with a 300-W photoreflector by EPR spin-trapping with 2,2,6,6-tetramethyl-4-piperidone (4-
lamp. Lanes ¥4, PVP 1.25% incubation under visible light irradiation: OXO-TEMPF’ were employed.

g"_?ﬁ E&BéizfoDm V,‘\';K‘D?;"l‘;%'\"o%in:nﬁg/my O'}'AS%'B;'?:rfezé“"’mh A photoirradiated  solution in benzene and benzonitrile
0.07 MM Goand 10 mM NADH: lane 4, with 0.07 mM+g, 10 mM NADH, clearly showed the near-infraré@®, luminescence emission at
and 0.04 units/mL of SOD. 1268 nm following excitation with 514.5-nm Ar laser light
(Figure 3). However, we did not observe a@s luminescence
emission in GyPVP aqueous solution. Therefore, we applied
an EPR method with the spin-trapping agent 4-oxo-TEMP in
order to confirm this result.

The EPR method with 4-oxo-TEMP, which reacts wi@y
to give the adduct 4-oxo-TEMPO (eq 4), was carried out with
Rose Bengal, a typical water-soluBf@, generator, as a positive

Form Il—

Form|l —

1 2 3 4

both photoexcited g and Gg cleave DNA (supercoiled form

I) to give the nicked form Il in the presence of NADH, a
common reductant in vivo (lanes 3 and 6 fogp@nd Gy,
respectively). However, in the absence of NADH, neithgs C
nor G,o had any effect on DNA even under photoirradiation
(lanes 2 and 5 for § and Gy, respectively) indicating that
electron transfer processes induced by the reductant are impor

tant for this activity in aqueous systems. The cleaving activity control.
was clearly inhibited by the addition of superoxide dismutase o o
(SOD), which quenchesLr (Figure 2, lane 2 for gy and lane " cﬁcu 0 . e+ HO @
4 for Cy). This result suggested thabQis a key intermediate HaC N CHa HaG~ “N” CH, 2
for DNA-cleaving activity, as shown in eq 3. 4-0x0-TEMP 40x0-TEMPO
e S9N G o Figure 4a shows the specific signals of 4-oxo-TEMPO, which
® was produced byO, generated from photoexcited Rose Bengal,
0, [3—2_‘-| —2>5, DNA cleavage whereas no signal was detected ig/€VP aqueous solution
under the same conditions (Figure 4b). This result shows that
quenched by SOD no 10, was generated in an aqueous solution ef, @ven in

the absence of a reductant.

To confirm the role offO,, the effects offO, stabilizers or Detection of O,. The generation of ©+, which could

qguenchers were tested. Upon increasing th® Boncentration potentially be the first-formed active oxygen species, was

in the SOIV]?fm’ wgic.hdprolqngsr:he Igetime @fz’ DdNA gleavagtle ‘ checked by EPR spin-trapping and the nitro blue tetrazolium
was not affected, indicating the absence of a dominant role for . .04 (NBT method).

10, in the DNA cleavage (data not shown). Likewise, the
addition of 10, quenchers such as sodium azidehistidine,
and 2,5-dimethylfuran resulted in no significant decrease in the
cleavage. These results support the notion ¥®at which was
previously reported to be important for the photoinduced (24) Arakane, K.; Ryu, A.: Takarada, K.; Masunaga, T.; Shiromoto, K.;

5,5-Dimethyl-1-pyrrolineN-oxide (DMPO) was used as a
spin-trapping agent for the detection of ©®(eq 5). The reaction
was carried out in the presence of DMSO in order to quench

bioactivities, does not play a significant role in the expression fgggyffhli'_ﬁ-? Mashiko, S.; Nagano, T.; Hirobe, @hem. Pharm. Bull.
of DNA-cleaving activity in these systems. (25) Rion, Y.; Delmelle, M.; Van DeVorst, ANature 1974 263 442-443.

J. AM. CHEM. SOC. = VOL. 125, NO. 42, 2003 12805



ARTICLES Yamakoshi et al.
a b was used as a spin-trapping reagent to form the more stable
0 sec. 0 sec. adduct DEPMPG-OOH (eq 6), allowing the effect of photo-
30 sec. 30 sec. exposure time to be investigated. As shown in Figure 5d, the
—A— - generation of @ increased in an irradiation time-dependent
fashion.
60 sec. 60 sec.
&ie #@ o gH #ﬂoon ©
-—J” sec. 90 sec. DEPMPO DEPMPO-OOH
Since the quantitative detection ob® by means of spin-
= T trapping is difficult, we employed the NBT method (eq 7) in

Figure 4. X-band EPR spectra of 4-oxo-TEMP adduct wi@, generated

in Rose Bengal (a) andgg(b) aqueous solutions under irradiation with a
300-W photoreflector lamp. 4-Oxo-TEMP 80 mM in 50 mM phosphate
buffer (pH 7). Rose Bengal orgg40 uM, PVP 0.4%. Irradiation time was

0, 30, 60, or 90 s. Experimental conditions: temperature 296 K, microwave
frequency 9.394 GHz, microwave power 16 mW, field modulation 0.1 mT
at 100 kHz, scan time 2 min.

NADH(), Coo(+), Light

d
0 sec.
NS AN N A\ A

l/o\sfe-f:/wwr,fl/\/ww
1mT

7<= ||20 sec.

MVJ\,\_,N'\/\M%
e

———
2mT

NADH(+), Cgo(+)

DMPO-CH, l_—_'l—_—l
T f

1 r 1
Light

Dark a

DMPO-OOH

1 mT |PBO sec.

Cool- ,
) Light | [

———

1mT

Figure 5. X-band EPR spectra of DMPO adduct with, © (a—c) and
DEPMPO adduct with @ (d) generated in §/PVP aqueous solution under
irradiation with a 300-W photoreflector lamp.-{a) DMPO 0.722 M,
DETAPAC 1 mM, DMSO 3.1 M, in 50 mM phosphate buffer (pH 7): (a)
Cs00.2 mM, PVP 2%, NADH 10 mM; (b) & 0.2 mM, PVP 2%; (c) PVP
2%, NADH 10 mM. Irradiation time: light 10 s, dark 0 s. Experimental
conditions: temperature 296 K, microwave frequency 9.394 GHz, micro-
wave power 16 mW, field modulation 0.1 mT at 100 kHz, scan time 2
min. (d): DEPMPO 50 mM, DETAPAC 1 mM, DMSO 3.1 mM in 50 mM
phosphate buffer (pH 7),460.2 mM, PVP 2%, NADH 10 mM. Irradiation
time was 0, 10, 20, or 30 s. Experimental conditions: temperature 296 K,
microwave frequency 9.394 GHz, microwave power 16 mW, field modula-
tion 0.1 mT at 100 kHz, scan time 2 min.

*OH generated under the reaction conditions used, 3i0té
could react rapidly with DMPO to give the adduct DMPO
OH (see eq 8), thus disturbing the spectrum of DMRGDH.
Figure 5a shows the spectra obtained for DMRQDH,
indicating the generation of O from Cso/PVP aqueous solution
in the presence of light and NADH.

Hs;C 'o H;C OOH
;3070 Hssgd "
0
DMPO DM PO-OOH

Since the lifetime of the DMPOOOH adduct is short,
5-diethoxyphosphoryl-5-methyl-1-pyrroliné-oxide (DEPMPO)

12806 J. AM. CHEM. SOC. = VOL. 125, NO. 42, 2003

order to quantify the amount of generateg ©

O\AH- +,N\|/© 40,7 40,

IO ey

rom cmo@ é den, cu,o
formazan

o
@)

NO, 0N 20

NBT ant

2HCI

The effects of light irradiation duration, NADH concentration,
and G concentration on the generation of ©Owere tested by
the NBT method. Figure 6 shows that the generation of O
was affected by the duration of irradiation (a) and increased by
the addition of NADH (b) or G (c) in a dose-dependent
manner.

Detection of sOH. As reported by Cadet et &8,0,* itself
does not cause DNA damage. However, the generatie®ldf
a highly active radical which is known to cause DNA cleavage
from O, * via the Fenton reaction is possible under reducing
conditions and the generation<®H under the photoirradiation
conditions was studied. As shown in Figure 7, the generation
of «OH was detected as DMPEDH (eq 8) in a photoexposure
time-dependent manner in the presence of Fe(ll).

H
H3C7<_S<OH
Hoe” N H

DMPO-OH

Hac@

HsC

®)
0
DMPO

Detection of Gso Radical Anion (Cgp*). From the results
described above, it is clear that ® generated under photoir-
radiation is converted teéOH to cause DNA cleavage, but the
role of fullerenes in generating ;O is less clear. Upon
photoirradiation, G is known to form a long-lived triplet state
which can react with electron donors, providing two possible
mechanisms for the generation of active oxygen species (eq 9).

0, 057 [path a]
e —donor -
Ceo* Ceo
3Ceo* — 9
c
60
%0. o) (o ] h
2 2 e —donor 2* [path b]

In path a3Cgo* is reduced to G * which subsequently reduces
0O, to O;~*, and in path blO,, which is generated by energy
transfer from?Csg* to 30, is reduced to @. To clarify which

(26) Cadet, J.; Berger, M.; Douki, T.; Ravanat, J.Rev. Physiol. Biochem.
Pharmacol.1997 131, 1.
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Figure 6. Photoinduced @ generation by & in PVP aqueous solution detected by the NBT method. Irradiation: 300-W photoreflector lamp &€0
(a) Time course of @* generation with 0.2 mM £3/2.5% PVP and 10 mM NADH. Light{): under photoirradiation. Daril): without photoirradiation.
(b) Dose-dependent effect of NADH on the photoinduced*@eneration by . Irradiation time was 30 min with 0.2 mMdd2.5% PVP (Go(+)) (O) or
2.5% PVP (Go(—)) (). (c) Dose-dependent effect ok£on the @ generation by photoexciteds§ Irradiation time was 30 min with 10 mM NADH.
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Figure 7. X-band EPR spectra of the DMPO adduct witbH generated

in Cso/PVP aqueous solution under irradiation with a 300-W photoreflector
lamp. DMPO 0.72 M, Fe(ll)-DETAPAC 0.2 mM, in 50 mM phosphate
buffer, Gsp 0.2 mM, PVP 2%, NADH 10 mM. Irradiation time: 0, 20, 50,
90, and 120 s. Experimental conditions: temperature 296 K, microwave
frequency 9.394 GHz, microwave power 16 mW, field modulation 0.1 mT
at 100 kHz, scan time 2 min.
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Figure 8. X-band EPR spectra of 4-oxo-TEMPO. Experimental condi-
tions: temperature 296 K, microwave frequency 9.394 GHz, microwave
power 16 mW, field modulation 0.1 mT at 100 kHz, scan time 2 min. (a)
In degassed §&/PVP aqueous solution under irradiation (0, 30, or 60 s)
with a 300-W photoreflector lamp. 4-Oxo-TEMPO 4, Cgo 0.2 mM,
PVP 2%, NADH 10 mM in 50 mM phosphate buffer (pH 7). (b) In degassed
Cesd/PVP aqueous solution without NADH under irradiation (60 s) with a
300-W photoreflector lamp. 4-Oxo-TEMPOM, Ceo 0.2 mM, PVP 2%

in 50 mM phosphate buffer (pH 7). (c) In degassed PVP aqueous solution
without Gso under irradiation (60 s) with a 300-W photoreflector lamp. The
4-0x0-TEMPO 4uM, PVP 2%, NADH 10 mM in 50 mM phosphate buffer
(pH 7). (d) In aerobic /PVP aqueous solution under irradiation with a
300-W photoreflector lamp. Oxo-TEMPO #M, Cgo 0.2 mM, PVP 2%,
NADH 10 mM in 50 mM phosphate buffer (pH 7).

Table 1. Effect of 10, Scavengers on Photoinduced O,~*
Generation from Photoexcited Cgo?

relative generation

pathway is most likely, we tested the detection @€ and 10, scavengers ODsgo in light ODsgo in dark of ;™ (%)
the effect'O, scavengers on the generation of © . 1.38 0.09 100

Since Go is not sufficiently stable to be detected at room  PABCO 1.32 0.09 95.4

. . . . L-histidine 1.33 0.09 96.2

temperature, we applied a convenient trapping method with 2 5-dimethylfuran 1.36 0.09 08.6

2,2,6,6-tetramethyl-4-piperidomé&oxide (4-oxo-TEMPO), which
can react with g (eq 10).

a|rradiation: 300-W reflector lamp, 30 min;-® °C, with 0.2 mM G/
2.5% of PVP and 10 mM NADH? DABCO: 1,4-diazabicyclo[2,2,2]octane.

o
HsC cua—L> HsC CH; + C 10 S
Hac N CHs 3 N cug % (19 oxygen, indicating that g transfers an electron to oxygen,
OH rather than 4-oxo-TEMPO, to give;O (Figure 8d). This finding
4-oxo—TEMPO 4-oxo-TEMPOL

In the presence of ggand NADH, a time-dependent decrease

suggests that £° is formed via path a.
To investigate the potential that path b is operative, the effect

of 4-ox0-TEMPO peaks was observed under aerobic conditions of 'Oz scavengers on £ generation was also studied by NBT
(Figure 8a), whereas no reduction of the peaks was observedthe method. As shown in Table 1, there was no significant effect

in the absence of NADH or &g (Figure 8b and c). Importantly,

of 10, scavengers on the generation of © further suggesting

no decrease of the peaks was observed in the presence ofhat the Q—* generation proceeds via path a in eq 9.
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Conclusions 403HS, Applied Detector Co., USA), cooled with liquid nitrogen, to
obtain luminescence emission spectra from a test solution circulated

] - in a quartz flow cell excited with argon laser light (Ar laser equipment,
NBT method), it was shown that oxyl radicals{©andeOH) Innova 70-4, Coherenet Inc., USA) at 514.5 nm with 200-mW output

are generated from photoexcitedo@nder physiological condi-  power. The argon laser beam was chopped at 800 Hz by an acousto-
tions, especially in the presence of biological reducing agents. optic modulator (A-160, Hoya Co., Japan) with a driver (110-DS,
Taking into account the results of DNA cleavage studies, we HOYA Co., Japan). The output signal from the Ge detector was led
believe it is likely that reduced oxygen species (QandeOH) through a preamplifier (model 116, E. G. & G. Princeton Applied
are the key active species for the observed biological activities. Research, USA) to a lock-in amplifier (model 124A, E. G. & G.
This is in contrast to previous studies of photoexcited fullerenes, Princeton Applied Research, USA), synchronized with an internal
which were performed under conditions where singlet oxygen Standard signal, and recorded on an XY recorder. ,

is indeed generated. However, the identification and study of  Singlet Oxygen Detection (EPR Spin-Trapping Method)Singlet

the active species under physiological conditions are essential0*Y9en Was also detected by an EPR methqd using 2,2,6,6-tetramethy}-
for the further development of photodynamic therapies based 4-piperidone (4-0xo-TEMP) as a spin-trapping reagent. As a standard,

. . . 10,-generating compound Rose Bengal was employed. Te/®ZP
on fullerene and its derivatives as photosensitizers. Much work . . Rose Bengal/PVP aqueous solution (0 250 mM phosphate

has been done on biological activities, such as enzyme inhibition pyffer (50,L), distilled water (8QuL), and 1 M 4-0xo-TEMP (2QiL)

or radical scavenging activity, of water-soluble fullerene deriva- were added and mixed well under an aerobic condition. The mixed
tives. 2734 However, the photobiological properties ok¢C  solution was introduced into a flat cell, irradiated with a 300-W
described in this paper offer a unique and a potentially promising photoreflector lamp at a distance of 15 cm, and immediately subjected
platform for the design and development of novel therapeutic to EPR measurement. The generation of singlet oxygen was detected

Using spectroscopic methods (EPR spin-trapping and the

agents.

Experimental Section

EPR experiments were carried out with a JEOL JES-FE 2XG ESR
spectrometer system (JEOL Ltd., Tokyo) and recorded under the
following conditions: temperature 296 K, microwave frequency 9.394
GHz, microwave power 16 mW, field modulation 0.1 mT at 100 kHz,
scan time 2 min. The & and Go aqueous solutions were prepared
with poly(vinylpyrrolidone) K30 (PVP, Wako Ltd., Tokyo), as reported
previously®

DNA Cleavage AssayA super coiled plasmid DNA (pBR322, 660
ug mL™%, Sigma Co. Ltd.) was diluted witl M Tris-HCI buffer (pH8.0)
to 12.5u4g mL™1. The DNA solution, fullerene solutions, and other
reagent solutions (reductant or quencher) were mixed well in TDC
buffer (Tris-HCI buffer with KClI and MgG) and subjected to
photoirradiation with a 300-W photoreflector lamp at a distance of 20
cm at 37 or 6-5 °C. After irradiation, an aliquot (2QiL) of the
irradiated solution was mixed with bromophenol blue-glycerol solution

as an EPR signal due to 4-oxo-TEMPO formed by the reactidpf
with 4-oxo-TEMP.

Detection of Superoxide Radical Anion (EPR Spin-Trapping
Method). 5,5-Dimethyl-1-pyrrolineN-oxide (DMPO) or 5-diethoxy-
phosphoryl-5-methyl-1-pyrroliné&-oxide (DEPMPO) was used as a
spin-trapping agent. To agPVP or a PVP aqueous solution (100
uL), 5 mM DETAPAC in 250 mM phosphate buffer (50.), DMSO
(55 uL), 100 mM NADH or distilled water (25%.L), and DMPO or
625 mM DEPMPO (20uL) were added and mixed well under an
aerobic condition. The mixed solution was collected in a flat cell,
irradiated with a 300-W photoreflector lamp at a distance of 15 cm,
and subjected immediately to EPR measurement. The generation of
O, was detected as signals due to DMPOOH or DEPMPG-OOH
formed by the reaction of ©° with DMPO or DEPMPO, respectively.

Detection of Superoxide Radical Anion (NBT Method). The
generation of @ was also detected by the NBT (nitro blue tetrazolium)
method as reported by Nagano ef@llo a solution of GyPVP or
PVP (100uL), 2.4 mM NBT (20xL), 1 mM EDTA (20uL), 250 mM

(5 uL) and subjected to agarose gel electrophoresis (10% agarose inPosphate buffer (4.L), and a 10-fold concentrated solution of

Timiza base EDTA (TBE) buffer, 70 V, 2 h). The gel was stained with
ethidium bromide and photographed on the transilluminator for analysis
of the ratio of Form | (supercoiled) and Form Il (nicked).

Singlet Oxygen Detection (Near-Infrared Spectroscopy)Accord-
ing to the method of Arakane et &.singlet oxygen was detected by
using a near-infrared spectrometer (near-infrared Ge detecter, mode

(27) For reviews on biological properties of fullerenes, see: (a) Jensen, A. W.;
Wilson, S. R.; Schuster, D. Bioorg. Med. Chem1996 4, 767—779. (b)
Wilson S. R. InFullerenes Chemistry, Physics, and Technojd¢gdish,

K. M., Ruoff, R. S., Eds.; Wiley: New York, 2000, pp 43466. (c) DaRos,
T.; Prato, M.Chem. CommurilL999 663—-669.

(28) Isobe, H.; Sugiyama, S.; Fukui, K.; lwasawa, Y.; NakamuraAtgew.
Chem., Int. Ed2001, 40, 3364-3367.

(29) Zhou, S.; Burger, C.; Chu, B.; Sawamura, M.; Nagahama, N.; Toganoh,
M.; Heckler, U. E.; Isobe, H.; Nakamura, Bcience200], 291, 1944
1947.

(30) Friedman, S. H.; DeCamp, D. L.; Sijpesma, R. P.; Srdanov, G.; Wudl, F.;
Kenyon, G. L.J. Am. Chem. Sod.993 115 6506-6509.

(31) Sijbesma, R.; Srdanov, G.; Wudl, F.; Castoro, J. A.; Wilkins, C.; Friedman,
S. H.; DeCamp, D. L.; Kenyon, G. 0. Am. Chem. So4993 115 6510-
6512.

(32) Schinazi, R. F.; Sijpesma, R.; Srdanov, G.; Hill, C. L.; WudARtimicrob.
Agents Chemothefl993 37, 1707-1710.

(33) Toniolo, C.; Bianco, A.; Maggini, M.; Scorrano, G.; Prato, M.; Marastoni,
M.; Tomatis, R.; Spisani, S.; PalG.; Blair, E. D.J. Med. Chem1994
37, 4558-4562.

(34) (a) Chiang, L. Y.; Lu, F.-J.; Lin, J.-TJ. Chem. Soc., Chem. Commun.
1995 1283. (b) Lai, Y.-L.; Chiou, W.-Y.; Chiang, L. YFullerene Sci.
Technol.1997, 5, 1057.

(35) Arakane, K.; Ryu, A.; Takarada, K.; Masunaga, T.; Shinomoto, K;
Kobayashi, R.; Mashino, S.; Nagano, T.; Hirobe, ®hem. Pharm. Bull.
1996 44, 1-4.
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reductant (20uL) were added and mixed well under an aerobic
condition. The reaction mixture was irradiated with a 300-W photo-
reflector lamp at £5 °C and then diluted with 50 mM phosphate buffer
(0.8 mL) for the measurement of Q2.

Detection of Hydroxyl Radical (EPR Spin-Trapping Method).
[5,5-Dimethyl-1-pyrrolineN-oxide (DMPO) was used as a spin-trapping
agent. To a @PVP or a PVP aqueous solution (12Q), 0.2 mM
Fe(ll)-DETAPAC in 250 mM phosphate buffer (54Q.), distilled water
(55 uL), 100 mM NADH or distilled water (25L), and DMPO (20
uL) were added and mixed well under an aerobic condition. The mixed
solution was collected in a flat cell, irradiated with a 300-W photore-
flector lamp at the distance of 15 cm, and immediately subjected to
EPR measurement. The generatiom@H was detected as signals due
to DMPO—-OH formed by the reaction ofOH and DMPO.

Detection of Gy Radical Anion (EPR Spin-Trapping Method).
According to the method reported by Hadjur et*athe generation of
Ceo * was detected as a decrease of the signal of 4-oxo-2,2,6,6-
tetamethylpyperidinéN-oxide (4-oxo-TEMPO) due to the reaction of
Ceo * and 4-oxo-TEMPO to give 4-oxo-TEMPOL, which does not
exhibit any radical signal. To aggPVP or a PVP aqueous solution
(100 uL), 250 mM phosphate buffer (56L), distilled water (5uL),

(36) Umezawa, N.; Arakane, K.; Ryu, A.; Mashiko, S.; Hirobe, M.; Nagano, T.
Arch. Biochem. Biophyd.997 342 275-281.

(37) (a) Hadjur, C.; Wagnieres, G.; Monnier, P.; van den BergtRlttochem.
Photobiol. 1997, 65, 818-827. (b) Moan, JActa Chem. Scand. B98Q
34, 519-521.
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