
Bioorganic & Medicinal Chemistry Letters 19 (2009) 5293–5296
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Highly hydroxylated or c-cyclodextrin-bicapped water-soluble derivative
of fullerene: The antioxidant ability assessed by electron spin resonance
method and b-carotene bleaching assay

Shinya Kato a, Hisae Aoshima b, Yasukazu Saitoh a, Nobuhiko Miwa a,*

a Laboratory of Cell-Death Control BioTechnology, Faculty of Life and Environmental Sciences, Prefectural University of Hiroshima, 562 Nanatsuka, Shobara, Hiroshima 727-0023, Japan
b Vitamin C60 BioResearch Corporation, Tatsunuma Tatemono Bldg. 9F, 1-3-19 Yaesu Chuo-ku, Tokyo 104-0031, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 30 June 2009
Revised 29 July 2009
Accepted 30 July 2009
Available online 3 August 2009

Keywords:
Water-soluble fullerene
Antioxidant ability
Electron spin resonance (ESR) method
b-Carotene bleaching assay
0960-894X/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.bmcl.2009.07.149

* Corresponding author. Tel./fax: +81 824 74 1754.
E-mail address: miwa-nob@pu-hiroshima.ac.jp (N.
Antioxidant ability of the water-soluble derivative of fullerene (C60), prepared by high-degree hydroxyl-
ation [C60-(OH)32�8H2O] or C60/c-cyclodextrin (1:2 mol/mol) clathrate formation [C60/(c-CD)2], was
assessed by electron spin resonance method and b-carotene bleaching assay. These C60 derivatives have
an ability to diminish a 1:2:2:1 quartet ESR spectrum attributed to hydroxyl radicals (�OH) as shown by
DMPO-spin trap/ESR method. Meanwhile, a singlet radical-signal different from �OH-attributed signals
increased in a manner dependent on concentrations of C60-(OH)32�8H2O. This might suggest that C60-
(OH)32�8H2O scavenges �OH owing to dehydrogenation of C60-(OH)32�8H2O, and is simultaneously oxi-
dized to a stable radical species, which may be a dehydrogenated fullerenol radical (C60-O�). Further-
more, these water-soluble derivatives of C60 suppressed fading of yellowish color characteristic of
intact b-carotene in b-carotene bleaching assay. Antioxidant abilities of these derivatives were assessed
as retention of yellowish color (viz absorbance at 470 nm) for 180 min. Namely, b-carotene-attributed
chromaticity (% relative absorbance at 470 nm compared with the control) after 180 min was 69% for
C60-(OH)32�8H2O (400 lM: C60-eq.), and 32% for C60/(c-CD)2 (400 lM: C60-eq.), whereas it was 6%
for L(+)-ascorbic acid (400 lM) which is hydrophilic, and 85% for (±)-a-tocopherol (400 lM) which is
lipophilic, respectively. Thus C60-(OH)32�8H2O and C60/(c-CD)2 can scavenge �OH, and have a distinct
antioxidative activity in the aqueous system containing linoleic acid which is abundantly contained in
the cell membrane together with other unsaturated lipids. These C60 derivatives have a potential to pro-
tect the cell membrane from oxidative stress due to �OH.

� 2009 Elsevier Ltd. All rights reserved.
Fullerene-C60 (C60) originally dissolve only in carbon disulfide
or aromatic solvents, which has been disadvantageous for bioas-
say.1,2 Therefore, a variety of water-soluble reagents or polar
groups has been attempted to render C60 to become water-soluble,
and to utilize the scavenging ability against free-radicals effec-
tively.3 For example, using less-toxic water-soluble reagents, poly-
vinylpyrrolidone (PVP)-entrapped C604,5 or cyclodextrin-bicapped
C60,6–10 hydroxylated C60,11–16 namely C60-(OH)n (fullerenol,
n = 18–24), and various other derivatives have already been exam-
ined. Recently, an antioxidant ability of PVP-entrapped C60 and c-
cyclodextrin-bicapped C60 has been measured by b-carotene
bleaching assay.17 However, the characteristic of antioxidant abil-
ities of diverse water-soluble derivatives of C60 has not sufficiently
analyzed.

In the present study, highly hydroxylated fullerene [C60-
(OH)32�8H2O] [conventionally C60-(OH)18–24]11–16 and c-cyclodex-
trin/fullerene (1:2 mol/mol) clathrate [C60/(c-CD)2] were used.
ll rights reserved.

Miwa).
With each C60 derivative, scavenging ability against hydroxyl rad-
icals was evaluated by electron spin resonance measurement
(DMPO-spin trap/ESR method), and antioxidative activity in aque-
ous system including linoleic acid was examined by b-carotene
bleaching assay. The results were compared with those of naturally
occurring antioxidants, L(+)-ascorbic acid and (±)-a-tocopherol.

Butylated hydroxyanisol (BHA), linoleic acid, (±)-a-tocopherol
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Tween 40, b-carotene, hydrogen peroxide (30% solution in water),
iron (II) sulfate heptahydrate, L(+)-ascorbic acid, disodium hydro-
genphosphate 12-water, sodium dihydrogenphosphate dihydrate,
and c-cyclodextrin were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The spin trap 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) was purchased from Labotec Co. (Tokyo, Ja-
pan). Highly hydroxylated fullerene [C60-(OH)32�8H2O (estimated
average composition)] was synthesized by Oshima Laboratory in
Osaka University (Osaka)18 and supplied from Vitamin C60 BioRe-
search Co. (Tokyo). Fullerene/c-cyclodextrin (1:2 mol/mol) clath-
rate [C60/(c-CD)2] were supplied from Vitamin C60 BioResearch
Co. (Tokyo).
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Scavenging ability of water-soluble C60-fullerenes for chemi-
cally generated hydroxyl radicals by Fenton reaction was evaluated
by DMPO-spin trap/ESR method. Reagents for Fenton reaction
(1 mM H2O2 30 lL, 100 lM FeSO4 30 lL), sample solution
[180 lL; C60-(OH)32�8H2O or C60/(c-CD)2 or reversed-osmosis
ultrapure water (control)], and spin trap reagent (1.79 M DMPO
60 lL) were mixed in a micro tube in this order.

After 30 s, the mixed solutions were poured in a flat quarts cell
(Labotec Co., Tokyo), and started ESR measurement (FR-30, JEOL
Ltd., Tokyo).

b-Carotene bleaching method is widely used to measure for
antioxidant activity of plant extracts, etc.19 It is an in vitro assay
that measures the inhibition of coupled auto-oxidation of linoleic
acid and b-carotene. b-Carotene (10 mg), linoleic acid (1 g), and
Tween 40 (2 g) were dissolved in 10 mL of chloroform, respec-
tively. Then each solution of b-carotene (0.25 mL), linoleic acid
(0.1 mL), and Tween 40 (0.5 mL) was added to an Erlenmeyer flask.
Chloroform was removed under a stream of N2 gas. Reversed-
osmosis ultrapure water (50 mL) and 0.2 M phosphate buffer (pH
7.0, 4.45 mL) were added and the solution was mixed. Aliquots
(2.88 mL) of b-carotene and linoleic acid emulsion were mixed
with the solution (0.12 mL) of C60-(OH)32�8H2O or C60/(c-CD)2

in disposable cuvettes. The cuvettes were incubated at 50 �C in a
water bath. Absorbance at 470 nm of each sample was measured
Figure 1. ESR spectra which show quenching effects on hydroxyl radicals with highly
clathrate [C60/(c-CD)2] and butylated hydroxyanisol (BHA). Control: reversed-osmosis u

Figure 2. Quenching effects on hydroxyl radicals with (a) Highly hydroxylated fulleren
CD)2], and (c) butylated hydroxyanisol (BHA), Control: Reversed-osmosis ultrapure wate
immediately at 0 min and every 20 min up to 180 min with a dou-
ble-beam spectrophotometer (U-2800, Hitachi High-Technologies
Co., Tokyo). Retention of yellow-orange color attributed to b-caro-
tene was calculated using the following formula:

b-Carotene-attributed chromaticity (%, relative absorbance at
470 nm compared with control) = 100 � {(Atest at 0 min � Atest at

t min)/(Acontrol at 0 min � Acontrol at 180 min)} � 100.
Control: reversed-osmosis ultrapure water.
A four-peak ESR signal (1:2:2:1 quartet) which is indicative of a

DMPO-OH adduct was detected in hydroxyl radicals generation
system (Fenton reaction, Fig. 1). Relative intensities of DMPO-OH
signals (DMPO-OH/MnO) were 11.1 for the control (reversed-
osmosis ultrapure water), 0.62–0.90 for C60-(OH)32�8H2O, 2.39–
3.64 for C60/(c-CD)2 (C60-eq. 2.5–200 lM), and 12.6–4.6 for the
synthetic antioxidative reagent, butylated hydroxyanisol (BHA,
15–400 lM), meanwhile, c-CD (without C60) did not diminish a
DMPO-OH signal. Thus, these water-soluble C60 derivatives repre-
sented scavenging activity for hydroxyl radicals superior to BHA
(Figs. 1 and 2). A distinct singlet signal was appeared with C60-
(OH)32�8H2O, which was different from a DMPO-OH attributed
one. This singlet signal remain without DMPO, and increased in a
manner dependent on doses of C60-(OH)32�8H2O.

Na(+)-fullerenol (OH = 12–15) is reported to exist as stable rad-
ical anion at extremely low temperature (1.5–5.0 K).20 Our results
hydroxylated fullerene [C60-(OH)32�8H2O], fullerene/c-cyclodextrin (1:2 mol/mol)
ltrapure water. Molarity: C60-fullerene equivalent.

e [C60-(OH)32�8H2O], (b) fullerene/c-cyclodextrin (1:2 mol/mol) clathrate [C60/(c-
r. Molarity: C60-fullerene equivalent.



Scheme 1. Water-soluble fullerenes.
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might suggest that C60-(OH)32�8H2O scavenges hydroxyl radicals
owing to dehydrogenation of C60-(OH)32, and simultaneously
might be oxidized itself to a stable radical species, assumedly a
dehydrogenated fullerenol radical (C60-O�).

b-Carotene bleaching method is based on that lipid radicals as
auto-oxidation products of linoleic acid attack double bonds of b-
carotene, but antioxidative substance can retain b-carotene (yel-
lowish-orange color) depend on their antioxidant ability. Water-
soluble C60 [C60-(OH)32�8H2O, C60/(c-CD)2] restrained fading of
yellowish color of b-carotene, so antioxidant ability of these deriv-
atives were assessed by retention of yellowish color (viz absor-
bance at 470 nm) for 180 min (Fig. 3). Namely, b-carotene-
attributed chromaticity [% relative absorbance at 470 nm = {(Atest

at 0 min � Atest at t min)/(Acontrol at 0 min � A control at 180 min)} � 100]
was 69% for C60-(OH)32�8H2O (400 lM: C60-eq.), and 32% for
C60/(c-CD)2 (400 lM: C60-eq.). Meanwhile, in the case of naturally
occurring antioxidants, it was 6% for L(+)-ascorbic acid (400 lM)
which is hydrophilic, and 85% for (±)-a-tocopherol (400 lM) which
Figure 3. Discoloration of b-carotene/linoleic acid aliquots by addition of: (a)
highly hydroxylated fullerene [C60-(OH)32�8H2O], (b) fullerene/c-cyclodextrin
(1:2 mol/mol) clathrate [C60/(c-CD)2], reversed-osmosis ultrapure water (W), and
butylated hydroxyanisol (B), incubated at 50 �C in a water bath for 180 min, values
represent C60-eq. molarity (lM) in each water-soluble C60-fullerenes.

Figure 4. b-Carotene-attributed chromaticity (%, relative absorbance at 470 nm) by a
cyclodextrin (1:2 mol/mol) clathrate [C60/(c-CD)2], (c) L(+)-ascorbic acid, d) (±)-a-toco
(BHA), incubated at 50 �C in a water bath for 180 min, values represent C60-eq. molarity
Carotene-attributed chromaticity % = 100 � {(Atest at 0 min � Atest at t min)/(Acontrol at 0 min �
is lipophilic (Fig. 4). c-Cyclodextrin did not show an antioxidative
activity (Scheme 1).

These results suggest that C60-(OH)32�8H2O and C60/(c-CD)2

exert superior antioxidative activity to L(+)-ascorbic acid though
their water-solubility in the aqueous system with linoleic acid.

Thus C60-(OH)32�8H2O and C60/(c-CD)2 can scavenge �OH, and
have a distinct antioxidative activity. Linoleic acid and other unsat-
urated lipids are contained in the cell membrane, and reactive oxy-
gen species such as hydroperoxides, hydrogen peroxides, and�OH
are generated in human epidermal keratinocytes undergoing UVB
radiation.21,22 It has been already reported that PVP-entrapped ful-
lerene exerts a cytoprotective effect in human skin keratinocytes
(HaCaT) against oxidative stress induced by the UVA irradiation.23

Therefore, these derivatives of C60 are also expected to have a po-
tential to protect the cell membrane from oxidative stress due to
ddition of (a) highly hydroxylated fullerene [C60-(OH)32�8H2O], (b) fullerene/c-
pherol, reversed-osmosis ultra pure water (Control), and butylated hydroxyanisol
(lM) in each water-soluble C60-fullerenes, and whole molecular weight (ppm). b-
Acontrol at 180 min)} � 100. Mean ± SD (n = 3).
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�OH, and contribute to retention of functions and integrity of hu-
man skin cells.
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