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Abstract—[60]Fullerenols carrying mono- and bis-a-d-mannosyl linkages on the surface were prepared via a [3+2]-cycloaddition
reaction between 2-azidoethyl a-d-mannoside and C60 followed by polyhydroxylation with aqueous NaOH. Their biological
activity was evaluated in terms of binding affinity to lectins by hemagglutination assay and surface plasmon resonance. [60]Full-
erenols without the mannosyl linkage caused aggregation of erythrocytes and binding to a b-d-galactopyranoside specific lectin
(RCA120). In contrast, mono- and bis-mannosyl fullerenols were found to decrease the activity for both aggregating erythrocytes
and binding to RCA120, and mono-mannosyl fullerenols turned to binding to a-d-mannose specific lectin (Con A). # 2001 Elsevier
Science Ltd. All rights reserved.

Introduction

Polyhydroxylated fullerenes (fullerenols) have gained
many interests in their medical applications owing to
their excellent water solubility and unique biological
activities.1�4 [60]Fullerenols have been reported to
function as radical scavengers,1,2 anticancer reagents,3

and HIV-1 inhibitors.4 Chiang et al.1 reported in their
chemiluminescence study that some of these activities
were attributable to their strong ability to scavenge
superoxide radicals (O2

�). Systematic removal of these
excessive oxygen radicals by the fullerenols is useful to a
preventive therapy against many diseases. Another
notable utility can be ascribed to the capability of
higher fullerenols (fullerenols based on higher full-
erenes) to trap metal atoms inside of the cage. Recently,
we reported the synthesis of metallo-fullerenols,
Gd@C82(OH)n, which were designed to act as highly
sensitive magnetic resonance imaging (MRI) contrast
agents.5,6 Current in vivo studies of these metallo-full-
erenols and other water soluble fullerenes will provide
much information on the scope and limitation of
[60]fullerenes as a novel class of biologically active
compounds.

In the present study, we report the synthesis and char-
acterization of glycosyl [60]fullerenols, because cyto-
selectivity may be embedded to the biological functions
of fullerenols. Previously,7 we reported the general
synthesis of [60]fullerene glycoconjugates. Here, we
have further developed and extended the idea of glyco-
sylation to the polyhydroxylated fullerenes.

Synthesis

Molecular design of mannosyl [60]fullerenols M-1 and
M-2

Cell surface glycosyl chains are biologically active com-
ponents of glycoproteins and glycolipids and become
the ligand of carbohydrate receptor proteins. Each of
the carbohydrate residues at the non-reducing terminal
is expected to construct a key interactive module8 in the
carbohydrate-protein binding interactions. For exam-
ple, a-d-mannoside linkage in N-glycoside glycoproteins
is recognized by macrophages and certain types of
pathogenic bacteria. A simple d-mannose or a 3,6-
branched mannotriose can, therefore, be applied to cre-
ate bioactive compounds of these species.9,10 In this
study, we designed a-d-mannosyl [60]fullerenols (M-1,
Scheme 1) to examine the binding property to
carbohydrate specific proteins (lectins).
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Application of our previous method7 to a-mannosyl
[60]fullerene was hampered by the difficulty in deriving
per-O-acetyl a-d-mannosyl azide from a-mannosyl bro-
mide. The SN2 displacement reaction with sodium azide
was also depressed by the axial vicinal 2-OAc group.
We, therefore, undertook an alternative synthetic route
which starts from 2-bromoethyl a-d-mannoside 111

towards M-1 via mannosyl [60]fullerenes (Scheme 1).
The 2-bromoethyl sugar 1 was treated with sodium
azide to give 2-azido derivative 2. The thermal coupling
reaction between 2 and an equimolar amount of C60 in
chlorobenzene gave a mixture of mono- and bis-man-
nosyl adducts (silica gel TLC, Rf=0.66 and Rf=0.48,
toluene/ethyl acetate=10:1).12 The products were sepa-
rated on a silica gel column into a mixture of mono-
mannosyl adducts 3 and 4 [LD-TOF mass: m/z=1109
(M�), base peak at m/z 720 (C60

� )] and a bis-adduct 5
[m/z=1498 (M�)].

The two mono-adducts were separated in 5:2 ratio on
an HPLC column (silica gel, toluene/ethyl acetate=9:1)
and were identified as a-d-mannosyl [5,6]-azafulleroid 3
and a-d-mannosyl [6,6]-aziridino fullerene 4 by 13C
NMR spectroscopy in reported manners.13�16 In the
spectrum of 3, 48 lines of sp2 carbons of the fullerene
cage were observed between 133 and 150 ppm. No sp3

carbon was detected between 70 and 100 ppm.17 In
contrast, isomer 4 gave a sp3 carbon at 94 ppm together
with 15 lines of sp2 carbon between 140 and 150 ppm.18

From the 1H NMR spectra, both isomers 3 and 4 have
formed to take a 4C1 ring conformation at the mannoside
moiety.

The bis-mannosyl adduct 5 gave broad 1H NMR signals
for the sugar ring protons, suggesting the rotational
restriction at the glycoside moiety, presumably due to
steric hindrance between the two geminal mannoside
linkages. The 1H NMR spectrum showed that the two
glycosides having a 4C1 ring conformation are magneti-
cally non-equivalent. Any HPLC conditions studied

here, however, did not give two peaks for the bis-
adduct. These data as well as the reaction mechanism
reported previously13�16 support the idea that the bis-
adduct was a 1,1-bis-mannosyl [5,6]azafulleroid 5.19

Simultaneous deacetylation and polyhydroxylation were
conducted in a reported way.20 At present, a mixture of
3 and 4 was converted to mono-mannosyl fullerenols
M-1.21 C60 without the mannosyl linkage and its bis-
adduct were also converted to fullerenols M-0 and to
bis-mannosyl fullerenols M-2,22 respectively. The aver-
age degree of hydroxylation under the present condi-
tions was estimated to be 29�OH per C60 on the basis
of the elementary analysis.6 The 1H NMR spectra of M-
1 and M-2 gave broad signals between 3.5 and 4.4 ppm
for sugar C–H protons. The broadening suggests that the
polyhydroxylation occurred heterogeneously at the posi-
tion which gives rise to a complex mixture of fullerenols.

Biological Evaluations

Lectin induced hemagglutination inhibition assay

We can evaluate the biological activity of M-1 and M-2
in terms of blocking activity against carbohydrate-pro-
tein interactions. A lectin-induced hemagglutination
assay was performed using an a-d-mannoside-specific
protein (Con A) for a series of non-, mono-, and bis-
mannosyl fullerenols in a reported manner.23 Full-
erenols M-0 without the mannoside linkage and 2-azi-
doethyl a-d-mannopyranoside without the fullerenols
moiety were used as the reference compounds. The
minimum inhibition concentration of M-2
(MIC=1.0�10�4 M) resulted in a moderate blocking
activity comparable to the activity of 2-azidoethyl a-d-
mannopyranoside (1.3�10�4 M).

The MIC values, on the other hand, could not be
determined for M-0 and M-1 because these fullerenols

Scheme 1. Syntheses of a-d-mannosyl [60]fullerenes and fullerenols.
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themselves caused hemagglutination even in the absence
of the lectin. Some kinds of polyhydroxyl compounds
such as dextrans and arabinoxylans are known to cause
a similar activity,24,25 though the precise mechanism has
not been clarified yet. Under the present assay condi-
tions, dextrans (Mn=1.6�105) induced the aggregation
at the minimum concentration of 1.3�10�4 M. The
mono-mannosyl fullerenols M-1 and the monnose-free
fullerenols M-0 showed aggregation activity at lower
concentrations of 7�10�5 and 7�10�6 M, respectively,
whereas the bis-mannoside M-2 did not show any
aggregation even at the concentrations of >1�10�2 M
(Table 1). These results indicate that the strong biologi-
cal activity of fullerenols to aggregate erythrocytes can
be reduced by mono-mannosylation and diminished by
bis-mannosylation on the surface.

The erythrocyte aggregation seems to be a serious pro-
blem for in vivo applications of fullerenols. This biolo-
gical property as well as the effect of mannosylation as
described above have fundamental significance to study
the modification of fullerenols for biological applications.

SPR measurements of the binding property of mannosyl
fullerenols to lectins

Surface plasmon resonance (SPR) was employed as an
alternative approach to determine the lectin binding
activity of the mannosyl fullerenols. A biotin-labeled
Con A was immobilized on avidine-modified gold sur-
faces in a reported way.26�29 b-d-Galactose specific lec-
tin RCA120 and bovine serum albumin (BSA) were used
as reference proteins to evaluate the specificity in the
binding interactions.

Figure 1a plots the angle changes (�y) at the equibrium
binding to protein monolayers against the concentra-
tions of M-1. The Langmuir-type binding isotherms
having the maximum angle changes (�ymax) suggested
that these C60 fullerenols were adsorbed as monolayers.
Apparent affinity constants (Ka, Table 1) were calcu-
lated from the slopes and intercepts according to eq 1,
where [S] stands for the concentration of fullerenols.

S½ �=�y ¼ 1= Ka�ymaxð Þ þ S½ �= Ka�ymaxð Þ ð1Þ

The mannose-free fullerenols M-0 showed strong bind-
ing to RCA120 (Ka=2.0�106 M). Judging from the
activity of M-0 to the other proteins, the binding activ-
ity seems to be selective to the b-galactoside specific
protein, whereas mannosyl fullerenols M-1 and M-2 did
not induce any notable binding to RCA120. Instead, the
mono-mannosyl fullerenols M-1 showed moderate affi-
nity for Con A (Ka=2.4�105 M) rather than RCA120

and BSA. This means that the mannosyl linkage may
change the binding property of fullerenols from the b-
galactoside specific protein into the a-d-mannoside spe-
cific protein. The bis-mannosyl adduct M-2 showed a
similar tendency, though the binding to Con A was less
prominent than that of M-1. The geminal mannosides
may give rise to steric hindrance upon the binding to

Table 1. Erythrocyte aggregating activity and lectin binding activ-

ity of fullerenols and mannosyl [60]fullerenolsa

Sample Erythrocytes
aggregating
activity (M)

Binding constant (Ka�10�4 M)b

Con A RCA120 BSA

M-0 7�10�6 5.1 200 8.4
M-1 7�10�5 24 15 3.6
M-2 >1�10�2 5.1 30 3.1

aArbitrarily assuming general formula of C60(OH)29(NCH2CH2O-
C6H6O5)n.12H2O (n=0, 1, 2).
bWhich gave molecular weights M-0 (Mn=1443.84), M-1

(Mn=1650.73), and M-2 (Mn=1867.82). The hydration degree may
vary. Determined by SPR measurements.

Figure 1. SPR analysis of interaction between mannosyl fullerenols
M-1 and biotin-labelled lectins: (a) typical time courses of the angle
change (�y) of SPR response by the addition of aqueous solution of
M-1; (b) reciprocal plots to determine binding constants (Ka).
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Con A in a manner similar to a negative carbohydrate-
clustering effect.30

These data indicate that fullerenols M-0 can become the
artificial ligand of b-galactoside specific proteins. This
property may be rationalized by the unique molecular
topology carrying poly cis-diols on the surface. The
mannosyl fullerenols M-1 and M-2 showed reduced
activity for the binding to RCA120. This result might be
correlated with the effect of mannoside linkage to mini-
mize the cell–cell aggregation as observed in the
preceding biological assay.

Conclusion

We have reported the first synthesis and some biological
characterization of a-d-mannosyl [60]fullerenols. We
found that fullerenols without the glycoside linkage per
se possess notable biological activities of erythrocyte
aggregation and binding to a b-galactoside specific pro-
tein. Mannosyl linkage on the fullerenols was found to
significantly reduce these activities. Although the man-
nosyl fullerenols could not show strong binding to the
mannoside specific protein (Con A) compared to the
activity of mannosyl neoglycopolymers9 (Ka=1.0�107

M), these results can definitely provide significant bases
for the future molecular design of cytoselective [60]full-
erenols and higher metallo-fullerenols.
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