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’ INTRODUCTION

Fullerenes are currently of great interest for practical applica-
tions that take advantage of their unique electronic properties and
biological activities.1 The fullerene family, especially C60, has
appealing photochemical, electrochemical and physical properties,
which can be exploited in various medical fields.2 For example, it
can be used as a radical scavenger,3 an antioxidant4 and a carrier for
gene5 or drug6 delivery systems. In addition, C60 has been regarded
as an efficient photosensitizer for photodynamic therapy,7,8 because
of its light absorption property of relatively long wavelengths (S�S
absorption, 530 nm, 920 nm; T�T absorption, 400 nm, 740 nm)
and the high quantum yield of photoexcitation (1.0 based on
generation of singlet oxygen).9,10 In spite of the potential powerful
photoinduced biological activities of C60, its extremely low solubility
in water has impeded further pharmaceutical applications.11 Fur-
thermore, even though solubilization has been achieved, it is well-
known that fullerenes are easily aggregated, giving large particles or
insoluble aggregates, depending on environmental conditions such
as concentrations and solvent polarity.12�14 Therefore, it is im-
portant to control the aggregation of C60, because the ag-
gregation significantly affects photophysical properties and biologi-
cal activities.15,16

Several methods have been described for the preparation of
water-soluble C60, such as chemical modification of C60,

17,18

formation of water-soluble host�guest complexes19,20 or solu-
bilization by surfactants.3,21 Among them, the solubilization
using cyclodextrins (CyDs) is the most useful practical applica-
tion of C60, due to the good biocompatibility of CyDs. A number
of papers20,22 have reported that the large cavity of γ-CyD is
favorable for inclusion with C60 and forms a 1:2 (C60:γ-CyD)
complex, whereas it is thought that it is difficult for β-CyD to
form a complex at molecular dimensions. This is because the
cavity size of β-CyD (0.78 nm) is smaller than the van der Waals
diameter of C60 (1.0 nm). In spite of the smaller cavity of γ-CyD,
we in a preliminary study23 found that C60 forms stable colloidal
solutions with 2-hydroxypropyl-β-cyclodextrin (HP-β-CyD).
Furthermore, the C60/HP-β-CyD nanoparticles had a high
propensity for generating superoxide anions. The objective of
this study was to elucidate the interaction of HP-β-CyD with C60

in water and consider the inhibiting mechanism of HP-β-CyD on
the aggregation of C60. We report here the formation of stable
C60 nanoparticles by HP-β-CyD layer on the surface of C60

nanoparticles.
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ABSTRACT:A number of papers have reported that the large cavity of γ-CyD is favorable
for inclusion of C60 and forms a 1:2 (C60:γ-CyD) complex, whereas it is thought to be
difficult for β-CyD to form a complex at the molecular level. This is because the cavity size
of β-CyD (0.78 nm) is smaller than the van der Waals diameter of C60 (1.0 nm). In this
paper, we will report on the formation of the stable C60 nanoparticles by the hydrophilic
2-hydroxypropyl-β-cyclodextrin (HP-β-CyD) layer through weak interaction on the
surface of the nanoparticles. C60 was coground with β-CyD, γ-CyD or HP-β-CyD mainly
in a 1:2molar ratio by an automatic magnetic agitatingmortar, the coground powders were
dispersed in water, and the resulting solutions were filtered through a pore size of 0.8 μm
filter. The γ-CyD and HP-β-CyD systems gave transparent colloidal solutions consisting of C60/CyD nanoparticles with the size
lower than 100 nm, with high yields (about 100%). The C60/HP-β-CyD nanoparticles are physically stable, keeping a small size for
more than 28 days, whereas the γ-CyD nanoparticles are readily aggregated to form large particles (>800 nm). Solid and liquid
NMR spectroscopic studies including measurements of spin�lattice relaxation times indicated that C60 interacted with γ-CyD
and HP-β-CyD in the solid and colloidal solutions. When compared with the γ-CyD nanoparticles, adsorption studies of a
hydrophobic dye on the surface of C60/CyD nanoparticles indicated that the surface of the HP-β-CyD nanoparticles is largely
covered by HP-β-CyDmolecules forming hydrophilic hydration layers. The present results suggest that HP-β-CyD is useful for the
preparation of C60 nanoparticles andmedical applications such as photodynamic therapy, in spite of having a cavity size smaller than
that of γ-CyD.
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’EXPERIMENTAL SECTION

Materials. C60 (nanom purple SUH) was obtained from
Frontier Carbon Co. (Tokyo, Japan). β-CyD, 2-hydroxypro-
pyl-β-CyD (HP-β-CD, degree of substitution (D.S.) of 2-hydro-
xypropyl group was 5.6) and γ-CyD were donated by Nihon
Shokuhin Kako Co., Ltd. (Tokyo, Japan). All other materials and
solvents were of analytical reagent grade, and Milli-Q water was
used throughout the study.
Preparation of Hydrophilic C60 Nanoparticles.C60 (15 mg)

was ground with β-CyD (47 mg), γ-CyD (54 mg) or HP-β-CyD
(60 mg) in different molar ratios (generally 1:2 for guest:host),
using an automatic magnetic agitating mortar (MNV-01, AS
ONE, Tokyo, Japan) for 3 h at 4 �C under reduced pressure. The
pulverized C60/CyDs were dispersed in water by ultrasonication
for 5 min, to give about 1 mM of C60, which was convenient for
the size measurement of the nanoparticles by means of the
dynamic light-scattering method described latter. The resulting
solutions were syringe-filtered through a filter of 0.8 μm pore
size. Concentrations of C60 in the colloidal solutions were
determined by referring to the method of Deguchi et al.,24 i.e.
the C60 colloidal solution (1 mL) was mixed with 10% NaCl
solution (1 mL) and heated at 80 �C for 1 h. After heating, 2 mL
of toluene was added and then the mixture was sonicated for
10 min and centrifuged for 5 min at 4000 rpm to separate the
water and toluene phases. The organic phase was carefully
withdrawn, and the absorbance at 334 nm was measured. C60

powders were evaluated by powder X-ray diffractometry (Rigaku
Ultimaþ, Tokyo, Japan) under the following conditions: Ni-
filtered Cu KR radiation (1.542 Å), 40 kV, 40 mA, divergent slit
of 1.74 mm (1�), scanning slit of 0.94 mm (1�), receiving slit of
0.15 mm, and goniometer angular increment of 2�/min.
Particle Size Analysis of C60/CyD Nanoparticles. Particle

sizes of the C60/CyD colloidal solutions were determined by a
dynamic light scattering machine (DLS-8000HL, Otsuka Elec-
tronics Co., Ltd. Tokyo, Japan) equipped with He�Ne laser
(10 mW) operating at 632.8 nm. DLS measurements were
performed at a scattering angle of 90�. The autocorrelation
function was analyzed by the cumulant method to obtain the
average particle diameter. Aggregation behavior of the C60/CyD
nanoparticles in water was studied at 25 �C in the dark. Zeta
potentials for the colloids were determined using a Zetasizer
(Nanozs, Sysmex Co., Tokyo, Japan). Transmission electron
microscopy (TEM) images were taken on a FE-TEM (Philips
TECNAI F20S-TWIN, Tokyo, Japan) operating at 200 kV.
Specimens for TEM observations were prepared by putting the
150 mesh copper glid coated with a carbon film into the sample
solution (C60 = 0.05 μM) and air-dried in the dark.
NMR measurements. All 13C solid state NMR spectra were

acquired using a JNM-ECA600 NMR spectrometer (JEOL Ltd.,
Tokyo, Japan) with a magnetic field of 14.09 T operating at
150MHz for 13C. Sample powders (ca. 100mg) were placed into
4 mm silicon nitride (Si3N4) rotors. Spectra were acquired with
the magic angle spinning (MAS) at 15 kHz and high-power two-
pulse phase-modulation 1H decoupling. Pertinent acquisition
parameters included relaxation delays of 60 s for 13C MAS NMR
experiments. Variable amplitude cross-polarization (CP) was
used for 13C CP/MAS experiments setting up 5 ms contact
time. All spectra were externally referenced to tetramethylsilane
by setting the methyl signal of hexamethylbenzene to 17.2 ppm.
Spin�lattice relaxation times (T1

C) of 13C in the coground C60/
CyD and CyD powders were measured with the CP T1 pulse

sequence (Torchia)25 and T1
C of C60 alone was measured with

the inversion�recovery technique using pulse sequenceπ�τ-π/2
at 25 �C.26 13CNMR spectra were taken on a JNM-ECA500Delta
(11.75T) spectrometer (JEOL Ltd.) at 25 oC, using a 5 mm
sample tube. C60/HP-β-CyD and /γ-CyD coground powders
were dispersed into D2O to give 5 mg/mL of C60 concentration
for NMR measurement.
Hydrophobicity of C60/CyD nanoparticles.Hydrophobicity

of nanoparticle surfaces was evaluated by the binding affinity of
Rose Bengal, a typical hydrophobic dye, on surface of the
nanoparticles.27 C60/CyD nanoparticles (C60 = 70 μM) were
incubated with different concentrations of Rose Bengal for 2 h at
room temperature. The samples were centrifuged at 41000 rpm
by ultracentrifuge for 1 h to spin down the particles. UV
absorbance of supernatant at 548 nmwas measured to determine
the unbound Rose Bengal. The binding constant and the
maximum amount bound were calculated from Scatchard plots
according to the equation:28

r=a ¼ K 3N � K 3 r

where r is the amount of Rose Bengal adsorbed per mg
nanoparticles (μg/mg); a is equilibrium concentration of Rose
Bengal (μg/mL); K is the binding constant (mL/μg); and N is
the maximum amount bound (μg/mg).

’RESULTS AND DISCUSSION

Preparation of C60/HP-β-CyD nanoparticles. C60 were co-
ground with HP-β-CyD, β-CyD and γ-CyD in a molar ratio
of 1:2 (C60/CyD) and glucose in a molar ratio of 1:14 (C60/
glucose), by using the magnetic agitating mortar described in the
experimental section. The resulting powders were dispersed in
water and the suspensions were filtered through a filter of 0.8 μm
pore. Figure 1 shows the appearances of the filtrates and the
mean particle diameters of particles in the filtrates. When the
C60/glucose coground powders were dispersed in water, trans-
parent solutions with no color were obtained, indicating that C60

existed in large aggregated states and the particles were com-
pletely filtered off by the 0.8 μm filter. On the other hand,
transparent dark brown colored solutions were obtained when
the C60/HP-β-CyD or C60/γ-CyD coground powders were
dispersed in water. The C60/parent β-CyD coground powder
gave yellow colored solutions. This indicates large amounts
of C60 were trapped on the filter with 0.8 μm pore size in the
case of β-CyD. Figure 2 shows effects of the cogrinding time
(Figures 2(a) and (b)) and molar ratio (Figures 2(c) and (d)) of
C60/CyD powders on the mean size of particles and the amounts
(i.e., yield) of C60 particles in the filtrates. The mean diameter of
the particles decreased when cogrinding time increased
(Figure 2(a)) and the CyD/C60 molar ratio (Figure 2(c)), and

Figure 1. Mean particle diameter and appearance of the C60/CyD and
C60/glucose colloidal solutions.
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leveled off after the 3 h cogrinding and at a molar ratio of 2:1,
reaching 103, 90, and 56 nm of the diameters for the β-CyD, HP-
β-CyD and γ-CyD systems, respectively. In the case of HP-β-
CyD and γ-CyD, C60 was quantitatively recovered in the filtrate
(i.e., 100% yield) above the 3 h cogrinding (Figure 2(b)) and 2:1
molar ratio (Figure 2(d)), indicating that it changed to small
sized particles and passed completely through the 0.8 μm filter.
On the other hand, the parent β-CyD system gave the yield of 3%
after the 3 h cogrinding (Figure 2(b)), suggesting almost all C60

existed as large particles and did not pass through the filter. We
also conducted the filtration using 0.22 μm filters, and the same
distribution of particle sizes was observed for these C60/CyD
systems. These results suggest that C60 is dispersed as nanopar-
ticles, and the cogrindingmethod using HP-β-CyD and γ-CyD is
useful in obtaining hydrophilic C60 nanoparticles with high
yields.29 The coground powders were therefore prepared in a
molar ratio of 1:2 (C60/CyD) and the grinding time was 3 h in
the following study.
Aggregation Behavior of C60/HP-β-CyD Nanoparticles.

Figure 3 shows changes in the size of the nanoparticles in C60/
HP-β-CyD and C60/γ-CyD colloidal solutions during storage at
25 �C in the dark. The initial size of the C60/γ-CyD nanoparticle
(55 nm) significantly increased with time and reached about
800 nm after 28 days, accompanying precipitation of dark
colored powders of C60 including γ-CyD. In sharp contrast,
the aggregation of C60/HP-β-CyD nanoparticles was signifi-
cantly inhibited, maintaining the small size for 28 days. The initial
ζ-potentials of C60/HP-β-CyD or γ-CyD nanoparticles in
colloidal solutions were �19.7 and �20.8 mV respectively.
The ζ-potential of C60 alone with 380 nmmean particle diameter
was measured for a sample consisting of pristine C60 in water
ultrasonicated for 1 h at 60 �C, then cooled down to room
temperature and filtrated through a 0.8 μm filter. The ζ-potential
of C60 alone was �28.2 mV. This ζ-potential was negatively
larger than those of C60/γ-CyD and HP-β-CyD nanoparticles,
indicating that HP-β-CyD and γ-CyD shielded the negative

charge of C60, probably by means of interacting with the surface
of the nanoparticles.30 However, the negative ζ-potentials of the
C60/CyD colloidal solutions hardly changed during the storage,
in spite of the different aggregations (Figure S1 in the Supporting
Information). Therefore, it was difficult to explain the aggrega-
tion behavior of C60/CyD colloidal solutions merely from a
viewpoint of the change in ζ-potential. Figure 3b shows aggrega-
tion behavior of C60/HP-β-CyD nanoparticles in differentHP-β-
CyD concentrations. When the ground C60/HP-β-CyD (molar
ratio = 1:1) powder was dissolved in water, the initial particle size
of 140 nm slightly decreased to 120 nmwith storage time, while it
decreased to about 50 nm in the case of the molar ratio of the 1:2
system. The C60/HP-β-CyD (molar ratio = 1:5) system main-
tained the initial small particle size, suggesting the high resistance
to the aggregation at higher HP-β-CyD concentration. This
resistance was suppressed by the addition of an inclusion
competitor, i.e. the particle size of C60/HP-β-CyD nanoparticles
increased in the presence of ethyl p-hydroxybenzoate (Figure S2
in the Supporting Information). These results suggest that the
interaction of HP-β-CyD plays an important role in the stabiliza-
tion of C60 nanoparticles. Figure 4 shows TEM images of C60/
HP-β-CyD and C60/γ-CyD nanoparticles in the colloidal solu-
tions just after the dispersion. These images revealed that C60/
HP-β-CyD nanoparticles existed in fairly uniform spheres with
50 nm mean diameter and each particle was not seriously
aggregated. C60/γ-CyD nanoparticles existed in small spheres

Figure 2. Effects of grinding time and C60/CyD molar ratio on particle
size (a, c) and yield (b, d) of C60 nanoparticles prepared using automatic
magnetic agate mortar at 4 �C and reduced pressure. Each point
represents the mean ( SE of 3�6 experiments. O: C60/HP-β-CyD
colloidal solution. ]: C60/β-CyD colloidal solution. 0: C60/γ-CyD
colloidal solution.

Figure 3. Changes in particle size of C60/HP-β-CyD and C60/γ-CyD
colloidal solutions (a) and effect of HP-β-CyD concentrations on the
C60 aggregation (b) as a function of storage time. Each point represents
the mean( SE of 3�6 experiments. O: C60/HP-β-CyD (1:2) colloidal
solution. 0: C60/γ-CyD (1:2) colloidal solution. 4: C60/HP-β-CyD
(1:1) colloidal solution. ]: C60/HP-β-CyD (1:5) colloidal solution.
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with similar or rather smaller diameter, but the small particles are
aggregated, probably because the aggregation took place in the
drying process of TEM experiments.14,24 Furthermore, the TEM
images indicate that the aggregation of C60 nanoparticles is much
more restricted in the HP-β-CyD system than in the γ-CyD
system.
Interaction of C60 with CyDs in the Solid State. To gain

insight into the inhibiting mechanism of HP-β-CyD on the C60

aggregation, the interaction of C60 and HP-β-CyD in the co-
ground powders was studied by powder X-ray diffractometry and
solid state NMR spectrometry. Figure 5 shows powder X-ray
diffractograms of C60 powders ground with HP-β-CyD and
γ-CyD in a molar ratio of 1:2 (C60/CyD) and glucose in a molar
ratio of 1:14 (C60/glucose). Crystalline C60 gave diffraction
peaks at 10.8�, 17.7� and 20.7�, and no change in these
characteristic peaks was observed after the 3 h grinding (date
not shown). In the case of the C60 powder coground with HP-β-
CyD (Figure 5a), these sharp peaks markedly decreased when
the grinding time was increased, and changed to broad peaks or
halo-patterns when ground for more than 3 h. The C60 powder

coground with γ-CyD gave a diffraction pattern similar to that of
C60/HP-β-CyD powders, although the broadening of the C60

peaks was smaller than that of the HP-β-CyD powder. The peak
broadening is probably due to the interaction with CyDs. On the
other hand, no change in the diffraction pattern was observed in
the C60/glucose system even after the 9 h grinding, indicating
that both components were in crystalline states and negligibly
interacted with each other. These results suggest that C60 exists
as amorphous or finely dispersed small particles with low crystal-
linity in CyD powder matrices.
In the 13C CP/MAS NMR spectra (Figure 6), coground

C60/HP-β-CyD and C60/γ-CyD powders gave a sharp peak at
142.9 ppm assigned to C60 carbon, and relatively broad peaks at
60�100 ppm assigned to carbons of the CyD skeleton and the
2-hydroxypropyl moiety. It should be noted that the coground
C60/HP-β-CyD and C60/γ-CyD powders gave the C60 carbon
peak, whereas the physical mixture of both components gave no
peaks of C60. In the case of the C60/glucose system, both the
coground and simplemixtures gave no or negligible peaks. Under
the cross-polarization (CP) conditions of the NMR measure-
ments, the magnetization of the abundant spin system, 1H nuclei,
is efficiently transferred to the rare spin system, 13C nuclei, which
are in close contact with the 1H nuclei through 13C�1H
dipole�dipole interaction, thus enhancing the corresponding
13C signal intensity. These 13C CP/MAS NMR results suggest
that C60 is in close contact with HP-β-CyD and γ-CyD protons
in the coground powders, whereas there are no or negligible
interactions in the physical mixtures and the C60/glucose system.
Figure 7 shows 13CMAS NMR spectra of coground C60/CyD

and ground C60 powders, acquired under no CP conditions. The
ground C60 gave a peak at 143.0 ppm. On the other hand, the
cogroundC60/HP-β-CyD powder gave a peak at 143.0 ppmwith
the apparent shoulder peak and that of the C60/γ-CyD powder
gave two peaks at 143.0 ppm and 142.9 ppm. These results
suggest that in the HP-β-CyD and γ-CyDmatirices, C60 exists in

Figure 5. Powder X-ray diffraction patterns of C60 groundwithHP-β-CyD (a), γ-CyD (b) or glucose (c) using automatic magnetic agatemorter at 4 �C
and reduced pressure.

Figure 4. TEM images of C60/HP-β-CyD (a) or C60/γ-CyD
(b) nanoparticles.



1280 dx.doi.org/10.1021/mp200204v |Mol. Pharmaceutics 2011, 8, 1276–1284

Molecular Pharmaceutics ARTICLE

two magnetically different environments, whereas in the case of
the ground C60, it exists in only one state. In the 13C CP/MAS
spectra (Figures 6a,b) acquired under the CP condition, the single
peak at 142.9 ppm is ascribable to the C60 carbon interacted with
the CyDs. Therefore, we assigned the 143.0 ppm peak to the
carbon of freeC60molecules and the 142.9 ppmpeak to that ofC60

molecules interacted with CyDs. It is well-known that C60 forms
the inclusion complex with γ-CyD in a molar ratio of 1:2 (guest:
host), in which the top and bottom of the guest are bicapped with
the host.20,22 These results suggest that the interaction of C60 with
γ-CyD on the molecular level is stronger than that of HP-β-CyD,
with the splitting of the peak in the former system greater than that
in the latter system.
To gain further insight into the interaction between C60 and

CyDs, T1
C values of the carbons in the coground C60/HP-β-

CyD, C60/γ-CyD, ground C60 and CyD powders were measured
and are listed in Table 1. The T1

C value (13.7 s) of the ground
C60 carbon was markedly reduced to 4.4 s in the coground C60/
γ-CyD. TheT1

C values of the C1 (23.5 s), C4 (18.6 s) andC2,3,5
(14.3 s) of γ-CyD skeleton carbons were slightly lengthened in
the coground C60/γ-CyD, whereas that of the C6 carbon (1.4 s)
in the primary hydroxyl group of CyD was shortened. It is
reported that the motion of the rigid ring carbons of γ-CyD, i.e.
C1, C4 and C2,3,5 carbons, is on the slow motional side of the
T1

C minimum because of its molecular size, whereas the C6
carbon of the primary hydroxyl group is on the fast motional side
because of its fast internal rotation.31 The molecular motion of
C60 is reported to be in the narrowing region.31 Taking these
molecular motions into consideration, the reduction of the T1

C

of C60 observed in the coground C60/γ-CyD suggests that the

molecular motion of C60 is inhibited in the cavity, due to the
inclusion complex formation. The increases in T1

C values of the
ring carbons and the decrease in that of the C6 carbon suggest
that the motion of γ-CyD is slightly slowed down by the complex
formation. On the other hand, the T1

C (12.1 s) of C60 carbon in
the coground HP-β-CyD was barely shorter than that of the
groundC60 alone. TheT1

C of all HP-β-CyD carbons were almost
the same as those of the groundHP-β-CyD alone, suggesting that
HP-β-CyD only weakly interacts with C60, and compared with
γ-CyD, it does not completely include the guest into its cavity
because of the small cavity size. Thus, the results of powder X-ray
diffraction and solid state NMR studies suggest that the 1:2
inclusion complex20,22 of C60/γ-CyD coexists together with
finely dispersed small C60 particles in γ-CyD powders, but HP-
β-CyD may be adsorbed on the surface of dispersed small C60

particles, interacting weakly with C60.
Interaction of C60 with CyDs in Colloidal Solutions. 13C

NMR studies in colloidal solutions were also carried out. As
shown in Figure 8a, C60/HP-β-CyD colloidal solutions gave the
C60 peak at 145.5 ppmwith a small shoulder peak, as seen in solid
state NMR studies. This chemical shift agreed with the repor-
ted value for the C60 nanoparticles in D2O.

32,33 On the other
hand, the C60/γ-CyD colloidal solution produced two peaks at
145.5 ppmwith a small shoulder peak and at 145.3 ppm(Figure 8b).
This indicated that C60/γ-CyD nanoparticles probably consisted of
three components of C60 in water, i.e. free C60 molecules, strongly
and weakly interacting species with γ-CyD. Next, we measured the
NMR spectra of supernatants after ultracentrifugation of C60/HP-
β- and γ-CyD colloidal solutions. Transparent solutions without
any colors were obtained when the HP-β-CyD colloidal solutions

Figure 6. 13C CP/MAS NMR spectra of C60 powder coground with HP-β-CyD (a), γ-CyD (b) or glucose (c) using automatic magnetic agate mortar.
Upper: coground powder. Lower: physical mixture.
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were ultracentrifuged, whereas transparent magenta colored solu-
tions were obtained in the case of the γ-CyD colloidal solution. It is

reported that the transparent magenta solution consists of mainly
the 1:2 complex of C60 andγ-CyD.

20,22 TheC60(γ-CyD)2 complex
produced only one small single peak at 145.3 ppm (Figure S3 in the
Supporting Information); this was the same as the peak observed in
the C60/γ-CyD colloidal solution. This data suggests that the peaks
at 145.3 ppm observed in the NMR spectrum of C60/γ-CyD
colloidal solutions were certainly assigned to the C60/γ-CyD
inclusion complex. It is probable that the small shoulder peak seen
in C60/HP-β-CyD and C60/γ-CyD colloidal solutions are assigned
to theC60moleculesweakly interactingwithCyDon surfaces ofC60

nanoparticles. The proposedmolecular state of C60 in the solid state
and in water is shown in Scheme 1. When C60 is coground with
CyDs, solidC60 is finely dispersed intoCyDphases as nanoparticles.
Once C60 nanoparticles and CyDs are dispersed in water, C60

maintains the nanostructure in water due to CyD layers and
hydration34 formed on the surface of C60 nanoparticles through
the weak interaction or adsorption of CyDs. However, the deposi-
tion state of CyDs and hydration state may be different between the
HP-β-CyD and γ-CyD nanoparticles, thus producing different
aggregation behavior during the storage.
Adsorption behavior of a hydrophobic dye, Rose Bengal, on

the nanoparticles was investigated to gain further insight into the
surface properties of C60/CyD nanoparticles. Because of the
poor solubility and dispersibility of C60 in water, instead of
pristine C60 (i.e., C60 alone), the C60/β-CyD suspension without
filtration was used as a control. Figure 9 shows adsorption
volumes of Rose Bengal on the C60 nanoparticles. The volume
adsorbed on C60/HP-β-CyD nanoparticles showed the lowest
value (ca. 20% of the loading volume) compared with others, and
it increased in the order HP-β-CyD < γ-CyD < β-CyD nano-
particles. The UV spectroscopy confirmed that since the inter-
action of Rose Bengal with CyDs is negligible, the volume of
the dye adsorbed on the nanoparticles can be a measure of

Figure 7. 13CMAS NMR spectra of the C60 coground with HP-β-CyD
(a) or γ-CyD (b) and ground C60 powder (c) using automatic magnetic
agate mortar.

Table 1. T1
C Values of Ground C60/HP-β-CyD and C60/

γ-CyD evaluated from 13C CP/MAS NMR Experiments
(Torchia) at 25 �Ca

T1
C (s)

carbon C60 HP-β-CyD C60/HP-β-CyD γ-CyD C60/γ-CyD

C60 13.7 12.1 4.4

C1 29.0 28.4 23.5 34.1

C2,3,5 17.7 15.8 14.3 18.2

C4 20.5 21.3 18.6 23.0

C6 1.3 1.1 1.7 1.4

C8 1.2 0.9

C9 0.7 0.7
aThe T1

C value of the C7 carbon of HP-β-CyD never fit to the least-
squares fitting due to the difficulty of determining the peak.

Figure 8. 13C NMR spectra of C60/HP-β-CyD (a) and C60/γ-CyD
(b) colloidal solutions at 25 �C.
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hydrophobicity of the surface of the particles. Therefore, the
adsorption results suggest that the surface of C60/β-CyD suspen-
sions is highly hydrophobic, whereas those of theγ-CyD andHP-
β-CyD particles are rather hydrophilic. The binding parameters
of Rose Bengal on the surface of nanoparticles calculated using
Scatchard plots28 (Figure S4 in the Supporting Information) are
listed in Table 2. The C60/β-CyD suspensions had high binding
constant and maximum amount of Rose Bengal, compared with
those of HP-β-CyD and γ-CyD nanoparticles. The maximum
adsorbed amount of the dye on the HP-β-CyD nanoparticles was

smaller than that of the γ-CyD nanoparticles, while the values of
the binding constants are almost the same (0.35 and 0.28 mL/μg
respectively). This result suggests that C60/HP-β-CyD nanopar-
ticles have hydrophilic layers widely covered with HP-β-CyD,
preventing the adsorption of the dye on the surface of C60 particles.
The surface activity of CyDs is dependent on the hydrophobicity of
substituents on the CyD ring.35 Although the interaction strength is
weak, because of its moderate surface activity (surface tensions
of 2 mM γ-CyD and HP-β-CyD were 71 and 62 mN m�1,
respectively), the large coverage of C60 surfaces by HP-β-CyD
maybe attributable to hydrophobic interactionof the hydroxypropyl
moieties of HP-β-CyD36 with C60.
We therefore proposed the structure of C60/CyD nanoparti-

cles, as shown in Figure 10. When the C60/CyD coground
powder is dispersed in water, C60 nanoparticles form uniform
spheres covered with CyD layers. In the case of C60/HP-β-CyD
nanoparticles, HP-β-CyD widely covers the surface of C60

nanoparticles through the adsorption and interaction on/with
the surface of C60, as shown in Figure 10a, giving large hydration
layers around the particles. In the case of the C60/γ-CyD
nanoparticle, the covered area is smaller than that of HP-β-
CyD, as demonstrated by the Rose Bengal adsorption studies,
shown in Figure 10b. This surface property of the γ-CyD
nanoparticle leads to further aggregation during storage, whereas
HP-β-CyD inhibits the aggregation. In addition, Loftsson et al.
report that parent CyDs tend to self-assemble to form aggregates,
while hydrophilic CyD derivatives have a lesser tendency to self-
assemble in aqueous solutions.37 For example, parent CyDs self-
assemble to form a dimer, by facing the secondary hydroxyl sides
of the molecules and by hydrogen-bonding each other.38 This
dimerization markedly lessens hydrations around the secondary
hydroxyl sides of CyDs. γ-CyD is known to form the bicapped
host dimer in which C60 is included. Therefore, the surface of the
C60/γ-CyD nanoparticle seems to be less hydrated, compared
with that of the HP-β-CyD nanoparticle, when the 1:2 C60/
γ-CyD complexes are deposited on and around surface of the
particle. This kind of property may also be responsible for the
aggregation behavior of the C60 nanoparticles.

’CONCLUSION

This paper has reported a simple procedure for the prepara-
tion of stable hydrophilic C60 nanoparticles by forming the
HP-β-CyD layer. It is thought to be difficult for HP-β-CyD to
form an inclusion complex with the C60 molecule, because of
its smaller cavity compared with that of γ-CyD. However, our
results revealed that C60 nanoparticles stably existed when
HP-β-CyD coground powder was dispersed in water. Several

Scheme 1. Hydrophilic C60/CyD Nanoparticles in the Solid
State and in Water

Figure 9. Amount of Rose Bengal adsorbed on surface of C60/CyD
nanoparticles. Each value represents the mean ( SE of 3 experiments.
*, p < 0.05 versus C60/β-CyD nanoparticles. †, p < 0.05 versus C60/
γ-CyD nanoparticles.

Table 2. Binding Constant (K) andMaximun Amount (N) of
Rose Bengal Bound to the Surface of C60 Nanocrystals

C60 nanoparticles K (mL/μg) N (μg/mg)

C60/HP-β-CyD 0.35 42

C60/γ-CyD 0.28 66

C60/β-CyD 3.13 80

Figure 10. Proposed nanostructure of C60/HP-β-CyD (a) and C60/γ-
CyD (b) nanoparticles.
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water-soluble fullerene derivatives were prepared, however, the
chemical modification of C60 decreases its photophysical
properties.39,40 It can therefore be concluded that the solubiliza-
tion of C60 without chemical modifications is a better approach in
the pharmaceutical applications of C60. Furthermore, the large
aggregation of C60 significantly accelerates the decay of excited
triplet state C60, reducing its photosensitizing ability.

41 The present
method is useful for the preparation of stable C60 nanoparticles and
in the design of a drug delivery system for C60 in medicinal
applications such as photodynamic therapy. We have confirmed that
C60/HP-β-CyD nanoparticles are prominent in the generation of
reactive oxygen species, and this will be the focus for future research.
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