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ABSTRACT

Fullerene-containing liposomes with high photosensitization ability were prepared. Disaggregated fullerenes were efficiently injected into the
bilayer of liposomes by a phototriggered molecular exchange reaction. These liposomes showed far higher photoreactivity than liposomes
thermally produced by heating and microwave irradiation. This result indicates that control of self-aggregation of fullerene leads to a high
quantum yield for the photoreaction because of the suppression of self-quenching of photoexcited fullerenes.

Liposomes have been of great interest as materials for new
medical treatments related to drug delivery systems (DDSs),
such as photodynamic therapy (PDT) or gene therapy.1-3

Liposomes have the biocompatibility advantages that the
immune response, inflammatory response, and biochemical
synthetic cost can be regulated. In many cases, highly

photosensitizers (PSs) for PDT, e.g., porphyrin derivatives,
have hydrophobic properties.4 Liposomes can be expected
to act as delivery agents for these drugs. However, it is
sometimes difficult to prepare lipid membrane-incorporated
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PSs (i.e., photosensitizing liposomes) by the Bangham
method because hydrophobic PSs tend to form less photo-
reactive self-aggregates in lipid membranes.5,6 Recently, we
prepared liposomes with target affinity and very high
photosensitizing ability by using molecular exchange.7

However, a solution to the problem of self-aggregation was
not found, and there was room for further improvement of
the photofunction of the liposomes.

This preparation method of liposomes includes two steps:
assembly of lipid bilayer vesicles that have the molecular
target-directed lipid head groups5 and transfer of sensitizer
molecules into the bilayer of the vesicles by thermally
induced molecular exchange. The latter step is effected
through the medium of water-soluble host molecules. This
method makes it possible to reduce synthesis costs and
degradation of intrinsic properties of dyes accompanying
chemical modifications. We have reported that photosensi-
tizing liposomes consisting of lipids with cationic head
groups show surface affinity to DNA (DNA).7a Cationic,
fullerene-enriched liposomes (i.e., lipid membrane with
incorporated C60 and C70; LMIC60 and LMIC70) have shown
highly efficient DNA photocleavage compared with conven-
tional systems (for example, water-soluble cyclodextrin-
bicapped fullerenes).7a,c Preparation of LMICx (x ) 60 and
70) takes place by thermal molecular exchange reactions
from water-soluble cyclodextrin-bicapped fullerene to lipo-
somes. Utilization of an unstable host-guest complex
improves the fullerene concentration and sensitization abili-
ties of liposomes because of promoted fullerene transfer
reactions. This host-guest molecular transfer is expected to
be applicable to other sensitizer systems.

Self-aggregated sensitizers show self-quenching of their
photoexcited states, and the quantum yield for photoreactions
decreases dramatically.8,9 If this situation can be improved,
the sensitization ability of liposomes is expected to be still
further strengthened.

In this paper, we report the preparation of extremely
photoactive liposomes obtained by dispersion-controllable
fullerene-exchange reactions. In the molecular exchange reaction

between cyclodextrin-bicapped fullerene10 and liposomes,
optimization of fullerene dispersion was performed by using
for the first time two types of “triggers” instead of heating
(Scheme S1, Supporting Information):6a (i) microwave irradia-
tion, and (ii) photoinduced electron transfer. Subsequently,
quantitative photocleavage experiments of DNA were conducted
with LMIC60 obtained using each trigger.

We first employed microwave irradiation as a trigger to
accelerate the molecular exchange reaction. LMIC60 forma-
tion by microwave irradiation was completed in only 7 s.
LMIC60 obtained by heating and by microwave irradiation
gave the same absorption spectrum (Figure 1). That suggests
that the transferred C60 made by microwave irradiation was
in a microenvironment identical to that of the transferred
C60 made by the heating method. A red shift and peak
broadening of the 337 nm absorption band were observed
and a new broad absorption appeared in the 400-550 nm
region, implying that C60 was excluded from two γ-CDx
cavities and C60 aggregated by itself (Figure 1). However,
in the absence of liposomes, the application of heat to C60·γ-
CDx solution brought about another spectral change. The
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Figure 1. UV-vis absorption spectral change of the C60·γ-CDx
complex upon addition of 1 (a) before (black line) and (b) after
heating (red line) at 80 °C for 2 h or (c) after microwave irradiation
(blue line) for 7 s and (d) without 1 after heating (orange line) at
80 °C for 2 h (1 mm cell).
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peak broadening at 337 nm was observed, but the red shift
and broad absorption in the 400-550 nm region were not
clearly seen (Figure 1). This observation suggests that the
types of C60 aggregation depend on microenvironments such
as a γ-CD cavity and a lipid bilayer. The complete transfer
of C60 from two γ-CDx cavities to lipid membrane was
confirmed by the disappearance of the 1H NMR peaks
assignable to the C60·γ-CDx bicapped complex (Figure S1a,d,
Supporting Information: 4.19 and 5.05 ppm). Furthermore,
the 1H NMR peak of self-aggregated C60·γ-CDx complex
was not observed (Figure S1b, Supporting Information: 5.41
ppm). The 1H NMR spectrum of LMIC60 obtained by
microwave irradiation (Figure S1d, Supporting Information)
is also similar to that for LMIC60 obtained by the heating
method (Figure S1c, Supporting Information).

The hydrodynamic diameters of the liposomes were
measured by a dynamic light scattering spectrophotometer
(DLS). The average diameters of liposomes before and after
7 s microwave irradiation (72 and 73 nm, respectively) were
not significantly different (Table S1, Supporting Information).
However, a longer duration of microwave irradiation (<20
s) led to an increase in the average diameters of liposomes
from 72 to 151 nm because of heating by microwave
irradiation over 90 °C. These findings revealed that LMIC60

can be easily obtained by short-time microwave irradiation.
However, C60 forms self-aggregates in bilayer as in the case
of the heating method.

Second, photoinduced electron transfer was used as a
trigger for the molecular exchange reaction. In the absence
of �-nicotinamide adenine dinucleotide (NADH), UV-vis
absorption spectra of C60·γ-CDx and lipid 1 show no
significant change during photoirradiation, indicating that the
exchange reaction of C60 occurred to an insignificant extent
(Figure S2, Supporting Information). This finding shows that
(i) γ-CDx can maintain the inclusion phenomena toward a
photogenerated singlet excited state (1C60*) and a triplet state
(3C60*) and (ii) local evolution of heat accompanying internal
conversion of photoexcited C60 does not cause destruction
of C60·γ-CDx complex. In the presence of NADH as
reductant, the absorption band at 334 nm became slightly
less intense with photoirradiation because of the disappear-
ance of the absorption of NADH as a result of its decom-
position after photoinduced electron transfer (Figure 2b). The
spectrum of the magenta solution indicated that no C60

derivatives (e.g., C60O) were generated. Figure S1e (Sup-
porting Information) shows that the 1H NMR signal of self-
aggregated C60·γ-CDx complex (5.41 ppm) did not appear
and the peaks assignable to the C60·γ-CDx complex (4.19
and 5.05 ppm) disappeared. These findings strongly imply
that NADH reduced 3C60* to C60

• -,11 C60
• - was released

from two γ-CDx cavities, and then C60
• - was immediately

returned to neutral state by dissolved O2 (Scheme S2,
Supporting Information).12b To confirm the photoinduced
C60 transfer into lipid membranes, we measured fluorescence
quenching of 2 by C60 transferred into lipid membrane
incorporating fluorochromes (LMIF). The LMIF was pre-

pared using lipids containing 0.5 mol% of 2. Quenching of
photoexcited 2 by photochemically transferred C60 was
clearly observed as in the case of LMIF-C60 system obtained
by the heating method (Figure S3b, Supporting Information).
Before the phototriggered molecular exchange reaction, no
fluorescence quenching of 2 was observed because C60 exists
as a γ-CDx complex in water. On the other hand, after
photoirradiation for 6 h, the exchange reaction of C60 results
in about 50% fluorescence quenching. The implication is that
C60 was transferred from two γ-CDx cavities to lipid
membranes containing 2 to yield vesicle-incorporated C60.
To elucidate the details of the fluorescence quenching, a
reference sample was prepared by addition of 2 into LMIC60

following the photoinduced introduction of C60. The sample
also showed ca. 50% fluorescence quenching of photoexcited
2 (Figure S3b, Supporting Information). That observation
indicates that the quenching is not based on photodecom-
position of 2. In the absence of lipids, the C60·γ-CDx complex
decomposed, and C60 formed a self-aggregated structure by
photoirradiation in the presence of NADH (Figure S4,
Supporting Information).

When the LMIC60 that was obtained by light illumination
was held at 80 °C for 1 h, the UV-vis absorption spectrum
became similar to that of LMIC60 obtained by the heating
or microwave methods (Figure 2c). Consequently, C60 in
LMIC60 that was obtained by light illumination existed in
an isolated (i.e., disaggregated) state (Scheme S3, Supporting
Information).

Finally, we evaluated photoreactivities of a series of
LMIC60’s formed with each trigger. Supercoiled plasmid
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Figure 2. UV-vis absorption spectral change of the C60·γ-CDx
complex upon addition of 1 and NADH (a) before (black line) and
(b) after photoirradiation for 6 h (red line) and (c) after photoir-
radiation for 6 h and heating at 80 °C for 2 h (blue line) (1 mm
cell).
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DNA, ColE1 was not cleaved under visible light irradiation
in the absence of LMIC60 (Figure 3, lane 1) or in the dark in
the presence of LMIC60 (Figure 3, lanes 3, 5, and 7).

Under visible-light irradiation (λex >350 nm) for 80 min,
LMIC60 showed distinct DNA-cleaving activity (lanes 2, 4,
and 6). In lanes 2 and 4, about 36 and 37% of supercoiled
DNA (form I) was converted to nicked DNA (form II) and
linear DNA (form III) because of photoirradiation of LMIC60

prepared by the heating (lane 2) and microwave (lane 4)
methods. Furthermore, in lane 6, LMIC60 prepared with
photoirradiation showed markedly higher photocleaving
performance (80%). Figures S5-S8 (Supporting Information)
show photocleavage of DNA by LMIC60’s as a function of
irradiation time. This reaction curve also shows that quantita-
tive DNA conversion can be achieved by sufficient illumina-
tion of LMIC60 prepared by photoirradiation. We suggest
two possible explanations for the difference in photoactivities
of LMIC60 by focusing on the three methods of production.
(i) Trace amounts of NADH12 remained in the LMIC60

solution prepared by photoirradiation. Photocleavage of DNA
is efficiently promoted by O2

•-, which was generated by
photoinduced electron transfer from NADH to 3C60* and then
from C60

•- to 1O2.13 (ii) The difference arises from the
isolation of C60 in LMIC60 prepared by photoirradiation. In
the isolated C60 system, the self-quenching of photoexcited

C60’s (1,3 C60*) is remarkably suppressed, and therefore, the
long-lived photoactivated C60s are able to generate.9d,e If
explanation (i) is correct, the photocleaving activity of
LMIC60 prepared by heating should improve with addition
of NADH (0.13 mM in the solution of LMIC60; final
concentration 35 µM). However, the photocleaving activity
was not influenced by the addition of NADH (28 and 29%
without and with NADH, respectively; under visible-light
irradiation for 1 h; Figure S9, lanes 2 and 4, Supporting
Information).12 To test explanation (ii), we compared the
photoactivity of isolated C60 and aggregated C60 in LMIC60.
Two types of LMIC60 were prepared, using the photoirra-
diation method (giving isolated C60) and heating after
photoirradiation (giving aggregated C60). LMIC60 prepared
by heating after photoirradiation showed inferior photocleav-
ing performance (29%; Figure S9, lane 4, Supporting
Information) to that of LMIC60 prepared without heating
(80%; Figure 3, lane 6). These findings strongly support
explanation (ii).

In summary, this study revealed that efficient implantation
of fullerenes in the liposome bilayer was triggered by
microwave irradiation and photoinduced electron transfer.
With the former method, LMIC60 was prepared in a short
period of time, while the latter method produced extremely
highly photosensitizing liposomes with isolated C60. The
isolation of C60 resulted in dramatic improvements in the
performance of liposomes. The DNA photocleavage ability
of the improved LMIC60 is twice that of LMIC60 obtained
by thermal triggers. Three photochemical strategies exploited
the full potential of photosensitizing liposomes. (i) A surface
affinity for the target molecule (DNA), (ii) sufficient optical
density in the visible region (high C60 concentration), and
(iii) efficient photoinduced reactions derived from the isola-
tion of sensitizer (C60). The photosensitizing molecular
assembly fulfilled all of the necessary conditions for pho-
tochemistry in solution or tissue. These findings have
important implications for various applications in biological,
medicinal, and materials chemistry because miscellaneous
sensitizer-incorporated liposomes can be prepared easily
using the phototriggered molecular exchange reactions.
Applications of these systems using other sensitizers are
being studied in our laboratories.
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Figure 3. Agarose gel electrophoretic patterns of DNA nicked by
LMIC60 prepared by heating, microwave irradiation, and photoir-
radiation. Reaction samples contained 1.9 mg L-1 of ColE1
supercoiled plasmid. Lane 1: distilled water containing no chemi-
cals. Lanes 2-7: 273 µM of lipids and 27 µM of C60. Lanes 1, 2,
4, and 6: incubated under visible-light irradiation at a distance of
10 cm using a 500 W Xe-arc lamp (UI-502Q; Ushio, Inc.) at 25
°C for 80 min under aerobic conditions. Lanes 3, 5, and 7: incubated
in the dark for 80 min under aerobic conditions. Lanes 2 and 3:
LMIC60 prepared by heating. Lanes 4 and 5: LMIC60 prepared by
microwave irradiation. Lanes 6 and 7: LMIC60 prepared by
photoirradiation. After addition of loading buffer (Wako Pure
Chemical Industries Ltd.), electrophoresis was performed using a
0.9% agarose gel. The gel was stained with SYBR Gold (1:10000
dilution of stock supplied by Molecular Probes Inc., Eugene, OR)
and viewed on a UV transilluminator. This experiment was
performed at least three times; the reported values of photocleavage
efficiency are averages of the separate runs.

4080 Org. Lett., Vol. 10, No. 18, 2008


