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Abstract:  Water-soluble  fullerenes
have attracted attention as promising
compounds that have been used to
forge new paths in the field of photo-
biochemistry. To prepare water-soluble
fullerenes, we employed lipid-mem-
brane-incorporated fullerenes (LMIC,;
x=060 or 70) by using the fullerene ex-
change method from a y-cyclodextrin
(y-CD) cavity to vesicles. LMICg, have
low toxicity in the dark and engender

350 nm). Furthermore, the photody-
namic activity of LMIC,, is 4.7-fold
that of LMICy, for the same photon
flux (1>400 nm). One of the reasons
for the higher phototoxicity of LMIC,,
is the higher generation of singlet
oxygen ('O,) in LMIC;, than in
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LMIC,. The difference between
LMIC,, and LMIC,, is considered to
be simply derived from the amount of
light absorption in the 400-700 nm
region that is suitable for photodynam-
ic therapy (PDT). To the best of our
knowledge, this is the first case in
which biological activity of C;, and its
derivatives toward HeLa cells has been
assayed.

cell death by photoirradiation (1>

Introduction

Photodynamic therapy (PDT) has been developed for
cancer treatment over the last 40 years. It has been expand-
ed as an emerging modality for the treatment of various car-
diovascular, dermatological, and ophthalmic diseases.]
Water-soluble Cg>?! and its derivatives!¥ have recently re-
ceived attention as potential photosensitizers because Cg is
an efficient visible-light triplet sensitizer and is capable of
high photoproduction of 'O, (energy transfer) and anion
radicals (electron transfer).”) However, fullerenes them-
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selves are insoluble in water and polar solvents.”l Several re-
search efforts have attempted to solve this problem, for ex-
ample, by introducing water-soluble substituents,” mixing
with water-soluble polymers®:” or lipid membranes (Bang-
ham method),® and dissolving in y-cyclodextrin (y-CD)®! or
water-soluble calixarenes.”* % Among these methods, we
have selected lipid-membrane-incorporated fullerenes
(LMIC,, x=60 or 70; Scheme 1) as photosensitizers for

Liposome

Fullerenes < LMIC

Scheme 1. Schematic illustration of LMIC,, and LMIC;,.

three reasons: 1) unmodified fullerenes in vesicles can gen-
erate 'O, through energy transfer, or fullerene anion radi-
cals by electron transfer, more efficiently than other chemi-
cally modified fullerene derivatives can;** 2) various vesi-
cles with positively charged, negatively charged, nonionic,
and zwitterionic surfaces can be prepared through selection
of lipids such as phospholipids, aminolipids, and glycolipids,
which might confer a function as a drug carrier;"! and
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3) large vesicle formation is promising for enhanced perme-
ability and retention (EPR) effects.*>?l Recently, we report-
ed that various types of LMIC, with high C4, or C;, concen-
trations were able to be readily prepared in several hours or
minutes by using the fullerene exchange method from the y-
cyclodextrin (y-CD) cavity to vesicles.™*! Furthermore, this
method can be treated as a homogeneous system that re-
quires no separation procedure, such as gel exclusion chro-
matography, for incorporated and insoluble fullerenes be-
cause nearly all of the Cg molecules are transferred from
the y-CD cavity to the lipid membranes to yield vesicle-in-
corporated fullerenes. The DNA photocleaving activity of
LMICy, depends on the surface charges of the vesicles. In
particular, the photocleaving activity of cationic LMICy, is
considerably higher than that of the Cg»y-CD complex. In
this study, we assayed the biological activities of LMICy,
and LMIC;, under visible light irradiation.

Results and Discussion

Characterization of LMIC,: To examine the effect of lipo-
some surface density, we prepared three types of LMICy,
with different surface charges. To investigate the effect of
using different fullerenes, cationic LMIC,, were also pre-
pared with the same concentration of liposomes and ful-
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lerenes as in LMICy,. All LMICy, and LMIC,, were pre-
pared by using an exchange reaction between the liposomes
and the Cgry-CD complex or the Cyey-CD complex” by
heating at 80°C for 2 h or at 30°C for 1 min, as described in
previous reports.*>¢!

Size distributions of the liposomes were studied by using
dynamic light scattering (DLS) analyses. Table 1 shows the
average diameters of all the liposomes before and after the

Table 1. Average particle sizes determined by using a light-scattering
method at 25°C before and after the exchange reaction.

Average particle size [nm]®

Lipids Before fullerene After fullerene
addition addition
LMIC, 1 2 95+2 117+1
LMIC, 1 - 72+14 103+9
LMIC, 1 3 91+1 93+1
LMIC,, 1 2 91+33 80+£27

[a] Each of these experiments was performed three times. The reported
values of particle sizes are averages of these separate runs.

exchange reaction of Cq and C,. The average diameters
after the exchange reactions in all LMICy, and LMIC,, were
around 100 nm.

Intracellular uptake and locali-
zation of liposomes: To evalu-
ate the intracellular uptake of
the liposomes by HeLa cells,
fluorochrome-labeled liposomes
were prepared using 7-nitro-
benz-2-oxa-1,3-diazole (NBD)-
conjugated lipids (4) without
fullerenes, because fullerenes
act as quenchers. The cells were
incubated with NBD-labeled
liposomes at a lipid concentra-
tion of 50 um for 24 h. Figure 1
clearly indicates intracellular
uptake of liposomes was only
observed for cationic liposome
treated cells (Figure 1la and d).
No fluorochrome signals were
detected for the neutral and
anionic liposome treated cells
(Figure 1e and f). Effects of the
surface density were consistent
with those described in previ-
ous reports.*1)

To elucidate the mechanism
of the uptake of liposomes, the
effect of low temperature was
evaluated because endocytotic
processes are known to be in-
hibited at low temperatures.
HeLa cells were incubated with
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Figure 1. Phase contrast (a—c) and fluorescence (d-f) images of HeLa
cells after NBD-labeled liposome treatment for 24 h. a) and d) NBD-la-
beled liposomes of 1+2+4; b) and e) NBD-labeled liposomes of 1+4; c)
and f) NBD-labeled liposomes of 1+3+4. The scale bar indicates 200 pm.

fluorochrome-labeled liposomes for 1 h at 37 or 4°C. As a
result, the liposome uptake was notably inhibited at 4°C
compared with that at 37°C (Figure 2). Furthermore, we

Phase
contrast

NBD-labeled
liposomes

Figure 2. Inhibition of liposome uptake by low temperature. HeLa cells
were incubated with NBD-labeled liposomes for 1 h at 37 (a, c) or 4°C
(b, d). Fluorescence images were obtained by using confocal laser scan-
ning microscopy. Phase contrast (a, b) and cationic liposomes labeled
with NBD (c, d). The scale bar indicates 200 pm.

stained lysosomes with LysoTracker Green and compared
them with the localization of cationic liposome, because
normal cellular trafficking usually involves endocytosed par-
ticles being directed to lysosomes. The cells were incubated
with fluorochrome-labeled cationic liposomes that had been
prepared by using rhodamine B-conjugated lipids (5) for 1 h
at 37°C. After incubation, the cells were further cultured
and the localization of fluorochrome-labeled liposomes was
monitored. As shown in Figure 3, cationic liposomes accu-
mulated in lysosomes until 6 h after incubation. These data
indicate that cationic liposomes of 1+2 internalize into the
cells by means of the endocytotic processes and localize to
lysosomes.

Photodynamic activity of LMICg,: Three types of LMICy,
with different surface charges were evaluated in culture for
photodynamic activity toward HeLa cells. The cells were in-
cubated with LMICy, ([Cy] =5 um) for 24 h in the dark. The
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Figure 3. Localization of cationic liposomes in HeLa cells. The cells were
incubated with rhodamine B-labeled cationic liposomes for 1 h at 37°C.
After incubation, the cells were further cultured for 2 (a—d), 4 (e-h), or
6 h (i-1). Lysosomes were visualized by staining with LysoTracker Green
for 1h before observation and were observed by using confocal laser
scanning microscopy: phase contrast (a, e, and i), cationic liposomes la-
beled with rhodamine B (b, f, and j), staining with LysoTracker Green (c,
g, and k), and merged image (d, h, and 1). The scale bar indicates 20 pm.

cells treated with LMIC, of 142 had abnormal shapes after
light irradiation (350-500 nm), whereas treatments with
LMICq, of 1 or 1+3 induced no apparent change (Figure 4a—
c). It is thought that this morphological change probably re-

Phase
contrast

Figure 4. Photodamage from LMICg, in HeLa cells. The cells were ex-
posed to light (350-500 nm) for 2 h at 19 mW cm 2 and observed by using
microscopy: phase contrast images (a—c) and exclusion of propidium
iodide (d—f). a) and d) LMIC, of 1+42. b) and e) LMIC, of 1. ¢) and
f) LMICy, of 143. The scale bar indicates 200 pum.

sulted from cell death because the cell was unable to ex-
clude propidium iodide (PI) (Figure 4d-f). The quantitative
data of cell cytotoxicity are shown in Table 2. 85% of cells
were stained with PI by treatment with LMIC, of 1+2 in
combination with light irradiation, but few cells were stained
by the neutral and anionic LMICy, (4% for 1 and 1% for
1+3). LMIC,, showed no cytotoxicity to the cells in the dark
after 24 h incubation (Table 2; 0.0-1.3%). These results are
consistent with those for the intracellular uptake of fluoro-
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Table 2. Percentages of cells stained with PI. HeLa cells treated with
LMIC, of 142, 1, and 143 and LMIC;,, before and after 19 mWcm 2
light irradiation over A=350 nm for 2 h at 35°C and 57 mW cm 2 light ir-
radiation over A =400 nm for 1 h at 35°C.

Lipids Fullerene  Light 2 [nm]  Percentages of cells
stained with PI [% ]
LMIC,, 1 2 Ceo >350 84.8+4.5
LMIC,, 1 2 Ceo - 0.1£0.1
LMIC,, 1 - Ceo > 350 3.8+24
LMIC,, 1 - Ceo - 1.3+1.0
LMIC, 1 3 Ceo >350 0.9+0.6
LMIC,, 1 3 Ceo - 0.0£0.0
LMIC,, 1 2 Ceo > 400 18.9+8.8
LMIC,, 1 2 Cy > 400 89.0+4.7
LMIC,, 1 2 Cy - 1.1+0.2

[a] Each of these experiments was performed three times. The reported
values of particle sizes are averages of these separate runs.

chrome-labeled liposomes, indicating intracellular LMICy,
can act as a photosensitizer.

Comparison of photodynamic activity between LMICy, and
LMIC,,: As mentioned above, LMIC, with the cationic sur-
face efficiently engender cell death by photoirradiation,
compared with LMICy, with a neutral or anionic surface.
Therefore, we prepared LMIC;, with a cationic surface to
clarify the difference between Cq, and C,,. After incubation
with 5 um fullerenes of LMICy, or LMIC;, for 24 h, the cells
were exposed to light with a wavelength of 400-740 nm for
45 and 60 min each. The power of the light at the cellular
level was 57 mWcm 2. The cells treated with LMIC,, had
abnormal shape (Figure 5k and 1) and were stained with PI
after light irradiation (Figure 5n and o), whereas treatments
with LMICy, hardly induced apparent change (Figure 5b and
c). Table S1 in the Supporting Information shows the per-
centages of cells stained with PI by LMIC,, and LMIC;, as a
function of irradiation time. No cytotoxicity was observed
for LMIC,, and LMIC,, without light exposure (Table 2; 0.1
and 1.1%, respectively). The difference in build-up curves
between LMICy, and LMIC;, was derived simply from
amounts of light absorption in the 400-700 nm region (Fig-
ure S1 in the Supporting Information); this is explained
later. Quantitative data of the percentage of cells stained
with PI are shown in Table 2: around 89% of cells were
stained with PI by treatment with LMIC,, in combination
with light irradiation for 60 min, but only a few cells were
stained when using LMICy, (19%). These results indicate
the photodynamic activity of LMIC;, is much higher than
that of LMICy, by photoirradiation at a wavelength longer
than 400 nm.

Analysis of the mode of cell death induced by LMICg, and
LMIC,,: To examine the mode of cell death induced by cat-
ionic LMICy, and LMIC,,, cell-surface-exposed phosphatidyl
serine, which is present in the earlier stages of apoptosis,
was visualized by using fluorescein isothiocyanate (FITC)-
conjugated annexin V. By combining FITC-conjugated an-
nexin V with PI, the different labeling patterns can be used
to identify the different cell fractions; that is, PI-negative/
annexin V-negative viable cells, PI-negative/annexin V-posi-
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Figure 5. Photodamage from LMIC4, and LMIC;, in HeLa cells as detect-
ed using phase contrast images (a—c and j-1) and by fluorescence micro-
scopy using propidium iodide (d—-f and m-o) and FITC-conjugated an-
nexin V (g-i and p-r) and fluorescent staining after 57 mWcm ™2 light ir-
radiation (400-740 nm) at 35°C. Light irradiation for a), d), g), j), m),
and p) was 0 min; that for b), e), h), k), n), and q) was 45 min; and that
for ¢), ), i), 1), 0), and r) was 60 min. The scale bar indicates 200 pum.

tive early apoptotic cells, PI-positive/annexin V-positive late
apoptotic, and/or necrotic cells."! Figure 5n and q show cells
stained with annexin V were stained incompletely with PI
by treatment with LMIC;, in combination with light irradia-
tion for 45 min, which suggests that LMIC,, induced early
apoptosis at least in part.'! Furthermore, the cells treated
with LMIC,, were stained with only annexin V after light ir-
radiation, which indicates that these cells undergo early
apoptosis (Figure Se and h), suggesting that LMIC, also has
the potential to induce apoptosis when combined with light
irradiation for 45 min.

Singlet oxygen detection by using a chemical method: The
photosensitizer is excited by visible light. An excited-state
energy is then transferred from the triplet state of the sensi-
tizer to the ground state of the molecular oxygen producing
the cytotoxic species '0,."! Therefore, the photodynamic
activity of the photosensitizers is dependent on the genera-
tion ability of 'O,. We confirmed 'O, generation by using a
chemical method using 9,10-anthracenedipropionic acid
disodium salt (ADPA)!" as a detector to clarify the reason
for the difference in biological activities between LMIC,
and LMIC,,.'"! Figure 6 shows the decrease in absorbance at
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Figure 6. Time-dependent bleaching of 9,10-anthracenedipropionic acid
disodium salt (ADPA) caused by singlet oxygen generated a) without
LMIC, (e) and b) with LMIC, of 1 (a), and c) with LMIC;, of 1 (m).
The change in ADPA absorption at 400 nm upon photoirradiation
(440 nm, 0.6 mW cm2) was monitored as a function of time (Abs,: initial
absorbance). [ADPA] =134 pm, [lipids] =146 pum; under an oxygen atmos-
phere; 25°C. Each experiment was repeated three times.

400 nm (absorption maximum for ADPA) for a lipid con-
centration of 146 um for LMICy, and LMIC;, of 1 as a func-
tion of the time of light exposure. Time-dependent bleach-
ing of ADPA was shown to occur severely for LMIC,, com-
pared with that for LMICy,, which indicates the generation
of 'O, in LMICy, is higher than that in LMICy,. Further-
more, we have reported the plasmid DNA photocleavage
ability of LMIC;, is greater than that of LMICy, (the respec-
tive percentages of form II (nicked DNA) and form III
(linear DNA) are 92 and 26 % under visible light irradiation
(Aex>350 nm) for 2 h).P<! From these two findings, the differ-
ence between LMICy, and LMIC,, is derived simply from
amounts of light absorption in the 400-700 nm region (Fig-
ure S1). LMIC,, is anticipated to be a much more potent
photosensitizer than conventional photoreactors.

Conclusion

The results of this study show that the LMICy, of 1+2 with
a cationic surface shows a low dark toxicity that engenders
cell death by photoirradiation at a wavelength of 350-
500 nm. The photodynamic activity of the LMICy, of 142 is
much higher than that of the LMICg, of 1 or 143. These re-
sults agree very well with those for the intracellular uptake
of LMIC4. However, the photodynamic activity of the
LMICy, of 1+2 degraded remarkably by photoirradiation at
a wavelength over 400 nm, which indicates that the LMIC,
were activated mainly by light in the 350-400 nm region. On
the other hand, the LMIC;, have low toxicity in the dark
and engender cell death by photoirradiation at wavelengths
of 400-740 nm. The photodynamic activity of LMIC,, is 4.7-
fold that of LMICg, for the same photon flux (>400 nm). To
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the best of our knowledge, we have demonstrated photoin-
duced cell death using C;, for the first time. These findings
have important implications for various applications in bio-
logical, medicinal, and materials chemistry because materi-
als-incorporated C,, can be prepared easily by using the ex-
change method. Applications of these systems are being
studied in our laboratories.

Experimental Section

General: UV-visible spectra were obtained by using a UV-2550 spectro-
photometer (Shimadzu Corporation). Size distributions were measured
by using a DLS-6000HL instrument (Otsuka Electronics Co. Ltd.). Light
irradiation was performed by using a xenon lamp (MAX-301, 300 W;
Asahi Spectra Co. Ltd.) equipped with a purpose-built mirror module
(350-500 nm; Asahi Spectra Co. Ltd.) and a long-pass filter with cut-off
at 350 nm (Asahi Spectra Co. Ltd.) for photoirradiation over 350 nm
wavelength, or a VIS mirror module (385-740 nm; Asahi Spectra Co.
Ltd.) and a long-pass filter with cut-off at 400 nm (Asahi Spectra Co.
Ltd.) for photoirradiation over 400 nm wavelength. Fluorescence micro-
scopy was performed with an inverted Axiovert 135M, equipped with an
AxioCam CCD camera and AxioVision 3.0 software (Carl Zeiss Inc.).
The following sets of filters were used: PI (BP546, FT580, and LP 590)
and NBD and FITC (450-490, FT 510, and 515-565). In some experi-
ments, fluorescence images were obtained by using a confocal laser scan-
ning microscope (LSM 410; Carl Zeiss Inc.). The following lasers and
sets of filters were used: rhodamine B (He-Ne laser =543 nm; NT80/
20-543 and LP 570) and NBD and LysoTracker Green (Ar laser A=
488 nm; FT 510 and LP515).

Materials: Compound 2 was prepared as described in a previous paper.['¥!
Dimyristoylphosphatidylcholine (1) and y-CD were purchased from NOF
Corp. (Tokyo, Japan) and Wako Pure Chemical Industries Ltd., respec-
tively. Dimyristoylphosphatidylglycerol (3), NBD-dipalmitoylphosphati-
dylethanolamine (4), and rhodamine B—dipalmitoylphosphatidylethanol-
amine (5) were obtained from Avanti Polar Lipids Inc. (Birmingham,
AL). Cg (>99.5%) and C; (>95%) were bought from MER Co.
(Tucson, AZ).

Preparation of liposomes: All liposomes were prepared through sonica-
tion of an aqueous dispersion of lipids with a cup-type sonicator at 50 W
for 1 h at 40°C. Each liposome was composed of 1 only, or 1 and cationic
lipid 2 or anionic lipid 3 in a 9:1 molar ratio, respectively. NBD-conjugat-
ed lipid 4 (0.25 mol % relative to the total lipids) or rhodamine B-conju-
gated lipid 5 (0.025 mol % relative to the total lipids) were supplied to
label the liposomes with fluorochromes.

Preparation of LMICg and LMIC,, by means of the fullerene exchange
reaction: LMICy, were prepared by using an exchange reaction between
the liposomes and the Cgy-CD complex!®! by heating at 80°C for 2 h, as
described in previous work.’ Size distributions of the liposomes were
studied by using DLS analyses. Final concentrations of the respective
components were evaluated by using integral intensities of their 'H NMR
spectra, in which [y-CD]=1.02mM, [Cg]=0.10mm, and [lipids]=
1.00 mm (y-CD/Cgy/lipids =10.2:1:10). The initial concentration of C,, in
the C;y-CD complex, as determined by measuring the absorbance of
the solution at 381 nm (a molecular extinction coefficient for the Cypy-
CD complex of &3 =3.80x10* dm*mol™ cm™),” was 020 mm in an
aqueous solution (1.0 mL). After an aqueous solution of lipids (10 equiv
of Cyy) was added to the solution (1.0 mL, 2.00 mm), final concentrations
of the respective components were evaluated by using integral intensities
of the "TH NMR spectrum," in which [y-CD]=1.90 mm, [C;,] =0.10 mm,
and [lipids] =1.00 mm (y-CD/C,/lipids =19:1:10).

Cell culture: HeLa cells were maintained in CO,-independent medium
(Gibco BRL) supplemented with 10% fetal calf serum at 37°C in 5%
CO,. The cells were seeded on 35 mm plates at a density of 3.4 x 10° cells
per plate. After growing overnight, the cells were used for the experi-
ments. For analysis of the uptake mechanism of liposomes, localization of
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liposomes, and the mode of cell death, cells were seeded on glass cover-
slips.

Analysis of intracellular uptake and localization of liposomes: The cells
were incubated with NBD-labeled cationic, neutral, or anionic liposomes
at a concentration of 50 um lipids for 24 h at 37°C in 5% CO,. After
washing with phosphate-buffered saline (PBS) solution, the cells were re-
placed with fresh medium and uptake of liposomes was monitored by
fluorescence microscopy. For analysis of the uptake mechanism of lipo-
somes, the cells were pre-incubated at 37°C or 4°C without CO, for
30 min before liposome treatment. After incubation with NBD-labeled
cationic liposomes at 37°C or 4°C for 1h, the cells were washed with
PBS and mounted in Permafluor (Beckman Coulter Inc.). Fluorescence
images were obtained by using the LSM 410. The localization of lipo-
somes was assayed by using rhodamine B-labeled cationic liposomes and
LysoTracker Green (Molecular Probes). After incubation with liposomes
for 1 h at 37°C, the cells were washed with PBS and further cultured for
6 h, after which fresh medium was supplied. To visualize the lysosome,
the cells were treated with LysoTracker Green (500 nm) by its addition to
the culture medium for 1 h before observation. After washing with PBS,
the cells were mounted in Permafluor and observed by using the LSM
410.

Photodynamic activity experiments and cell staining with PI and FITC-
conjugated annexin V: The cells were incubated with LMICg, or LMIC,,
([fullerene] =5 pm) for 24 h in the dark at 37°C in 5% CO,. After incu-
bation, the cells were washed with PBS and exposed to light, after which
fresh medium was supplied. Photoirradiation was carried out under
19 mWem™2 light power (A=350-500 nm) or 57 mWem™ light power
(A=400-740 nm) at the cell level at 35°C. To visualize the nonviable
cells, the cells were stained with PI (1 ugmL'; Sigma-Aldrich) for
10 min at room temperature following LMIC,, or LMIC;, treatment,
photoirradiation, and 24 h incubation after photoirradiation. After wash-
ing with PBS, the cells were replaced with fresh medium and monitored
by fluorescence microscopy. For analysis of the mode of cell death, the
cells were stained with PI (1 ugmL™") and FITC-conjugated annexin V
(0.5 pgmL™"; BioVision) according to the manufacturer’s instructions
after photoirradiation. After staining with PI and annexin V, the cells
were mounted in Permafluor and observed by fluorescence microscopy.
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