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Porphyrin—fullerene composite systems are attracting great attention as photodynamic agents; however, water-soluble
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derivatives are still scarce. Herein, we prepared noncovalently a lipid membrane—incorporated porphyrin—fullerene

composite system with relative stability in aqueous solution. As in the case of porphyrin—fullerene composite systems in

nonpolar solvents, efficient formation of singlet oxygen occurred via photoinduced energy transfer between porphyrin and

fullerene as the predominant pathway in the photodynamic activity under the hydrophobic condition of the lipid membranes,

resulting in enhanced photodynamic activity toward Colon26 and Hela cells compared with the individual porphyrin and

fullerene components. Furthermore, the porphyrin—fullerene composite system exhibited high selectivity toward Hela cells

over normal mouse fibroblast L929 cells.

Introduction

Porphyrin—fullerene composite systems,’” in which the
porphyrin and fullerene components are connected via
covalent bonding or supramolecular interactions, have
attracted continuous interest because of their applications as
photovoltaic,21?  photocatalytic,'>** and photodynamic
materials.’*"1° The key processes to realize these applications
are photoinduced energy transfer and electron transfer, which
are significantly influenced by environmental conditions such as
solvents. Thus, energy transfer between porphyrin and
fullerene is a major process in nonpolar solvents such as
cyclohexane, benzene, or toluene, whereas electron transfer is
predominant in polar solvents such as acetonitrile or
benzonitrile.22%2!  In these composite systems, the
photodynamic activity may occur via the generation of singlet
oxygen (0,) through an energy transfer mechanism from
porphyrin to fullerene (type Il pathway) or by producing
superoxide (0,"") through an electron transfer mechanism (type
| pathway) from fullerene to dissolved oxygen (Scheme S1).22
The generation of O, and hydroxyl radical accompanying with
it by Scheme S223 via the charge separation induced by electron
transfer between porphyrin and fullerene has been proposed as
the predominant pathway under physiological conditions.??
Although some porphyrin—fullerene composite systems have
outperformed porphyrin monomers in terms of photodynamic
activity,>%” water-soluble porphyrin—fullerene composite
systems are still scarce because of their high hydrophobicity and
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tendency to self-aggregate.’>' It is very important for
biological applications such as photodynamic therapy.

Although a lipid membrane—incorporated
tetraphenylporphyrin provided an unstable aqueous solution,
we previously reported the preparation of stable aqueous
solutions containing lipid membrane—incorporated porphyrin
derivatives (LMIPors) such as 5,10,15,20-tetrakis(4-
hydroxyphenyl)porphyrin (1) 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin?4-26 and lipid membrane—incorporated
[60]fullerene derivatives (LMICegos).2’” Furthermore, LMI1 and
lipid membrane—incorporated fullerene derivative Cgp-2
(LMICeg0-2) have a higher photodynamic activity toward Hela
cells under the photoirradiation at long wavelength (610-740
nm) with high biological tissue permeability (Fig. 1),26-28

and

HO

HO 1 N
LMI1-Cgo-2
o
Me
oﬁ/ e 0o OJ\(CHz)uCHs
Me-N*_~ _ I
0-P-0
|\Il|e o o\ﬂ/ (CH2)12CH3
o
DMPC
Me .
Br o
' H CH,);5CH
Me - N* NW)L - (CH2)1sCH,
| N
Me\/\/\g ™ (CHa)1CHg
3

Fig. 1 Structures of porphyrin derivative 1, [60]fullerene derivative Cg-2, and the lipids
DMPC and 3 used to obtain the lipid membrane—incorporated LMI1-Cg,-2 composite
system.
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because 1 and Cgo-2 have high 10, generation ability by location
near the surface of the lipid membrane.?%28 On the basis of this
work, we herein propose noncovalently a new composite
system combining porphyrin derivative 1 and fullerene
derivative Cgo-2 in liposomes, i.e., a lipid membrane—
incorporated LMI1-Cgo-2 composite system (Fig. 1),22-32 and
describe the investigation of its stability and photodynamic
activity compared with those of the individual components
LMI1 and LMICgp-2.

Results and discussion

LMI1 was prepared via an injection method,333* according
to which a dimethyl sulfoxide (DMSO) solution of 1 was added
to an aqueous solution of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) liposome, as previously reported
(Scheme S3).26 Meanwhile, LMICg-2 and LMI1-Ceo-2 were
prepared following an exchange method of solubilizing agent as
shown in Scheme 53,3°737 in which an aqueous solution of a y-
cyclodextrin—Cgo-2 complex383° was added slowly to an aqueous
solution containing the DMPC liposome and LMI1 at 80 °C as
described in a previous report.?2 The peak broadening of
LMICg-2 and LMI1-Cgp-2 in the UV—Vis absorption spectra
compared with the y-cyclodextrin—Cgo-2 complex suggested the
transfer of Cgp-2 from y-cyclodextrin to the DMPC liposomes or
LMI1 (Fig. 2), indicating that Ceo-2 self-aggregated in the
liposomes. Furthermore, the disappearance of the peaks
assignable to y-cyclodextrin from the *H NMR spectrum of the
v-cyclodextrin—Cgp-2 complex after heating at 80 °C for 2 h
revealed that all Cg-2 was released from the cavity of y-
cyclodextrin (Fig. S1). The coexistence of 1 and Ceo-2 in the
liposomes was confirmed by a fluorescence quenching
experiment, in which Cgo-2 acted as a fluorescence quencher of
1 (Fig. S2). The fluorescence quenching of 1 by Cg-2 was
estimated to be 49%. The reason is not due to decrease of
absorbance of 1 by coexistence of Cgo-2 because 1 has a larger
absorbance at 570 nm than Cgo-2 (inset of Fig. 2). Consequently,
the decrease of the fluorescence intensity of LMI1—Cgo-2 was
due to the fluorescence quenching by Ceo-2.

It is well-known that the intracellular uptake of liposomes
having a cationic surface is much higher than that of liposomes
having neutral or anionic surfaces owing to the occurrence of
electrostatic interactions in the latter cases.3%%0~*2 However, the
strong positive charge of the liposomes leads to cell death
under dark conditions. Therefore, we used liposomes consisting
of DMPC and cationic lipid 3 {9:1 (mol/mol)} for the subsequent
experiments.364042 The hydrodynamic diameters of LMI1,
LMICgp-2, and LMI1—Cgo-2 were determined to be 138, 141, and
143 nm, respectively, by means of dynamic light scattering
measurements (Table 1). These values were approximately
constant irrespective of the presence of 1 and Cg-2. We
characterized the surface potentials of the liposomes using zeta
() potential measurements, finding that all liposomes showed
similar cationic surfaces because of the addition of 10 mol%
cationic lipid 3 (Table 1).3¢
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Fig. 2 UV-Vis absorption spectra of y-cyclodextrin—Csp-2 complex (black), LMI1 (green),
LMICgp-2 (blue), and LMI1-Cy-2 (red) ([DMPC] = 0.1 mM; [1]/[DMPC] = 0.0 or 2.5 mol%;
[Cep-2]/[DMPC] = 0.0 or 5.0 mol%) in water. The inset shows the 550-700nm region.

Table 1 Average hydrodynamic diameter (Dy,; nm) and { potentials (mV) of LMI1, LMICg,-
2, and LMI1-Cgp-2.

Liposomes Dy, (nm)® PDIeb { potential (mV)¢
LMI1 137.7+£0.9 0.23 +28.3+0.2
LMICeo-2 141.3+0.5 0.23 +33.9+2.6
LMI1-Ceo-2 142.8+0.3 0.27 +38.5+0.4

“The Dny values were determined by conducting dynamic light scattering
measurements in Milli-Q water (25 °C). °The PDI was calculated using the cumulant
method. ‘The { potential was measured using capillary cells.

The stability of LMI1-Cgp-2 in water in the absence and
presence of serum protein was evaluated by monitoring the
absorbance changes of 1 and Cgp-2 in UV—Vis absorption spectra
(Fig. 3 and S3). As shown in Fig. 3a and S3a, the absorbance of 1
at 426 nm and that of Cgo-2 at 345 nm in LMI1-Cgo-2 scarcely
decreased after incubation in water for 3 d, maintaining over
94% and 98% of the initial values, respectively. However, after
5 d incubation, the absorbance of 1 and Cgp-2 in LMI1—Cgp-2
decreased to 75% and 85%, respectively. The results show that
LMI1-Ceo-2 was slightly unstable in water during prolonged
incubation. In contrast, the absorbance of 1 and Cgp-2 in LMI1—
Ce0-2 scarcely decreased for 24 h and remained over 88% and
97%, respectively, in blood serum (Fig. 3b and S3b). Therefore,
the following cell experiments were performed using LMI1—Cgo-
2 in blood serum.

The photodynamic activities of LMI1, LMICg-2, LMI1—Cgo-2,
and an LMI1 + LMICg-2 mixture containing 10 mol% cationic
lipid 3 were evaluated by measuring the viability of murine
colon carcinoma cell line (Colon26) and human cervical cancer
cell line (HelLa cell). The cell viability was determined as a
percent ratio compared with cells untreated with PSs according
to the WST-8 method.*® Dark cytotoxicity toward both cell lines
was scarcely observed for LMI1 and LMI1-Cg-2 at
concentrations of 1 below 5.0 uM (0 or 10.0 uM for Ceo-2) (Fig.
4a). Furthermore, we confirmed no dark cytotoxicity of LMICeo-
2 at concentrations of Cgp-2 below 10 uM toward both cell lines

This journal is © The Royal Society of Chemistry 20xx
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(Fig. S4). In contrast, the LMI1 + LMICgo-2 mixture exhibited
slight dark cytotoxicity toward both cell lines (Fig. 4a) most likely
because it contained twice the amount of DMPC and 3
compared with LMI1-Cg-2.%* Upon light irradiation of the
Colon26 and Hela cells treated with aqueous solutions of LMI1,
LMICg0-2, LMI1—Cgp-2, and the LMI1 + LMICg-2 mixture at a
wavelength of 610-740 nm for 30 min, the Colon26 and Hela
cell viabilities were reduced in a drug dose—dependent manner
(Fig. 4b and S4). The half inhibitory concentrations (ICso values)
are summarized in Table 2. The ICso value of LMI1-Cgo-2 toward
Colon26 expressed as the concentration of 1 (0.22 uM) was
lower than that of LMI1 (0.56 uM) (Fig. 4b and Table 2).
Consequently, the photodynamic activity of LMI1-Cgo-2 was
approximately 2.5 times larger than that of LMI1. Furthermore,
the I1Csp value of LMI1-Ceo-2 toward Colon26 expressed as the
concentration of Cgo-2 (0.44 uM) was approximately 22 times
lower than that of LMICe0-2 (9.62 uM) (Fig. 4b and S4 and Table
2). These results suggested that the photodynamic activity of
LMI1—Ceo-2 did not correspond to the sum of that of 1 and Cgo-
2 but stemmed from the synergistic interaction of both

(a)
0 1 3 5 7

Incubation time (d)

1.2

1.0 7

Abs/Absg
o o o
IN o e
1 1 1

©
N
]

0.0 -

1.2

(b)
| I I I I
0.0 T T T T I
0 2 4 6 24

Incubation time (h)

Abs/Absg
o o o
= [} (o]
1 1 1

o
N
1

Fig. 3 Changes in the intensity of the absorption maxima of 1 (red) and Ce-2 (blue) at 426
and 345 nm, respectively, in LMI1-Cg-2 (a) in water at 0, 1, 3, 5, and 7 d incubation times
and (b) in water in the presence of blood serum at 0, 2, 4, 6, and 24 h incubation times
and at 37 °C ([DMPC] = 0.1 mM; [1] = 2.5 uM; [Cep-2] = 5.0 uM; 1-cm cell).
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components in the composite system. To confirm this
hypothesis, we examined the photodynamic activity of a
mixture of aqueous solutions of LMI1 and LMICg-2 prepared
individually. As expected, the ICso value of the LMI1 + LMICgp-2
mixture ([1] = 0.43 uM) was approximately 2.0 times larger than
that of LMI1—-Cg-2.

The ICsg value of LMI1—Cgo-2 toward Hela cells determined
as the concentration of 1 (0.13 uM) was approximately 1.7
times smaller than that toward Colon26 cells (0.22 uM) and
approximately 2.4 and 1.4 times smaller than that of LMI1 and
the LMI1 + LMICgp-2 mixture (0.31 and 0.18 uM, respectively)
(Fig. 4b and Table 2). Furthermore, the ICso value of LMI1-Cgo-2
toward Hela cells determined as the concentration of Cgo-2
(0.25 uM) was approximately 3.6 times lower than that of
LMICgo-2 (0.90 uM) (Fig. S4 and Table 2).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Cell viability of Colon26 (triangles and dashed lines) and Hela cells (circles and solid
lines) treated with LMI1 (green), LMI1-Cgy-2 (red), and LMI1 + LMICgp-2 mixture (blue)
(a) in the dark at concentrations of 1 ranging from 0.25 to 1.0 uM and (b) after
photoirradiation at 610-740 nm for 30 min at concentrations of 1 ranging from 0.05 or
0.125 to 1.0 uM. The cell viability was evaluated 24 h after treatment using the WST-8
method. Error bars represent the mean * standard deviation for n = 3.

Generally, a selectivity index (SI = ICso in @ normal cell
line/ICsp in a cancer cell line) above 3 indicates a high selectivity
toward the cancer cells.*> The ICsp values of LMI1—Cgo-2 toward
mouse fibroblasts (L929) as a normal cell line was 0.44 uM

J. Name., 2013, 00, 1-3 | 3
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(expressed as [1]) (Fig. S5). The Sl value of LMI1-Ceo-2 for
Colon26 cells was 2.0, whereas that for Hela cells was 3.4.

To gain more insight into the high photodynamic activity of
the LMI1-Cg-2 composite system, the relative ability to
generate 0, was determined via a chemical method using 9,10-
anthracenediylbis(methylene)dimalonic acid (ABDA).*¢47 As
shown in Scheme S4, upon the reaction with 0,, ABDA is
converted to an endoperoxide, which decreases its absorbance
at 380 nm (Fig. S6). The absorption change of ABDA at 380 nm
was plotted against the photoirradiation time for aqueous
solutions of LMI1, LMICgo-2, and LMI1-Cgo-2 (Fig. 5 and S6). The
10, generation ability of LMI1-Cgo-2 was much higher than that
of LMI1 and LMICeo-2, indicating that LMI1—Cgo-2 worked
efficiently as a composite system. In contrast, the increase in
the absorption at 560 nm, which is due to the formation of
formazan from the reduction of nitroblue tetrazolium by O,°~
(Fig. S7 and Scheme S5), revealed the generation of 0,"".*8
Nevertheless, the ability of LMI1-Cgo-2 to generate O,°~ was
very low irrespective of the absence or presence of B-
nicotinamide adenine dinucleotide as an electron donor
(Scheme S2).22 From the high 0, generation ability but low 0,°~
generation ability of LMI1—-Cgo-2, it can be inferred that energy
transfer from 1 to Cgo-2 by type Il pathway occurred as the main
process governing the photodynamic activity after
photoirradiation in the hydrophobic lipid membranes, as is the
case of porphyrin—fullerene composite systems in nonpolar
solvents (Scheme S2).22%2! Fig. S8 showed that the both energy
transfer from photoactivated 1 to Cgo-2 and from 3Cep-2* to O,
can be excepted to occur from the energy levels.

Table 2 ICsy values of LMI1, LMICgo-2, LMI1—Cgp-2. and LMI1 + LMICgy-2 for Colon26 and
Hela cells.

1Cso for Colon26 (uM) ICso for HelLa (uM)

Liposomes [1]e [Ceo-2]" [1] [Ceo-2]°
LMI1 0.56 - 0.31 -
LMICe0-2 - 9.62 - 0.90°
LMI1—Ceo-2 0.22 0.44 0.13 0.25
LMI1 + Ce0-2 0.43 0.86 0.18 0.36

“The ICso values were determined as the concentration of 1. ®The ICso values were
determined as the concentration of Ceo-2. “The value was reported in ref. 28.

To investigate the reason for the higher photodynamic
activity of LMI1—-Cgo-2 toward Hela cells than toward Colon26
cells (Table 2), the uptake of LMI1—Cgo-2 was determined by
performing a fluorescence-activated cell sorting (FACS)
experiment. Colon26 and Hela cells were incubated for 24 h
with a mixture of LMI1—Cgo-2 ([1] = 2.5 uM, [Ceo-2] = 5.0 uM). As
shown in Fig. 6 and S9, the intracellular uptake of LMI1-Cgo-2 by
Hela cells was much higher than that by Colon26, which is
consistent with the higher photodynamic activity of LMI1-Cgo-2
toward Hela cells. The reason is not clear. In the future, we will
try to clarify the reason by investigation of the photodynamic
activity toward other cell lines.

4| J. Name., 2012, 00, 1-3
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Fig. 5 Time-dependent bleaching of 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) by the singlet oxygen generated from LMI1 (black), LMICgy-2 (blue), and LMI1—
Ceo-2 (red) upon photoirradiation (> 620 nm, 15 mW cm-2). A DMSO solution of ABDA
was injected into an aqueous solution of liposomes. Changes in the ABDA absorption at
380 nm were monitored as a function of time (Abs,: initial absorbance) under the
conditions of [DMPC] = 0.1 mM, [1] =0 or 2.5 pM, [C¢-2] = 0 or 5.0 pM, and [ABDA] = 25
UM under an oxygen atmosphere at 25 °C. All data represent the mean values of three
independent experiments. Error bars represent the standard deviations.
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Fig. 6 (a) Flow cytometry analysis for the detection of LMI1-Cg-2 in Colon26 (blue) and
Hela (red) cells ([DMPC] = 0.04 mM, [1] = 1.0 uM, [Cep-2] = 2.0 pM). (b) Mean
fluorescence intensity of LMI1-Cgy-2 associated with Colon26 (blue bar) and Hela (red
bar) cells measured after 24 h incubation at 37 °C. Each value represents the mean +
standard deviation of three experiments.

Conclusions

In summary, we successfully prepared an aqueous solution of a
relatively stable porphyrin—fullerene (LMI1-Cgo-2) composite
system. The photodynamic activities of LMI1-Cg-2 toward
Colon26 and Hela cells were higher than those of LMI1, LMICgo-
2, and LMI1 + LMICg-2 under photoirradiation at 610—-740 nm
because LMI1-Cgo-2 showed much higher 0, generation ability
than LMI1 and LMICgo-2 but very low O,°~ generation ability. The
ICso values of LMI1-Cgo-2 toward Colon26 and Hela cells were
approximately 2.5 and 2.4 times lower than those of LMI1 as the
concentration of 1 and approximately 21 and 3.6 times lower
than those of LMICgo-2 as the concentration of Cgo-2. The results
indicate that the energy transfer from 1 to Cgo-2 plays a
predominant in the photodynamic process in the
hydrophobic lipid membranes, similarly as in nonpolar solvents.
Furthermore, the Sl values of LMI11—Cgo-2 for L929/Colon26 cells
and L929/Hela cells were 2.0 and 3.4, respectively, indicating

role

This journal is © The Royal Society of Chemistry 20xx
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the high selectivity of LMI1-Cgp-2 toward Hela cells. The
porphyrin and fullerene composite systems will bring the
improvement of the photodynamic activity of other porphyrin
derivatives and analogs.

Experimental
Materials

Porphyrin 1, Cgp-2, and cationic lipid 3 were prepared as
described in previously published papers.**=>! y-Cyclodextrin
was purchased from Wako Pure Chemical Industries Ltd (Tokyo,
Japan). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
was purchased from Funakoshi Co., Ltd (Tokyo, Japan). 9,10-
Anthracenediyl-bis(methylene)dimalonic acid (ABDA) and
nitroblue tetrazolium (NBT) were purchased from Sigma-Aldrich
(Milwaukee, WI, USA) and Tokyo Chemical Industries Co., Ltd
(Tokyo, Japan), respectively. text of the article should appear
here with headings as appropriate.

Preparation of liposomes.

DMPC ([DMPC] = 0.10 mM) or a mixture of DMPC and 3
(IDMPC]:[3] = 9:1 mol/mol, [DMPC] + [3] = 0.10 mM) was
dissolved in chloroform (1.0 mL). Subsequently, the solvent was
evaporated under a gentle stream of nitrogen, and the residue
was further dried under vacuum to remove any solvent traces.
The thin lipid films thus obtained were hydrated on the wall of
the vial with an appropriate amount of water (1.0 mL) at about
45 °C. The hydrated materials were subjected to five
consecutive freeze—thaw cycles (at -195 °C and 50 °C) to
produce unilamellar vesicles, which were extruded 11 times
through 0.05 um pores using a LiposoFast miniextruder sourced
from Avestin at a temperature above that of the phase
transition. The resulting liposomes were uniform in size and had
a diameter of approximately 140 nm.

Preparation of y-cyclodextrin-Cg-2 complex.

Aqueous solutions of the y-cyclodextrin—Cgp-2 complex were
prepared as described in previously published papers3® and
diluted to a final concentration of 0.10 mM.

Preparation of LMI1, LMICgp-2, and LMI1-Cgp-2

A DMSO solution (12.2 pL) of 1 (2.0 mM) was injected into an
aqueous solution (1.0 mL) of the DMPC or DMPC-3 liposomes
(IDMPC]:[3] = 1:0 or 9:1 mol/mol, [DMPC] + [3] = 2.00 mM), and
these solutions were mixed for 15 min.263334 After a 1:10
dilution, the final concentrations of the respective components

were [1] = 2.5 uM and [lipids] =0.10 mM ([1]/[lipids] = 2.5 mol%).

LMICg-2 and LMI1-Cgo-2 were prepared via an exchange
reaction between the y-cyclodextrin—Cgo-2 complex and the
DMPC liposome or DMPC-3 liposome and LMI1 (DMPC or
DMPC-3 liposomes), respectively, as described previously.3°=37
The final concentrations of the relevant components were [Cgo-
2] = 5.0 uM, [1] = 0 or 2.5 uM and [lipids] = 0.10 mM ([Ceo-
2]/[lipids] = 5.0 mol%; [1]/[lipids] = 0 or 2.5 mol%).

This journal is © The Royal Society of Chemistry 20xx
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Spectrophotometric assay

The absorbance spectra of LMI1, LMICgp-2, and LMI1—Cgp-2 were
recorded using a UV-3600 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). The fluorescence spectra of the
liposomes were obtained using an F-2700 fluorescence
spectrophotometer (Hitachi Ltd, Tokyo, Japan). The excitation
and emission wavelengths were set to 570 and 600-750 nm,
respectively.

Dynamic light scattering analysis

The hydrodynamic diameters and the zeta potentials of the
light
scattering instrument equipped with a laser Doppler system
(Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern, UK).

liposomes were measured using an electrophoretic

Photodynamic activity experiments

Colon26 and Hela cells were maintained in CO,-independent
medium (Gibco BRL) supplemented with 10% fetal calf serum at
37°Cin 5% CO;. In the experiments conducted to determine the
photodynamic activities of LMI1, LMICeo-2, LMI1-Cgp-2, and a
mixture of LMI1 and LMICego-2, the cells were seeded into 48-
well culture plates at a density of 8.55 x 10* cells per well. After
being allowed to grow overnight, the cells were incubated with
LMI1, LMICgp-2, LMI1—-Ce0-2, and a mixture of LMI1 and LMICeo-
2 for 24 h in the dark. The cells were then washed with
phosphate-buffered saline and exposed to light for 30 min at
room temperature. Light irradiation was conducted using a
xenon lamp (MAX-301, 300 W; Asahi Spectra Co., Ltd, Tokyo,
Japan) equipped with a VIS mirror module (385-740 nm) and a
long-pass filter with a cutoff at 610 nm. The power of the
incident light was 9 mW cm™ (610—-740 nm). The viability of the
cells was measured as the ratio (%) of the number of viable cells
in the treatment groups to the number of viable cells in the
untreated group. A WST-8 assay was performed 24 h after
photoirradiation using a Cell Counting Kit-8 (Dojindo
Laboratories, Kumamoto, Japan) according to the
manufacturer’s instructions.

Identification of reactive oxygen species

The singlet oxygen generated via the ABDA bleaching method
(Sigma-Aldrich Corp.) was detected according to a previously
reported method.*®#” ABDA was used as a dimethyl sulfoxide
(DMSO) solution ([ABDA] = 2.50 mM). The final concentrations
of 1, Cs0-2, and ABDA in the mixture were 2.5 (or 0), 5.0 (or 0),
and 25 pM, respectively. Oxygen gas was bubbled through the
sample solutions for 30 min before the photoirradiation to
ensure aerobic conditions. The photoirradiation was performed
using a xenon lamp (SX-UID500X, 500 W; Ushio Inc., Tokyo,
Japan) equipped with a long-pass filter with a cutoff at 620 nm.
The light was cooled by passing it through a water filter. The
power of the incident light was 16 mW cm=2 (over 620 nm). In
contrast, the generation of O,°~ was evaluated via chemical
methods using nitroblue tetrazolium (NBT).*® In this analysis,
the concentration of Cgp-2 in LMI1-Cgo-2 was 5.0 uM (2760 pL)
and that of a DMSO solution of NBT was 0.25 mM (240 uL). As a
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Organic & Biomofecular Chemistry

positive control, B-nicotinamide adenine dinucleotide (NADH)
was added to an aqueous solution of LMI1-Cg-2 (final
concentration: [NADH] = 0.50 mM). Prior to photoirradiation,
oxygen was bubbled through the samples for 30 min to
generate the necessary aerobic conditions. Photoirradiation
was performed using a xenon lamp (SX-UID500X, 500 W; Ushio
Inc., Tokyo, Japan) equipped with a long-pass filter with a cutoff
at 620 nm. The power of the incident light was 16 mW cm™
(over 620 nm).

Flow cytometry analysis

Colon26 or Hela cells (1.0 x 10° cell per well) were incubated
with LMI1-Cgo-2 ([DMPC] = 0.04 mM, [1] = 1.0 uM, [Ceo-2] = 2.0
uM) for 24 h at 37 °C in 5% CO,. Then, the cells were washed
with phosphate-buffered saline (PBS), detached with a 0.05%
trypsin/0.02% ethylenediaminetetraacetic acid—PBS solution
and subsequently suspended in PBS. The suspended cells were
added directly to a FACSCalibur flow cytometer (Becton—
Dickinson, Franklin Lakes, NJ, USA). The analyses were gated to
include single cells on the basis of forward and side light
scattering and were based on the acquisition of data from
10000 cells. Log fluorescence values were determined and
displayed as single-parameter histograms. The geometric mean
fluorescence intensity was calculated using the CellQuest 3.0
program (Becton—Dickinson, Franklin Lakes, NJ, USA).
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