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Subcellular localization of photosensitizers (PSs) determines the therapeutic efficacy in the photodynamic ther-
apy. However, among the subcellular compartments, there has been little effort to deliver the PSs selectively into
the plasma membrane and examine the phototherapeutic efficacy of membrane-localized PSs. Here, we devel-
oped a liposomal delivery system to localize the hydrophobic PSs selectively into the plasma membrane. The
membrane fusogenic liposomes (MFLs), the membrane of which is engineered to fuse with the plasma mem-
brane, was prepared for the membrane localization of PSs. The phototherapeutic efficacy of cells treated with
ZnPc-loaded MFLs was superior over that of cells treated with ZnPc-loaded non-fusogenic liposomes, which is
the conventional liposomal formulation that delivers the PSs into the intracellular compartments via endocytosis.
The membrane localization of ZnPc molecules led to rapid membrane disruption upon irradiation and subse-
quent necrosis-like cell death. Themembrane-localized generation of reactive oxygen species in the cells treated
with ZnPc-loaded MFLs was likely to account for the effective disruption of plasma membrane. Thus, this work
provides a novel delivery method to localize the PSs selectively into the plasma membrane with the enhanced
phototherapeutic efficacy.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, the adjuvant cancer treatment has evolved from
conventional radiotherapy and chemotherapy to new approaches that
diminish tumor growth [1]. In this scenario, photodynamic therapy
(PDT) emerged as an efficient alternative, presenting potential advan-
tages when compared to the conventional methods [2,3]. This non-
surgical and minimally invasive treatment has been clinically approved
and has been used for the management of different neoplastic patholo-
gies [4,5], such as lung, head and neck, and brain cancer. The PDT is also
considered to be the ideal treatment for skin cancer [6].

The mechanism of action of PDT consists in the uptake of a photo-
sensitizer (PS) by the diseased setting, followed by irradiation with a
specific wavelength of light, which activates the PSs and promotes cell
death [3,7]. Once irradiated, the PS is transformed into an excited
state, transferring energy to its surrounding molecular oxygen and
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generating reactive oxygen species (ROS), primarily singlet oxygen.
Due to its short half-life, the singlet oxygen diffuses up to tens of nano-
meter and, therefore, the damage produced is limited to the subcellular
location of the PS. The subcellular localization sites of PSs include plas-
mamembrane, lysosome, Golgi apparatus, nucleus, and mitochondrion
[8,9]. The chemical natures of PSs, including size, charge, amphiphilicity,
and partition coefficients, are important parameters that influence the
subcellular localization. Furthermore, it was shown that the subcellular
localization of PSs determined the therapeutic efficacy in the PDT
[10–14]. Thus, the subcellular location of PSs delivered to the cells dur-
ing the irradiation period becomes an important variable and can lead to
enhancement of therapeutic outcome in the PDT. However, most of PSs
are insoluble or easily aggregated in physiological conditions due to
their hydrophobicity, restricting the selective delivery to target cells
and subsequent subcellular compartments.

Several approaches have been proposed to overcome such limita-
tions, including the use of nanocarriers to encapsulate and deliver the
PSs selectively to the intracellular sites [15–23]. Amidst them, liposomes
have been broadly studied as PS nanocarriers in the past few years be-
cause of their biocompatibility and stable PS entrapment [24–26]. Par-
ticularly, liposomes allow for efficient loading of hydrophobic PSs into
their transmembranes [27,28]. Furthermore, liposomes can be designed
to interact with cells differently by engineering their lipid composition.
The interactions can occur through two major processes, such as endo-
cytosis and fusion [29]. Conventional liposome formulations developed
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for intracellular drug delivery, including cationic and ligand-conjugated
ones, typically enter the cell via endocytosis. The PSs delivered into the
cell by such liposomes aremainly localized in the intracellular compart-
ments, such as mitochondrion, Golgi apparatus, lysosome and nucleus.
However, there has been little effort to localize the PSs selectively into
the plasma membrane although the damage to this structure is also
known as a major contributing factor to the overall PDT outcome
[30–33].

In this work, we developed a liposomal delivery system to localize
the PSs selectively into the plasmamembrane and examined the thera-
peutic efficacy of PSs localized in themembrane compared to that of PSs
delivered to the cytoplasm by conventional liposomes (Fig. 1). Zinc
phthalocyanine (ZnPc) was used as a PS because of its lipophilicity to
allow the membrane localization and strong phototoxicity upon NIR
irradiation [10,17,19,28,34]. The ZnPc molecules were delivered selec-
tively into the plasma membrane by membrane fusogenic liposomes
(MFLs), the membrane of which is designed to fuse with the plasma
membrane [35]. Conventional cationic liposomes (referred here as
non-fusogenic liposomes, NFLs), which enter the cells via endocytosis,
were also used to deliver the ZnPcmolecules into the intracellular com-
partments, primarily endosome/lysosome. The phototoxicity depend-
ing on the subcellular localization of ZnPc molecules was evaluated
using MTT assay. Membrane disruption, cellular and nuclear morpho-
logical change, and intracellular ROS generationwere assessed to deter-
mine themechanism of cellular phototoxicity enhanced by the selective
delivery of ZnPc molecules into the plasma membrane.
2. Materials and methods

2.1. Cell lines

Murine colon carcinoma CT26 cells and human non-small cell lung
cancer H460 cells were cultured in RPMI 1640 medium (Hyclone),
with added 10% fetal bovine serum (FBS, Hyclone) and 10 mL of antibi-
otics (penicillin 100 units/mL + streptomycin 100 μg/mL, Hyclone).
Fig. 1. Schematic of selective subcellular delivery of hydrophobic photosensitizers by syn-
thetic liposomes. (a) Membrane fusogenic liposomes (MFLs), the membrane of which is
designed to fusewith the plasmamembrane, deliver the photosensitizers (red) selectively
into the plasma membrane. (b) Conventional cationic liposomes (referred here as non-
fusogenic liposomes, NFLs), which enter the cell via endocytosis, deliver the photosensi-
tizers into the intracellular compartments.
Human brain glioblastoma U-87 MG cells were cultured in DMEM me-
dium (Hyclone) with added 10% FBS and 10 mL antibiotics. The cells
were maintained incubated at 37 °C in a 5% CO2-containing
atmosphere.

2.2. Preparation and characterization of ZnPc-loaded liposomes

ZnPc-loaded MFLs and NFLs were prepared from 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, Avanti Polar Lipids), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG, Avanti Polar Lipids), 1,2-dioleoyl-3-trimethyl-
ammonium-propane (DOTAP, Avanti Polar Lipids), and ZnPc (Sigma) at
the molar ratio of 74.5:3.8:20:1.7 and 78.3:0:20:1.7 by film hydration/
extrusion method, respectively, purified with a centrifugal filter
(Amicon® Ultra-4 100K, Millipore), and stored in PBS at 4 °C before
use. The hydrodynamic size and zeta potential of liposomes were
measured using dynamic light scattering (Zetasizer Nano ZS90, Malvern
Instruments). The absorbance and fluorescence of ZnPc-loaded lipo-
somes were measured using UV–vis spectrophotometer (SpectraMax
Plus384, Molecular Devices) and spectrofluorometer (λex = 600 nm
and λem = 680 nm in the fluorescence measurements, Gemini XPS,
Molecular Devices), respectively. In order to test loading stability of
ZnPc in the liposomes in the physiological condition, ZnPc-loaded lipo-
somes were incubated in PBS containing 10% serum for 2 h at 37 °C
and washed with the centrifugal filter to remove free ZnPc released
from the liposomes. The absorption spectra of ZnPc-loaded liposomes
at pre-incubation and 2 h post-incubation were obtained using UV–vis
spectrophotometer.

2.3. Cellular uptake of ZnPc-loaded liposomes

Three kinds of cancer cells (H460 human non-small cell lung cancer,
CT26 mouse colon carcinoma, and U87MG human glioblastoma) were
treatedwith ZnPc-loaded liposomes or free ZnPcmolecules at ZnPc con-
centrations of 5.192, 9.344 or 15.575 μM for 30 min and washed with
fresh medium. To visualize subcellular localization of ZnPc delivered
by liposomes, the ZnPc-treated cells were stained with Hoechst 33342
(Invitrogen), and imaged using a confocal fluorescence microscope
(Nikon). To quantify the intracellular amount of ZnPc delivered by lipo-
somes, the ZnPc-treated cells were incubated with 200 μL of RIPA buffer
(Sigma) for 30min to solubilize the cellular lipid and proteins. The ZnPc
fluorescence of cell lysate was measured using a spectrofluorometer
(λex = 600 nm and λem = 680 nm in the fluorescence measurements).

2.4. In vitro photodynamic therapy

Three kinds of cancer cells (H460, CT26, and U87MG) were treated
with ZnPc-loaded liposomes at various ZnPc concentrations (0 μM,
0.363 μM, 1.417 μM, 5.192 μM and 15.575 μM) for 30 min and washed
with fresh medium. The cells were irradiated with a 660 nm laser (10 J)
and further incubated for 24 h. The cell viability was evaluated using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Invitrogen). In order to test effects of time-dependent intracellular
migration of ZnPc localized in the plasmamembrane on the PDT, the cells
were treated with ZnPc-loaded liposomes for 30 min, washed, and
further incubated for 2 or 4 h prior to the laser irradiation (10 J).

The cell death in the early stages after PDT was also examined using
calcein-AM assay (Invitrogen). The culture medium containing the
calcein-AM was prepared by dissolving the calcein-AM in the culture
mediumwithout phenol red (1.25 μg/mL). The H460 cells were treated
with ZnPc-loaded liposomes at a ZnPc concentration of 5.192 μM for 30
min and washed with fresh medium. After irradiation (660 nm, 10 J),
the cells were immediately incubated in the medium containing the
calcein-AM for 30 min, washed, and treated with 200 μL of RIPA buffer
(Sigma). The Calcein fluorescence was then measured using a spectro-
fluorometer (λex = 490 nm and λem = 515 nm).
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Fig. 2. Selective subcellular delivery of ZnPc molecules by synthetic liposomes. (a) Confo-
cal microscopic images of cancer cells (H460, CT26, and U87MG) treatedwith synthetic li-
posomes loaded with hydrophobic ZnPc (red) for 30 min. Nuclei were stained with
Hoechst 33342 (blue). Scale bar indicates 2 μm. (b) Quantification of ZnPc fluorescence
in the cells treated with ZnPc-loaded liposomes. The cells were lysed to solubilize the cel-
lular lipid and proteins after liposome treatment. The ZnPc fluorescence of cell lysate was
measured using a spectrofluorometer and normalized to the cell number (n = 4; error
bars = s.d.; P b 0.01, P b 0.001 by unpaired t test).
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2.5. Cellular and nuclear morphology imaging

In the following experiments, we adjusted the concentrations of li-
posomes added to the H460 cells in order to deliver the similar amount
of ZnPc molecules to the H460 cells over the treatment period. To ob-
serve cellular morphological change induced by PDT, GFP-expressing
H460 cells were treatedwith ZnPc-loadedMFLs at a ZnPc concentration
of 5.192 μM or with ZnPc-loaded NFLs at a ZnPc concentration of 3.635
μM for 30min andwashedwith freshmedium. Immediately or 4 h after
irradiation (660 nm, 3.3 or 10 J), the cells were imaged using a confocal
fluorescence microscope. To observe nuclear morphological change in-
duced by PDT, H460 cells were treated with ZnPc-loaded liposomes
for 30 min and washed with fresh medium. After irradiation (660 nm,
10 J), the cells were immediately stained with ethidium homodimer-1
(EthD-1, 4 μM, Invitrogen) or Hoechst 33342 (0.5 mg/mL, Sigma) and
imaged using a confocal fluorescence microscopy.

2.6. Intracellular ROS imaging and assay

H460 cells were pre-loaded with 2,7-dichlorodihydrofluorescin
diacetate (DCFH-DA, Cell Biolabs, Inc.) for 45 min and washed with
fresh medium. The cells were then treated with ZnPc-loaded MFLs at a
ZnPc concentration of 5.192 μM or ZnPc-loaded NFLs at a ZnPc concen-
tration of 3.635 μM for 30 min, washed with fresh medium, and irradi-
ated with a 660 nm laser (10 J). For intracellular ROS imaging, the DCF
fluorescence in the cells was imaged using a confocal fluorescence
microscope immediately after irradiation. For intracellular ROS assay,
the cells were incubated for 30 min after irradiation and then lysed
with a lysis buffer (2×, Cell Biolabs, Inc.) and the DCF fluorescence of
cell lysate was measured using a spectrofluorometer (λex = 480 nm
and λem= 530 nm). The DCF fluorescence in each sample was normal-
ized to the untreated sample.

2.7. Statistics

Statistical analyses of the data were performed using t test and
ANOVA. All experiments were performed at least three times.

3. Results and discussion

ZnPc-loaded MFLs were prepared to deliver the ZnPc molecules
selectively into the plasma membrane using a previously established
protocol with some slight modifications [35]. ZnPc-loaded NFLs were
also prepared as a conventional cationic liposomal formulation to
deliver the ZnPc molecules into the intracellular compartments via
endocytosis. The hydrodynamic sizes of ZnPc-loaded liposomes
appeared in the range of 119–124 nm (119.8 ± 11.57 nm for MFLs
and 123.7 ± 6.07 nm for NFLs). The surface charges of ZnPc-loaded
liposomes, which determined their cellular uptake patterns, exhibited
the difference because of their lipid compositions (22.0 ± 1.7 mV for
MFLs and 53.3 ± 1.9 for NFLs). The absorbance and fluorescence mea-
surements of both ZnPc-loaded liposomes revealed accentuated peaks
at 670 nm and 680 nm, respectively, which is in accordance with the
typical absorbance and fluorescence spectra of ZnPc molecules [34].
The ZnPc incorporated into the liposomal membrane was not signifi-
cantly released in the biological medium over an incubation period of
2 h, indicating good stability of the incorporated ZnPc (Supplementary
Fig. S2).

We first observed the subcellular localization of ZnPc molecules
delivered by synthetic liposomes in three kinds of cancer cell lines
(H460 human non-small cell lung cancer, CT26mouse colon carcinoma,
and U87MG human glioblastoma). The cells were treated with ZnPc-
loaded liposomes or free ZnPc molecules at a ZnPc concentration of
9.344 μM for 30 min, washed, and imaged using confocal fluorescence
microscopy. Intrinsic fluorescence of ZnPc molecules allowed visualiza-
tion of their subcellular localization. As expected, MFLs delivered the
ZnPc molecules primarily into the plasma membranes of cancer cells
over a 30-min treatment period (Fig. 2a). On the other hand, the ZnPc
molecules delivered intracellularly by NFLs were observed as dots in
the cytoplasm, indicating that most of ZnPc molecules were trapped in
the endosomes/lysosomes alongside the NFLs. Additionally, the cells
treated with free ZnPc molecules showed that relatively smaller
amounts of ZnPc were translocated into the cells and most of them
were observed in the perinuclear region (Supplementary Fig. S3). To
determine the intracellular amount of ZnPc molecules delivered by
synthetic liposomes, the cells were lysed to solubilize the cellular lipids
and proteins after liposome treatment. The ZnPc fluorescence of cell
lysate was measured using a spectrofluorometer. Highly cationic NFLs
delivered considerably larger quantities of ZnPc molecules into the
intracellular region, compared to the MFLs (2.13-, 3.27-, and 3.54-fold
uptake in H460, CT26 and U87MG cells, respectively, Fig. 2b). As
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Fig. 3. In vitro photodynamic therapy of cancer cells treated with ZnPc-loaded synthetic
liposomes. (a–c) Phototoxicity of (a) H460, (b) CT26, and (c) U87MG cells treated with
ZnPc-loaded liposomes at various ZnPc concentrations. The cells were treated with
ZnPc-loaded liposomes for 30 min, washed, and irradiated with a 660 nm laser. After
24 h incubation, cell viability was analyzed by MTT assay (n = 3–4; error bars =
s.d.; P b 0.05, P b 0.001 by two-way ANOVA).
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observed in the previous studies [36,37], the surface charge of lipo-
somes strongly influences the cellular uptake, which typically increases
with cationic ones. Furthermore, while the intracellular amount of ZnPc
delivered by NFLs was increased proportionally with the liposome
(ZnPc) concentration at which the cells were treated, the amount of
ZnPc localized in the membrane by MFLs was not increased above the
concentration of 9.344 μM ZnPc (Supplementary Fig. S4). It can be rea-
soned that the space in the plasma membrane that can be occupied
with ZnPc molecules seems to be restricted, unlike the cytoplasm. The
membrane-specific delivery was independent of the MFL (ZnPc) con-
centration treated (Supplementary Fig. S5). Collectively, these results
demonstrate that MFLs enable efficient and selective delivery of hydro-
phobic PSs into the plasmamembrane of cancer cells although they de-
liver relatively small amounts of PSs to the cells.

Next, we assessed the phototherapeutic efficacy of ZnPc molecules
delivered into distinct subcellular compartments (plasma membrane
vs. endosome/lysosome). Three kinds of cancer cells (H460, CT26, and
U87MG)were treatedwith ZnPc-loaded liposomes at various ZnPc con-
centrations for 30min andwashed. Half of the sampleswere exposed to
660 nm laser irradiation and incubated for additional 24 h, whereas the
other was not irradiated. The cell viability was then analyzed usingMTT
assay. For all three kinds of cells, both samples treatedwith ZnPc-loaded
liposomes showed significant signs of cellular phototoxicity at the ZnPc
concentration higher than 1.417 μM (Fig. 3). The phototoxicity in-
creased proportionally with the ZnPc concentration at which the cells
were treated. Importantly, the cells treated with ZnPc-loaded MFLs ex-
hibited substantially higher phototoxicity in the ZnPc concentration
range of 1.417–15.575 μM, compared to those treated with ZnPc-
loaded NFLs. Particularly, the membrane localization of ZnPc molecules
in theH460 cells inducedmoredramatic cell death after irradiation, pre-
sumably due to their relatively high sensitivity to PDT [38]. The cells that
received laser irradiation alone displayed insignificant phototoxicity,
suggesting that the irradiation condition used in this study was biosafe.
The liposome treatments at all ZnPc concentrations also did not induce
any significant cytotoxicity (Supplementary Fig. S6). These experiments
revealed that the selective delivery of ZnPc molecules into the plasma
membrane significantly enhanced the therapeutic efficacy of PDT. It
should be noted that the intracellular amount of ZnPc molecules in the
MFL-treated cells was approximately 2–3.5 times lower than that in
the NFL-treated cells (Fig. 2b).

After observing superior phototherapeutic activity of membrane-
localized ZnPc molecules, we started to investigate the mechanism be-
hind the cell death. The H460 cell line was particularly chosen as they
revealed thehighest phototoxicitywhen the ZnPcmoleculeswere local-
ized in the plasmamembrane, compared to other two cell lines (Fig. 3).
We first examined the cellular response in the early stages after PDT be-
cause it would be responsible for the subsequent cell death. The H460
cells were treated with ZnPc-loaded liposomes for 30 min, washed,
and exposed to the laser irradiation. Immediate phototoxic responses
of the cells were evaluated using calcein-AM assay. The ZnPc molecules
localized in the plasma membrane led to more efficient cell death com-
pared to those localized in the cytoplasm (Fig. 4). We also investigated
the effect of intracellular migration of ZnPc molecules localized in the
plasma membrane on the phototherapeutic efficacy in the H460 cells
because some of hydrophobic ZnPc molecules delivered to the plasma
membranewere likely to be internalized to the cytoplasmicmembranes
or compartments over the incubation period of time (Supplementary
Fig. S7a). The phototoxicity of MFL-treated cells was slightly reduced
with increasing the incubation time, whereas that of NFL-treated cells
was not changed (Supplementary Fig. S7b). However, the phototoxicity
of MFL-treated cells at 4 h post-treatment was still significantly higher
than that of NFL-treated cells. It indicated that the ZnPcmolecules deliv-
ered selectively into the plasmamembrane retained their superiority in
the photodynamic efficacy despite the dynamic intracellular migration.
Collectively, these results suggest that the initial phototoxicity mecha-
nism of ZnPcmolecules localized in the plasmamembrane is somewhat
different from that of ZnPc molecules localized in the intracellular com-
partments, thereby leading to substantial cell death during and after
irradiation.

To understand the mechanism of immediate phototoxic responses
of the cells, we also observed the morphological change of cells in the
early stages after PDT (Fig. 5). In following experiments, we adjusted
the concentrations of liposomes added to the cells in order to deliver
the similar amount of ZnPc molecules to the cells over the treatment
period because each liposomal formulation showed different delivery
efficiency of ZnPc molecules (Fig. 2b). The cells were treated with
ZnPc-loaded liposomes for 30 min, washed, and exposed to the laser
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Fig. 4. Initial phototoxicity of H460 cells treated with ZnPc-loaded liposomes. The cells
were treated with ZnPc-loaded liposomes for 30 min and irradiated with a 660 nm
laser. After irradiation, cell viability was immediately analyzed by calcein-AM assay
(n = 3–4; error bars = s.d.; P b 0.01 by one-way ANOVA). Control indicates the sam-
ple irradiated alone.

Fig. 5.Morphological changes of H460 cells in the early stages after photodynamic thera-
py. (a and b) Confocal microscopic and differential interference images of GFP-expressing
H460 cells treated with ZnPc-loaded liposomes followed by laser irradiation for (a) 1 and
(b) 3 min. The cells were treated with ZnPc-loaded liposomes for 30 min, washed and ir-
radiated with a 660 nm laser for 1 or 3 min. After irradiation, the cellularmorphologywas
immediately visualized using confocal fluorescence microscopy. Control indicates the
sample irradiated alone. Scale bar indicates 2 μm.
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irradiation for different period of time (1 or 3 min). After irradiation, the
GFP fluorescence in the cytoplasm was immediately imaged using a
confocal microscope. After 1 min irradiation, multiple protuberances
of the plasma membrane was observed in the cells treated with MFLs,
whereas the cells treated with NFLs did not show any distinct morpho-
logical change. After 3 min irradiation, the MFL-treated cells lost their
original phenotype, which was seen in the cells irradiated alone
(control), and appeared considerably rounded. Additionally, the cellular
morphology of MFL-treated cells at 4 h post-irradiation appeared
substantial cytoplasmic swelling, whereas some of NFL-treated cells
displayed the phenotype similar to the cells irradiated alone (Supple-
mentary Fig. 8).

We further assessed the membrane integrity and nuclear morpholo-
gy of cells exposed to laser irradiation after liposome treatments in order
to study the early feature of cell death. The ethidium homodimer-1
(EthD-1), which is a membrane-impermeable fluorescent dye to bind
to nucleic acids, was used to simultaneously examine themembrane dis-
ruption and nuclear morphological change. After irradiation, the cells
were immediately stained with EthD-1 and imaged using a fluorescence
microscope. Strong EthD-l fluorescence was observed in the nuclei of
both samples, indicating the membrane disruption (Fig. 6a). However,
the nuclear phenotypemanifested byMFL-treated cells appeared clearly
distinct from that of NFL-treated cells. The peripheral condensed nuclear
morphology was observed in most of MFL-treated cells, whereas the
NFL-treated cells exhibited the typical condensed morphology and re-
duced size of nuclei, indicating the apoptotic cell death [10,39,40]. Addi-
tionally, the cell stained with Hoechst 33342 immediately after PDT also
showed similar nuclear morphological patterns (Fig. 6b), further
confirming the EthD-l staining results. Collectively, these results imply
that the selective disruption of plasmamembrane loadedwith ZnPcmol-
ecules upon irradiationmay induce necrosis-like cell death, evidenced by
peripheral chromatin condensation, cytoplasmic swelling, and plasma
membrane disruption [30]. Thus, the membrane disruption-mediated
PDT could be further utilized to destroy the apoptosis-resistant cancer
cells.

Lastly, we investigated whether the reactive oxygen species (ROS)
generated by the ZnPc molecules localized in the plasma membrane
accounted for effective membrane disruption and subsequent necrosis-
like cell death. The H460 cells preloaded with DCFH-DA, an intracellular
ROS fluorescent sensor, were treated with ZnPc-loaded liposomes for
30 min, washed, and irradiated with a 660 nm laser. For intracellular
ROS imaging, the cells were imaged using a confocal fluorescence micro-
scope immediately after irradiation. For DCF fluorescencemeasurements,
the cells were lysed after irradiation and the DCF fluorescence of the cell
lysate was measured using a spectrofluorometer. The DCF fluorescence,
indicating the ROS generation, was clearly observed in both samples
treated with synthetic liposomes followed by irradiation, compared to
the sample irradiated alone (Fig. 7a). Importantly, the DCF fluorescence
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Fig. 6. Nuclear morphological changes in the H460 cells in the early stages after photody-
namic therapy. (a) Epifluorescence microscopic and differential interference images of
H460 cells stained with ethidium homodimer-1 (red) immediately after photodynamic
therapy. Scale bar indicates 10 μm. (b) Confocal microscopic and differential interference
images of H460 cells stained with Hoechst 33342 (blue) immediately after photodynamic
therapy. The cells were treated with ZnPc-loaded liposomes for 30 min, washed and irra-
diated with a 660 nm laser. After irradiation, the cells were immediately stained with
ethidiumhomodimer-1 or Hoechst 33342 and then imaged using a fluorescence or confo-
cal fluorescence microscope. Control indicates the sample irradiated alone. Scale bar indi-
cates 2 μm. Fig. 7. Intracellular ROS generation in H460 cells in the early stages after photodynamic

therapy. (a) Confocal fluorescence microscopic and differential interference images of
DCFH-DA-loaded H460 cells immediately after photodynamic therapy. (b) Quantification
of DCF fluorescence in the cells immediately after photodynamic therapy. The cells
preloaded with DCFH-DA were treated with ZnPc-loaded liposomes for 30 min, washed,
and irradiatedwith a 660nm laser. For cellular imaging, the cellswere imagedusing a con-
focal fluorescence microscope immediately after irradiation. For fluorescence measure-
ments, the cells were lysed with RIFA buffer after 30 min incubation, and the DCF
fluorescence of the cell lysate was measured using a spectrofluorometer and normalized
to the untreated sample (n = 4; error bars = s.d.; NS, not significant by one-way
ANOVA). Control indicates the sample irradiated alone. Scale bar indicates 2 μm.
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was observed primarily near the regions where the ZnPcmolecules were
initially delivered (plasma membrane for MFL-treated cells and intracel-
lular compartments for NFL-treated cells), indicating that the PSs deliv-
ered selectively to the subcellular regions indeed contributed to the
site-specific ROS generation. The amount of intracellular ROS generated
in the cells treated with MFLs was not significantly different from that
treated with NFLs (Fig. 7b). Taken together, these results suggest that
the local ROS generation by ZnPc molecules embedded in the plasma
membrane would be one of main contributors to the substantial mem-
brane disruption. The effective cell death could be also partially caused
by the local heat generated by membrane-localized ZnPc molecules
upon irradiation [32,41].

4. Conclusions

In summary, we demonstrate that the selective delivery of hydro-
phobic PSs into the plasma membrane can significantly enhance the
therapeutic efficacy of PDT. The MFLs designed to fuse with the plasma
membrane were used to deliver the ZnPc molecules selectively into the
plasma membrane. The phototoxicity of cells treated with ZnPc-loaded
MFLs was significantly higher than that of cells treated with ZnPc-
loaded NFLs, which is the conventional liposomal formulation that
delivers the payload into the cytoplasm via endocytosis. The ZnPc mol-
ecules localized in the plasma membrane induced substantial mem-
brane disruption upon irradiation, thereby leading to acute necrosis-
like cell death. The local ROS generation by ZnPc molecules embedded
in the plasmamembrane primarily accounts for the effective disruption
of plasmamembrane. Looking further, theMFLs could be engineered to
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deliver large amounts of hydrophobic PSs specifically into the tumor cell
membranes in vivo by increasing their blood residence time and equip-
ping them with tumor-targeting ligands. Such membrane-specific de-
livery may also amplify the retention of PSs in the tumor cells in vivo,
enhancing PDT outcomes. Thus, the liposomal formulation that delivers
the hydrophobic PSs selectively into the plasma membrane of target
cells is a promising delivery system for the effective PDT of cancer.
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