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ABSTRACT

Photodynamic therapy (PDT) is a promising method for the localized treatment of solid tumors. in order to
enhance the efficacy of PDT, we have recently developed a novel class of ph 1sitizer formulation, e, the
dendrimer phthalocyanine (DPe)-encapsulated polymeric micelle {DPc/m). The DPc/m induced efficient and
unprecedentedly rapid cell death accompanied by characteristic morphological changes such as blebbing of
cell membranes, when the cells were photoirradiated using a low power halogen lamp or a high power diode
laser, The lluorescent microscopic observation using organelle-specific dyes demonstrated that DPcjm might
accumulate in the endo-/lysosomes: however, upon photoirradiation. DPc/m might be promptly released into
the cytoplasm and photodamage the mitochondria, which may account for the enhanced photocytotoxicity
of DPc/m. This study also demonstrated that DPc/m showed significantly higher in vive PDT efficacy than
clinically used Photafrin® (polyhematoparphyrin esters. PHE) in mice bearing human lung adenocarcinoma
A549 cells. Furthermore, the DPe/m-treated mice did not show skin phototoxiciy, which was apparently
observed for the PHE-treated mice, under the tested conditions. These results strongly suggest the usefulness

of DPc/m in clincal PDT

1. Introduction

Photodynamic therapy (PDT), an effective modality for treating
localized rumors, involves the systemic administration of porphyrin-
or phthalocyanine-based photosensitizers (PSs). followed by local
photoirradiation of solid rumors with the light of a specific wavelength
[1-3]. Upon photoirradiation, PSs generale reactive oxygen species
(ROS) such as singler oxygen. leading to photochemical destruction of
rumor vessels and tumor tissues, PDT shows a high clinical complete
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response to early-stage superficial tumors, including lung, esophageal,
gastric, and cervical cancers. Also, PDT is quite useful as an initial
treatment for malignant tumors because organ functions are main-
tained, thus saving the patient's stamina for further treatments.
However. PDT 15 known to be accompanied by skin hyperphotosensi-
tivity, so that the patient needs to stay in a darkened room for at least
2 weeks. This effect is attributable to the lack of tumor selectivity by
currently approved PSs, such as Photofrin® [3]. Tumor-selective PSs
and their formulations are expected to restrain unfavorable side effects
and improve the efficacy of PDT against intractable tumors. In this
context, the use of long-circulating nanocarriers such as liposomes [4].
water-soluble polymers [5-7] and polymenc micelles [8-10] is a
promising way to improve the tumor selectivity of PSs. It has been
demonstrated that such nanocarriers can preferentially and effectively
accumulate in solid tumors, since the tumor tissues are characterized
by the enhanced permeability and retention (EPR) effect. which
consists of microvascular hyperpermeability to circulating macromo-
lecules and impaired lymphatic drainage |11},
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Fig. 1. Chemical structures of anionic dendrimer phthalocyanine (DPc) (A) and polyl ethylene glycoli-polyti-lysine) (PEG-PLL) block copolymer (B) The DPc-encapsulated polyion
complex (PIC) micelle (DPe/m) was formed by mixing DPc and PEG-PLL at a charge stoichiometric ratio (C).

Regarding the development of nanocarriers encapsulating PSs,
most conventional PSs may have several serious drawbacks. Since
potent PSs generally have large m-conjugation domains, they easily
form aggregates due to their n-n and hydrophobic interactions. Such
aggregate formation severely decreases the ROS formation essential to
the PDT effect [12,13]. Also, this propensity may hamper the
encapsulation of PSs into nanocarriers such as liposomes and
polymeric micelles. To solve such problems, we have developed
ionic dendrimer photosensitizers where the core of porphyrin or
phthalocyanine is surrounded by large dendritic wedges [14,15].
Unlike conventional PSs, dendrimer photosensitizers exhibit effective
ROS production even at extremely high concentrations, because the
dendritic wedges sterically prevent or weaken aggregation of the
center dye molecules |13,16]. In addition, ionic groups on the
peripheries of dendrimer photosensitizers allow their stable incor-
poration into polyion complex (PIC) micelles through the electrostatic
interaction with oppositely charged poly(ethylene glycol)(PEG)-
polyelectrolyte block copolymers [10,13,15,16]. Polvmeric micelles.
which are characterized by a size of several tens of nanometers and a
core-shell architecture, are potent nanocarriers for site-specific drug
delivery, as several formulations encapsulating antitumor agents have
already progressed to clinical studies [17-19] We have already
demonstrated that PIC micelles encapsulating third-generation
dendrimer porphyrin showed remarkably high photocytotoxicity
against cancer cells and successfully treared experimental disease
models of choroidal neovascularization (CNV) in rats |20], indicating
that dendrimer photusensitizer-encapsulated PIC micelles show great
promise for use in clinical PDT.

Recently, we prepared PIC micelles through the electrostatic
interaction between the anionic dendrimer phthalocyanine (DPc)
and the PEG-poly(i-lysine) block copolymer (PEG-PLL) (Fig. 1) [15].
Since DPc has strong Q-band absorption at 685 nm, at which the light
deeply penetrates tissues, the DPc-encapsulated PIC micelle (DPc/m)
is assumed to be effective in PDT of solid tumors. In our previous
paper, DPc/m showed approximately three- to four-fold decrease in

the oxygen consumption rate compared with free DPc. indicating a
decrease in quantum yield of singlet oxygen formation [ 15]. Compared
with aforementioned dendrimer porphyrin, a relatively small den-
dritic wedge of DPc may not entirely prevent collisional quenching in
the micellar core. Nevertheless, DPc/m displayed approximately 100-
fold higher in vitro photocytotoxicity against human cervical cancer
Hela cells compared with free DPc when the cells were photoirra-
diated for 60 min with broad-band light (400-700 nm) using a low
power halogen lamp [ 15]. However, the underlying mechanisms of the
enhanced photocytotoxicity of DPc/m remain to be clarified yet,
because DPc/m showed only 4 times higher cellular uptake compared
with free DPc. In the present paper, we have studied in vitro
photocytotoxicity of DPc/m when human lung adenocarcinoma
A549 cells were photoirradiated by a diede laser (670 nm), and
found that DPc/m showed unique photochemical processes inside of
the cells to induce cell death in an unprecedentedly fast manner. Also,
we have studied in vive antitumor activity of DPc/m against
subcutaneous tumor models in mice.

2. Materials and Methods
2.1, Preparation of DPc and DPc/m

The synthesis of anionic dendrimer phthalocyanine { DPc) has been
reported previously [15,21] The synthesized DPc is composed of the
2nd generation aryl ether dendrimer with a Zn(ll}-phthalocyanine
center and 32 carboxylic groups on its periphery (Fig. 1A). Poly
(ethylene glycol}-poly(t-lysine) block copolymer (PEG-PLL) (Fig. 1B)
was synthesized by the polymerization of the N-carboxy anhydride of
N-Z-1-lysine initiated by CH,0-PEG-NH; (12,000 g/mol). followed by
deprotection of the Z group according to a previously reported
method |22|. The polymerization degree of PLL segment was
determined to be 39 by the 'H NMR measurement. The DPc-
encapsulated PIC micelle (DPc/m) was prepared at a charge stoichio-
metric rano of negatively-charged DPc and positively-charged PEG-
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PLL (Fig. 1C). The resulting DPc/m had a diameter of ca. 50 nm with a
narrow size distribution (unimodal, u,/?=0,12) and zeta-potential
value of -05640.56 mV, which were measured by a Zetasizer
nanoseries {Malvern Instruments Ltd., UK).

2.2 Cell culture and cytotoxicity assay

Human lung adenocarcinoma A549 cells were obtained from Riken
Bioresource Center Cell Bank (Tsukuba, Japan). AS549 cells were
maintained in Dulbecco's modified Eagle medium (Invitrogen,
Carlsbad, CA) containing 10X fetal bovine serum in a humidified
atmosphere containing 5% CO; at 37 "C. The light-induced cytotoxicity
[photocytotoxicity) of each photosensitizing agent was evaluated as
follows: In a darkened room, the cells were incubated with
photosensitizing agents for 24 h. After washing with PBS and medium
replacement, the cells were photoirradiated using a low power
halogen lamp or a high power diode laser. In the former case, the
culture plate was irradiated with broad-band visible light using a
halogen lamp equipped with a filter passing light of 400-700 nm
(fluence rate: 3.0 mW/cm’; irradiation time: 15, 30, 45, and 60 min;
fluence: 2.7-10.8 Jjcm?). In the latter case, each well was photo-
irradiated by a 670 nm, continuous wave diode laser (HLD2000MT 7A.
High Power Devices, North Brunswick, N]) [fluence rates: 25, 50, and
100 mWjcm'; irradiation ime: 1000 s; fluence; 25-100 )/cm?). The
cell viability was evaluated by MTT assay 24 h after photoirradiation.

2.3. Observation of morphological changes of the cell during
photoirradiation

To investigate the modality of light-induced cell death, we
examined the morphological changes occurring in DPc- and DPc/m-
treated cells during photoirradiation in a time-lapse manner. In this
experiment, A549 cells were incubated with DPc or DPc/m for 24 h at
the 99% cell growth-inhibitory concentration (1Ceq ). After the medium
was replaced, the morphological changes in the cells during photo-
irradiation by the light source of a time-lapse sectioning fluorescent
microscope (ApoTome/Axiovert 200 M, Carl Zeiss, Oberkochen,
Germany; fluence rate: ~ 120 mW/cm?) were continuously monitored
using the microscope’s differential interference contrast (DIC) mode.
In addition, the fluorescent images from DPc and Rhodamine 123
(Rh123) {Molecular Probes, Eugene, OR), a specific dye to the
mitochondria. were simultaneously observed.

2.4. Intracellular localization of DPg/m

To evaluate the intracellular localization of DP¢/m, PEG-PLL was
labeled with Alexa Muor 488 carboxylic and, succinimidyl ester
(5.0 mg. 7.8 umol) (Invitrogen) according to the manufacturer’s
protocol. After removal of unbound dye by dialysis and lyophilization,
the ratio of the dye to PEG-PLL was estimated to be 3.8 by measuring
UV-Vis spectra. The Alexa 488-labeled DPc/m was prepared as above-
mentioned,

Intracellular localization of Alexa 488-labeled DPc/m in A549 cells
was observed by confocal laser scanning microscopy (CLSM)
(LSMSIOMETA, Carl Zeiss). After 24-h incubation with Alexa 488-
labeled DPc/m and subsequent washing. the cells were treated with
LysaTracker Red DND-99, MitoTracker Red 580, and ER Tracker Red
(Molecular Probes) for the staining of endo-/lysosomes, mitochondria,
and endoplasmic reticulum, respectively. The fluorescent images of
the cells without photoirradiation were observed by CLSM.

2.5. Measurement of ROS production in the mitochondria
The ROS production in the mitochondria in A549 cells was

detected by MitoSOX Red reagent (Invitrogen), which rapidly
accumulates in the mitochondria and exhibits fluorescence upon

oxidation by superoxide and other ROS. After 24-h incubation with
DPc or DPc/m, the cells were incubated with MitoSOX Red (5 pM) for
10 min at 37 *C. Then, the fluorescent image of MitoSOX Red in living
cells during photoirradiation using the light source of the microscope
was observed by CLSM (TCS SP2 Spectral Confocal System, Leica,
Nussloch, Germany ).

2.6. In vive antitumor effect

The antitumor activity of DPc, DPe/m or Photofrin® (porfimer
sodium, PHE from Wyeth, Madison, NJ) was tested against subcuta-
neous tumor models of A549 cells in mice (n=6). A549 cells (3% 10%)
were subcutancously transplanted into the left back of 6-week-old
female nude mice (BALB/c nu/nu) (Clea Japan, Tokyo, Japan). Fifteen
days after transplantation, one of the photosensilizing agents was
administered intravenously at a dose of 185 mgfkg (0.37 pmolfkg
photosensitizing unit) for DPc and DPc/m and 1.65 mg/kg (2.7 ymolfkg
photosensitizing unit) for PHE. Twenty-four hours after the admin-
istration, tumor sites were irradiated with a diode laser with a light
dose of 100 J/cm?. This animal study protocol was approved by the
Ethics Committee for Laboratory Animals of the National Defense
Medical College. Tokorozawa, Japan.

2.7. Skin phototoxicity

Six-week-old female nude mice (BALB/c nu/nu) were intravenously
administered 4.2 umol/kg DPc/m or 8.1 pmol/kg Photofrin® (PHE),
followed by white light irradiation to abdominal skin using a halogen
lamp at the fluence of 60 |/cm” at 0.5, 1, 2 or 4 days after administration.
Four days after irradiation, macroscopic changes in the skin as well as
in the organs were observed.

3. Results
3.1 In vitro PDT using hologen lamp

Table 1 summarizes the 50% cell growth inhibitory concentrations
(1Cs0) of DPe, DPc/m and Photofrin® (PHE) against A549 cells. Note that
none of the photosensitizing agents showed dark toxicity. As shown in
Table 1, DPc/m exhibited an irradiation time-dependent increase in
cytotoxicity, which is consistent with our previous results of the
photocytotoxicity against Hela cells | 14}, Eventually, DPc/m achieved
78-fold higher photocytotoxicity than free DPc at 10.8 Jjem® It is
waorth mentioning that DPc/m was 3.9 times more effective than even
clinically used PHE on a molar basis of photosensitizing units.

3.2 In vitro PDT using diode laser

The photocytotoxicity of DPc and DPc/m against AS49 cells are
summarized in Table 2 and Fig. S1 in Supporting Information. As
shown in Table 2, DPc/m exhibited 44-fold higher photocytotoxicity
than DPc at 25 Jjem? 1t is noteworthy that DPc displayed a fluence-
rate-dependent increase in photocytotoxicity, whereas DPc/m was

Table 1
In vitro cytotoxicity of photesensitizing agents after p using 2L
lamp
Photoirradiate condition ICss (UMY of photosensitizing agent
Time (min} Fluence (Jfcm”) Dic DFe/m PHE
1] 0 ND® N.D. ND
15 7 N.D. 10 1o
30 54 ND. 020 060
45 L4 ND 020 035
80 108 0 0.090 035
* 50% cell growth Yy Cc

* ITqo was higher than the highest examined eoncentration (20 pM)
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Table 2

In vitro cytotoxicity of photosens:

agents after phototrradiation using diode laser

Photoirradsate condinhon Cso (UM of photosensinzing agent

Fluence (Jicm” DP DPc/m
5 D 045
50 a8 0e
100 086 o1

less influenced by the fluence rate. Eventually, DPc/m showed only
7.9-fold higher photocytotaxicity than DPc at 100 Jfem?

1.3. Observation of morphological changes of the cell during
phatoirradiation

The morphological changes occurring in the DPc- and DP¢/m
treated cells duning photoirradiation were monitored in a nme-lapse
manner. The observations revealed marked differences between DPc
and DP¢/m (Fig. 2), The DPc/m-treated cells swelled rapidly, accom-
panied by membrane blebbing, resulting in the disappearance of the
initial shape of the cells within a few minutes of photoirradiation. In
contrast, the DPc-treated cells showed gradual shrinkage while
maintaining their pseudopodial structures during photoirrradianon,

In addition, the fluorescent images from DPc and Rh123, a specific
dye to the mitochondria, were simultaneously monmitored and are also
shown in Fig. 2. Regarding the fluorescence from DPc (red), the DPc-
treated cells exhibited a transient burst in the lNuorescence: the
fluoresce of DPc increased appreciably 60-180 s after the imtiation of
photoirradiation and became obscure within 400 s. Such unique
behavior was also seen in the DPc/m-treated cells; however, the
Nuorescent burst occurred faster than DPc. On the other hand, there
were charactenstic differences in the Rh123 fluorescence (green). The
Rh123 fluorescence in the DPc/m-treated cells disappeared immedi-
ately after the inination of light irradiation. In contrast, the
fluorescence of Rh123 in the DPc-treated cells remained even after
450 s photorrradiation. These results suggest that DPc/m might affect
mitochondrial functions during photoirradiation, leading to rapid cell
death with characteristic morphological changes

3.4. Intracellular localization of DPc/m

The intracellular localization of DPc/m in A549 cells hefore
photoirradiation was observed by CLSM. The fluorescence image in
Fig. 3A reveals that Alexa 488-labeled DPc/m showed punctate
fluorescence co-localized with LysoTracker Red DND-99. In contrast,

DPe/m

Fig. 2. Time-dependent morphole
freen) were simultaneously monitor

journal of Lonfrofied
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the fluorescence pattern of Alexa 488-labeled DPc/m was apparently
different from those of MitoTracker Red 580 and ER Tracker Red, as
shown in Fig. 3B and C, respectively. We also observed the intracellular
Incahzation of DPc and DPc/m after 24-h incubation by utilizing DPc's
fluorescence, and found that both of them were co-localized with
LysoTracker Green DND-26 (Fig. 52 in Supporting Information). These
results indicate that DPc and DPc/m may have been internalized
through the endocytic pathway and may have localized in the endo-/
lysosomes before photoirradiation

3.5. Measurement of ROS production in the mitoechondria

Since DPc/m is assumed to affect the mitochondria, as suggested in
Fig 2. we evaluated ROS production in the mitochondria of A549 cells
using MitoSOX Red. As shown in Fig. 4, MitoSOX Red exhibited apparent
fluorescence in the DPc/m-treated cells after 1 min photoirradiation,
whereas no appreciable fluorescence appeared in the DPc-treated cells
even after prolonged photoirradiation. Thus, DPc/m might induce
photodamage to the mitochondnia and thus affect their functions

1.6 In vivo antitumor effect and skin phototoxicity

The mice bearing subcutaneous A549 tumors were treated with
the POT using DPc, DPc/m or Photofrin™ (PHE), and the relative tumor
volumes after photoirradiation are shown in Fig. 5. As a result, the
tumors in the DPc/m-treated mice grew significantly slower than
those in the DPc-treated mice. It 15 worth mentioning that the PDT
effect of DPc/m was superior to that of PHE, although the injected dose
of DPc/m was 73-fold lower than that of PHE on the basis of
photosensitizing units. On the other hand, we also evaluated in vivo
phototoxicity after PDT. As shown in Fig. 6B, severe damage to the skin
and liver was observed in PHE-administered mice (8.1 umol/kg
photosensitizing unit). In contrast. DP¢/m did not induce such
damage, although a relatively high dose of DPc/m (4.2 pumol/kg
photosensitizing umit) was administered in this study (Fig. 6A). Thus,
DPc/m was demonstrated to be a safe but effective photosensitizer
formulation over clinically used PHE

4. Discussion

The targeted delivery of PSs using nanocarriers such as liposomes
and polymeric micelles have been studied to improve the therapeutic
efficacy and restrain side effects in POT [4-10,13-16]. The use of
nanocarriers is expected to increase the concentration of PSs in the
tumor tssue based on the EPR effect [10]; however, incorporation of

1508 4505
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DPc/m showed an approximately three- to fourfold slower oxygen
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consumption rate compared with [ree DPc [ 15]. We therefore assume
that different mechanisms may underlie photo-induced cell death
ween DPe/m and free DPC. In the present paper, we also studied the
effect of photourradiation by a high-power diode laser on photo-
cylotoxicity, A considerable differences in the
fluence-rate-dependency of photocytotoxicity between DPc and DP/m
Table 2). Meanwhile, we have also studied the time-dependent
maorphological changes of the cells during PDT, and found marked
and DPc/m (Fig. 2). The DPc/m induced
rapid cell death accompanied by characteristic
morphological changes including swelling and membrane blebbing
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treated cells appear to be similar to the characteristics ol oncosis
which is reported to be induced by several pathological conditions.
such as hypoxia, inhibition of ATP production, and increased
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unprecedentedly

permeability of the plasma membrane [23]

To further study unique light-induced cell death by DP¢/m, we have
studied intracellular localization of DPc/m. We observed that both DPc
and DP¢/m selectively accumulated in the endo-/lysosomes, suggest-
ing their cellular internalization through the endocytosis (Fig. 3 and

- However, once the cells were photoirradiated, the DPc and
DPc/m may have been translocated from the endo-/lysosomes to the
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Relatrve tumor volume

] ] 10 15 20 25 B ]
Days after photosrradiation

Ag. 5. Growth curves of subcutaneous A549 tumors in control mice (open orcle) and
mice administered with 0.37 mmol/kg DPc (closed square ), 0.37 pmal/kg DPc/m (closed
triangle) and 2.7 jmol/kg Photofrin® [PHE) [ open dlamond) (n=6) Twenty-four hours
after ad tion of ph g agents, the tumaors were photoirradiated using
a diode laser (fluence. 100 Jjem®)

cytoplasm, because DPc fluorescence became apparent in a diffusive
manner in both the DPc- and DPc/m-treated cells (Fig. 2). The
mechanism of this translocation is the photochemical disruption of
the endo-/lysosomal membranes: this is called photochemical inter-
nalizaton (PCl), a new concept for light-induced cytoplasmic delivery
of cell-membrane-impermeable low-molecular-weight drugs as well
a5 macromolecular compounds, such as nucleic acids and proteins
[24.25]. In our previous papers, we indeed demonstrated that DPe and
DPc/m allowed the efficient endosomal escape of non-viral gene
vectors, achieving light-induced and site-directed transfection in vifro
and in vivo [27.28 ). Possibly, the increased fluorescence of DPc/m in Fig.
2 may reflect the destabilization of the micellar structure due to
photochemical reactions: this destabilization may be essenrial to the
interaction of DPc/m with the endo-{lysosomal membranes.

It is known that the efficiency of light-induced cell death in PDT
depends on which sites in the cell are photodamaged [2.3]. In this
regard, photodamage to the mitochondria could induce efficient cell
death, whereas endo-/lysosomes are less susceptible to photocyto-
taxicity | 3| Therefore, we focused on the effects of PDT using DPc/m on
the mitochondna. In Fig. 2, we evaluated the time-dependent changes
in the fluorescence of Rh123, a specific dye to the mitochondria, during
photoirradiation in PDT using DPc or DPc/m. The fluorescence of Rh123
in the DPc/m-treated cells immediately disappeared after the initiation
of photoirradiation, whereas that in the DPc-treated cells remained
even alter 450 s photoirradiation. Note that the fluorescent intensity of
Rh123 is correlated with the amount of ATP in the cells [28]. Therefore,
it 1s assumed that DPc/m might directly or indirectly clip the ATP in the
cell. To clarify whether the effects of DP¢/m on the mitochondnal
functions are attnibuted to its direct photodamage to the mitochondna
or not, we detected the ROS production in the mitochondria by using
MitoSOX Red (Fig. 4). As a result, only DPc/m showed appreciable ROS
production in the mitochondna upon photoirradiation. These results
suggest that DP¢/m might induce photodamage to the mitochondna
and thus affect their functions,

Based on all the aforementioned results, DPc and DPc/m are assumed
to undergo the following steps in the photo-induced cell death. (i) DPc
and DPcfm are internalized through the endocytic pathway and
accumulate in the endo-{lysosomes. In this step, DPc/m showed 7.6-
fold higher cellular uptake than free DPc. (i) Upon photoirradiation, DPe
and DPc/m are translocated from the endo-/lysosomes to the cytoplasm
through the photochemical disruption of the endo-/lysosomal mem-
branes. We previously reported that DPc/m is more efficient than DP¢ in
the PCl-mediated gene transfection |26]. () Only DPc/m might
accumulate in the mitochondria and produce the ROS, resulting in

Journal of Conmrolled Release 133 (2008) 245-251

exhaustion of ATP in the cell. In contrast, DPc showed no ROS production
in the mitochondria. These steps may account for DPc/m's much higher
photocytotoxicity compared to DPc. Also, PDT using DP¢/m induced
unigque cell death, similar to a characteristic of oncosis. The photodamage
to the mitochondria and|/or the exhaustion of intracellular ATP may be
attributed to this unique cell death by DPe/m. In addition to the
subcellular localization of DPc/m and the phorodamaged sites in the cell,
the characteristic structure of DPc/m, in which several tens DPc
molecules are concentrated in a 50 nm nanocontainer, may also
contribute to the remarkably high photocytotoxicity. Note that DPc/m
from PEG-PLL with the polymerization degree of PLL of 43 contained 77
DPc molecules in the core (Fig. 53 in Supporting Information). The high
local concentration of DPc within the micellar core is assumed to
generate a high concentration of ROS at a local site, achieving a high
photochemical oxidation level that exceeds the threshold of cell death.
Note that, in the case of other nanocarriers containing conventional PSs,
it may be difficult to achieve such a high local concentration of ROS due
to the concentration quenching of PSs [13]. Furthermore, although ROS,
especially singlet oxygen, have very short half-lives (~2 s} in aqueous
media [3]. a high local concentration of ROS achieved by DPc/m may
allow the oxidization of the greater regions in the cell, Such effects of
spatially regulated incorporation of PSs into nanocarners on PDT are
quite intriguing, and further studies should be performed.

In this study, we also demonstrated that DPc/m showed signifi-
cantly higher in vivo antitumor activity against subcutaneous A549
tumors compared with clinically used PHE, although the injected dose
of DPc/m was 7.3-fold lower than that of PHE on the basis of
photosensitizing units (Fig. 5). This superior effect may be explained
by the effective accumulation of DPc/m based on the EPR effect and its
enhanced photocytotoxicity, as mentioned abave. In general, in vivo
PDT effect is known to be very complicated and can be affected by
several parameters, including accumulation and penetrability of

(A)

Fig. 6. Macroscopic observation of the skin and organs in the mice treated with
4.2 pmel/kg DPe/m [A) and 81 wmol/kg Photofrin® (PHE) [B) at 4 days after light
irradiation 1o abdominal skin using a halogen lamp [ fluence: 60 Jfem*)
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photosensitizers (PSs) in the tumor tissue, possible targets (i.e., tumor
vasculature and cancer cells), and tissue penetration of light [1];
therefore, there may be a room for further improvement in the in vivo
efficacy. In this regard, we are going to study the mechanism of in vivo
PDT effect by DPc/m. optimizing several factors to maximize the
therapeutic effect in the near future. Importantly, the PHE-adminis-
tered mice showed severe damages 1o Lhe skin and liver after exposure
to white light; however. the DPc/m-administered mice did not show
such side effects regardless of the injected dose (Fig. 6). These results
may be attributed to the reduced accumulation of DPc/m in the skin
and normal organs. In general, the skin phototoxicity might result
from non-specific accumulation of conventional PSs in the skin,
because they could penetrate the endothelium and eventually
accumulate in various organs and tissues. In contrast, nanocarriers
or macromolecular photosensitizers are assumed not to pass through
the tight junctions of the vasculature in the tissues except for the liver.
spleen, and tumor, which possess leaky vasculatures. Therefore, it is
assumed that nanocarriers or macromolecular photosensitizers may
not accumulate in the skin, thus preventing skin phototoxicity,
Furthermore, no skin damage was found after photoirradiation even
at 1 hafter DPc/m administration (data not shown), Possibly, DP¢c/min
the bloodstream may not be phoroactivated by light irradiation, owing
to strong absorption by a heme in red blood cells.

5. Conclusion

The DP¢/m elicited remarkably effective and rapid light-induced
cell death. Following internalization by endocytosis, DPc/m seemed to
be translocated from the endo-[lysosomes to the cytoplasm during
photoirradiation and subsequently induce photodamage to the
mitochondria, Such unigue intracellular localization of DPc/m may
be responsible for the enhanced photocytotoxicity mentioned above.
In animal experiments, DPc/m showed significantly higher antitumor
activity than clinically used PHE. Furthermore, unlike the PHE-treated
mice, the DPc/m-treated mice showed no sign of skin phototoxicity.
Thus, DPc/m is expected to serve as an innovative photosensitizer
formulation to improve the effectiveness and safety of current PDT.
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Purpose. A novel photo-activated targeted chemotherapy wis developed by photochemical internaliza
tion (PCI) of glutathione-sensitive polymeric micelles incorporating camptothecin (CPT) prepared from
thiolated CPT (CPT-DP) and thiolated poly{ethylene glycolj-bpoly(glutamic sad) (PEG-b-P(Glu-DP))
Methods. PEG-b-P(Glu-DP) and CPT-DP were synthesized and characterized by "H-NMR and gel
chr graphy, and then mixed to prepare CPT-loaded polymeric micelles (CPT/m). The
('l’l release from Ihr: micelle was studied by reverse phase liguid chromatography. The PCl-activaied
cy icity of CPT/m ag Hela cells was studied in combination with 4 non-toxic concentration of
dendrimer phthalocyanine-loaded micelles (DPe/m) as the photosensitizer,
Resulis The diameter of CPT/m was 96 nm and the drug loading was 20% (wiw) CPT wis slowly
1 1 under the co reproducing the extracellular or endosomal environments. However, under
the reductive conditions mimicking the cytosol, CPT was rapidly released achieving approximately %0%
of the drug release after 24 h. The cytotoxicity of CPT/m was drastically increased on photoirradiation,
whereas the CPT/im were not cytotoxic without PCT,
Conclusions. The CPT/m rel I the drug responding to reductive condibons. The PClanduced
cadosomal escape exposed CPT/m 1o the cylosol triggering the drug release. Thus, CPT/im in

combination with DPc/m will behave as sman nanocarriers activated only at photoirradiated tissues

KEY WORDS: camptothecin; ¢h t

internalization,

INTRODUCTION

The site-specific drug delivery has become a key issue m
cancer therapy, as the use of chemotherapeutic agents is often
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sensitive-polymeric micelles, photochemical

limited due to severe side effects, and the development of
stimuli-responsive drug delivery systems that allow selective
activation of the drugs al the target site will be crucial for
successful therapies. In this way, the use of light for the
activation of drug carriers is an altractive strategy because it
15 a sale energy source and it offers a hgh level of control in
terms of wavelenpth, duration, mlensity, and site of the
photorradiation, which can modulate the quantity of drug
released, the timing of the release event and its location. The
existing photoactivated drug delivery sysiems are mainly
tnggered by UV light, such as the systems based on the
photoisomerization of azobenzene derivatives (1-5). Never-
theless, these systems are not suitable for biological applica-
tions because of the high absorbance of UV light by many
biomolecules and the potential d healthy Thus.
it s necessary to develop realistic drug delivery systems
activated by light with a longer wavelength in order to
minimize photoinduced damage and to increase the depth of
light penetration into tissues.

Recently, several macromolecules and other molecules
that do not readily penetrate the plasma membrane have
been used i combination with photochemical internalization
(PCT) for the site-specific enhancement of their therapeutic
efficacy by selective photochemical rupture of endocylic
vesicles and consequent release of endocytosed macromole-
cules into the cylosol (6-13), The PCI concept is based on the
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use of photosensitizers, which induce the formation of
reactive oxygen upon exposure to light of appropriate wave-
lengths (14). These photochemical reactions are the basis for
photodynamic therapy (PDT), a treatment modality where
light exposure leads to photosensitizer-induced killing of
cancer cells used in various types of cancer (15,16). The PCI
allows macromolecules located i the vesicles Lo reach the
cytosol and to exert their biological activity instead of being
degraded by lysosomal hydrolases. Furthermore, this PCI-
based relocalization and activation of the macromolecules has
the advantage of minimal side effects because the effect is
localized to the irradiated area. The PCI employs light with
clinically relevant wavelengths even in the near IR region,
allowing a therapeutic effect in deeper lesions of the target
tissues and a negligible damage to healthy tissue. In addition,
after PCI, the macromolecules are exposed to the extremely
reductive environment of the cytosol. Since the concentration
of glutathione at the cytosol is 100-1,000 times higher than
that in blood (17), it can be used as an efficient stimulus for
the specific drug carrier activation. Consequently, the combi-
nation of PCI and drug carriers responsive to reductive
environment will present the spatial and temporal triggering
of drug action by photorrradiation.

The PCl-induced chemotherapy should be performed
utilizing drug carriers that selectively accumulate in tumor
tissues and enter cells via endocytosis. In this way, the
polymeric micelles have shown reduced non-specific accu-
mulation in normal tissues and preferential accumulation
in solid tumors by the enhanced permeability and retention
effect (18-22). Previously, we have reported polymeric
micelles for the delivery of chemotherapeutics and photo-
sensitizing agenis with enhanced activity both in vitro and
in wive (11-1318.20)23.24). Moreover, we have utilized
dendrimer phthalocyanine (DPcj-loaded polymeric micelles
(DP¢/m), as photosensitizers, to increase the transfection
efficiency of polyion complex micelles incorporating
plasmid DNA by PCI (11-13). Thus, in the present study,
we will utilize DPe/m to induce PCI for the specific
activation of glutathione-sensitive camptothecin (CPT)-
loaded polymeric micelles (CPT/m). Since both the CPT/m
and the DPc/m are expected to exhibit prolonged blood
circulation, selectively accumulate in tumor tissues and be
taken up by cancer cells via endocytosis as previously
reported for similar systems (18-21; Fig. 1), the combination
will behave as a photoactivated drug delivery system for
in vivo application,

CPT and its denivatives are very polent antitumor agents
(25), though their full clinical potentials have yet Lo be
realized because of the lack of water-solubility, the instability
of the pharmacologically active lactone ring and the fast non-
specific distribution to the whole body (25.26). Thus, the
development of adequate carriers for the delivery of CPT is
imperative. Herein, the CPT/m were prepared by conjugating
a thiolated-camptothecin derivative (CPT-DP) 1o thiolated
poly(ethylene glycol)-poly(glutamic acid) [PEG-b-P(Glu-
DP)] block copolymer via a disulfide bond given that this
bond is stable in blood and specifically cleaved in a reductive
environment (17). Accordingly, the in vitro release profiles
were studied under different conditions. Moreover, in order
to prove the concept of a photoactivated drug delivery
system, we lested the ability of CPT/m combined with a

Fig. 1. Photochemical inter

| targeting ch h
apy. The polymenic micell psulating prothecin (CPT) and
dendrimer phthalocyanine (DFPc) accumulate in tumor tissue by the
enhanced permeability and retention effect. The tumor is irmadiated
al the rel length. Both lles are considered to be taken
up by the cell through the endocytic pathway. The localization of the
DPc-loaded micelles in the endosome allows the selective pholo-

wage of the ane upon photoirradiation, thereby
inducing the endosomal cscape of CPT-loaded micelles and the
selective release of CPT under reductive conditions.

non-toxic concentration of DP¢/m to specifically eradicate
cancer cells in vitro after photoirradiation.

MATERIALS AND METHODS
Materials

y-Benzyl t-glutamate and N-z-L-lysine were bought from
Sigma Chemical Co., Inc. (St. Louis, MO, USA). Bis(trichlo-
romethyl)jcarbonate (triphosgene) was purchased from Tokyo
Kasei Kogyo Co., Inc. (Tokyo, Japan). Dichloromethane, 4-
dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide
(DCC), camptothecin, NN-Dimethylformamide (DMF), di-
methyl sulfoxide (DMSO), dithiothreitol (DTT) and 3-(4,5-
dimethylthiazol-2-y1)-2 5-diphenyltetrazolium bromide (MTT)
were obtained from Wako Pure Chemical Co., Inc. (Osaka,
Japan). Methoxycarbonylsulfenyl chlonde, 2-mercaptopyridine
and 3-mercaptopropionic acd were purchased from Aldnch
Chemical Co., Inc (Milwaukee, WI, USA). a-Methoxy-w-
aminopoly(ethylene glycol) (CH;O-PEG-NHy; Mw=>5.000 and
12,000) was purchased from Nippon Oil and Fats Co., Inc.
(Tokyo, Japan). All solvents for the polymer syntheses were
distilled just before use.
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B
Cell Lines

Human cervical carcinoma Hela cells were supplied
from Japanese Collection of Research Bioresources Cell
Bank (Osaka, Japan). HeLa cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM:; Sigma Chemical
Co., Inc.) contaning 10% fetal bovine serum in a humidified
atmosphere containing 5% CO, at 37°C.

Synthesis of Thiolated Camptothecin (CPT-DP)

A CPT derivative bearing the pyridyl disulfide group was
synthesized as shown in Fig. 2. Briefly, a solution of methoxy-
carbonylsulfenyl chlonde (1.25 g, 3.8 mmol) in methylene
chloride (26 ml) was treated with 3-mercaptopropionic acid
(1.05 g, 3.8 mmol) in methylene chloride (13 ml) for 2 h. After
solvent was evaporated, the residue was redissolved in methy-
lene chloride (26 ml) and treated dropwise with a solution of
2-mercaptopyridine (1.1 g, 3.8 ml) in 13 ml of the same solvent.
After stirring overnight. the solvent was evaporated to yield an
oily residue of 3-(2-pyrmyldithio)propionic acid. Then, 0.5 mmol
of 3-(2-pyrinyldithio)propionic acid was mixed with 0.5 mmol
CPT, 0.55 mmol DMAP and 0.55 mmol EDC in 5 ml methylene
chloride. After 24 h stirring at room temperature, the mixture
wits diluted with 150 ml methylene chloride and washed with
0.01 N HCQI (30 ml, one time) and water (30 ml, six times). The
organic layer was evaporated to obtain a pale orange solid. The
product was purified by silica gel chromatography using
methylene chloride-methanol (973 v/v) as an eluent to yield
an orange solid of CPT-DP. The proper modification of CPT
was analyzed by 'H-NMR in DMSO at 25°C

Synthesis of Thiolated Poly(ethylene glycol)-Poly(glutamic
acid) [PEG-b-P(Glu-DP)] Block Copolymer

Preparation of Disulfide Amine Linker

Thiopyridyl disulfide was dissolved in 20 ml of methanol
and OB ml of acetic acid. Into this solution was added

o o
m)k/\ = ’:r)k/\
SHOOUCH,
J-mercaptoproomne sod

Cabral er al.

dropwise over a penod of 0.5 h 2-aminoethylthiol hydrochlo-
nide in 10 ml methanol. The mixture was stirred for 48 h and
then evaporated to yield yellow oil, followed by washing with
50 ml diethyl ether and dissolution in 10 ml of methanol. The
product was precipitated by addition of 200 ml of diethyl
ether, chilled for 12 h at -20°C and collected by vacuum
filtration (yield: 77%).

Svnthesis of Poly(ethylene glycol)-Poly(glutamic acid)
[PEG-b-P(Glu)] Block Copolymer

PEG-P(Glu) block copolymer was synthesized according to
the previously described synthetic method (27). Briefly, the N-
carboxy anhydride of y-benzyl L-glutamate (BLG-NCA) was
synthesized by the Fuchs—Farthing method using triphosgene.
Then, BLG-NCA was polymerized in DMF, mitiated by the
primary amino group of CH:O-PEG-NH,, to obtain PEG-poly
(y-benzyl L-glutamate) (PEG-b-PBLG) block copolymer. The
molecular weight distribution of PEG-b-PBLG was determined
by gel permeation chromatography [column: TSK-gel
G3NOHHR, G400OHHR (Tosoh Co., Inc., Yamaguchi, Japan);
eluent: DMF containing 10 mM LiCl; flow rate—0.8 ml/min;
detector: refractive index; temperature: 25°C]. The polymeri-
zation degree of PBLG was verified by comparing the proton
ratios of the methylene units in PEG (-OCH.CH-—: d=
3.7 ppm) and the phenyl groups of PBLG (-CH.C,Hq: 4=
7.3 ppm) in 'H-NMR spectrum (solvent: DMSO-d,;
temperature: 80°C), and it was determined to be 81. The
deprotection of the benzyl group of PEG-b-PBLG was carried
out by mixing with 0.5 N NaOH at room temperature to obtain
PEG-P(Glu).

Synthesis of Thiolated Poly{ethylene glycol)-h-Poly(glutamic
acid) [PEG-b-P(Glu-DP)] Block Copolymer

The P(Glu) backbone of PEG-b-P(Glu) was thiolated
by the procedure illustrated in the Fig. 1. Briefly, PEG-b-P

(Glu) was dissolved in DMSO, followed by addition of NHS
and water soluble DCC, The solution was stirred for 2 h, and

W,

3| 2-pyrinykdithio jpwopeonie. acid

N
Camptothecn (CPT)

W3 « U,
L ST

Tholaea Camptotnecn (CPT-OP) g

Q'_"{

Fig. 2. Synthesis of CPT-DP.
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Fig. 3. A Synthesis of thiolated (PEG-b-P{Glu-DP) B Deprotection of PEG-5-P(Glu-DP) using DTT

then SPTDP was added. The solution was stirred for another
20 h. Then, the mixture was dialyzed against water and (inally
freeze-dried. The characterization of the polymer was per-
formed by "H-NMR (solvent: DMSO-d6; temperature: 80°C).

of Camptothedn-loaded Micelle (CPT/m)
CPT/m were prepared as follows: PEG-b-P(Glu-DP)
(60 mg) was mixed with DTT (3-fold excess) in DMSO in
order to deprotect the sulfide group at the p(Glu) backbone.
Twenty-four hours later, the solution was dialyzed against
DMSO. After dialysis, CPFT-DP, (40) mg) was added and the
solution was shaken at 37°C in dark for 72 h. Then, the
unreacted CPT-DP was removed by dialysis against DMSO,
The resulting drug-polymer conjugate was dialyzed against
water in order to form polymeric micelles. Finally, the micelle
solution was purified by ultrafiltration (MWCO—50,000) and
the size distribution of the micelle was measured by dynamic
light scattering (DLS) using a Zetasizer Nano ZS90 (Malvern
Instruments Lid., Worcestershire, United Kingdom). The
CPT concentration of micelle solution was determined by
reverse phase liquid chromatography (RPLC) [column: pi-
Bondasphere (Waters, Japan), eluent: acetomtrile/1% acetic
acid; detector: fluorescence (emission—370 nm; detection—

440 nm); temperature: 40°C] after micelle dissociation with
10 mM DTT and mixing in 1 N HCL

Synthesis of Dendrimer Phthalocyanine

The synthesis of the ionic DPc was performed according
1o the method reported by Ng's group (28). The second gener-
ation of dendritic phenol was reacted with 4-nitrophtalonitrile
by an alkali-mediated coupling reaction to obtain the corre-
sponding dendritic phthalonitrile, which was treated with Zn
(OAc): and 1 S-diazabicyclo[S4.0Jundec-T-ene (DBU) in n-
pentanol to give DPc. The obtaned DPc was 4,904 dalton and
the adsorption spectra in an aqueous solution revealed that
DPc exhibits a B band absorption at 350 nm and a strong O
hand absorption at 685 nm, indicating a monomeric dispersion
(24).

Synthesis of Poly(ethylene glycol)-b-poly(/-Lysine)
[PEG-b-PLL]

PEG-b-PLL block copolymer was synthesized as previously
reported (29), Briefly, the N-carboxy anhydride of N-Z-Lysine
was polymerized from the «-NH; group of CH:0O-PEG-NH; m
DMF under Ar to obtain PEG-H-PLIZ), followed by the

— 909 —



deprotection of the Z group. The polymenzauon degree of the
PLL segments was determined to be 49 by 'H-NMR.

Preparation of Dendrimer Phthalocyanine-loaded Micelle

The DP/m was prepared as previously described (24).
Briefly, DPc was dissolved in 10 mM Na-HPO, (1 ml) and
added to PEG-A-PLL in a 10 mM NaH,P0O; (0.457 ml) to
give a solution contaming DPe/m in 10 mM phosphate
buffered solution (pH 7.4). The size distribution of DP¢/m
was determined by DLS.

CTP Release from CPT/m under Different Conditions

The release of CPT from the micelle under different
conditions was evaluated by the dialysis method. Briefly, a
micellar solution of known CPT concentration was placed
mnside a dialysis bag and dialyzed against 10 mM PBS plus
150 mM NaCl (pH 5 and 7.4) or 10 mM PBS plus 3 mM DTT
at 37°C. The solution outside the dialysis bag was sampled at
defined time periods to determine the amount of free CPT
released from the micelle, Then, 0.1 ml of the sample was
diluted in 0.4 ml of 1 N HCl, and the concentration was
measured by RPLC using the conditions previously described.

In Vitro Photocytotoxicity of DPc/m

In order to determine the non-toxic concentration of
DP¢/m that will be used for the PCI of CPT/m, the growth-
inhibitory activity of the DP¢/m was evaluated by MTT assay.
Hela cells were cultured in DMEM containing 10% FBS in
96-well multiplate. After 24 h incubation, cells were incubated
with the drugs for 24 h, followed by photorrradiation for 10 min
using a 300 W halogen lamp (fluence rate: 3.0 mW ¢m ™)
equipped with a band-pass filter (400-700 nm). Then, the cells
were post-incubated for 24 and 48 h. The cell viability was
measured by MTT assay.

PCl-enhanced In Virro Cytotoxicity of Camptothecin-loaded
Micelle

The growth-inhibitory activity of the free CPT, free CPT-
DP and CPT/m with and without a non-toxic concentration of
DPc/m was evaluated by MTT assay. Hela cells were
cultured in DMEM containing 10% FBS in 96-well multi-
plate. After 24 h incubation, the cells were exposed to each
CPT formulation in the combination with DP¢/m. Twenty-
four hours after drug exposure, the cells were photoirradiated
100 min. Then, the cells were post-incubated for 24 and 48 h.
Finally, MTT solution was added and, 3 h later, 20% SDS
solution was added. Cell viability was measured by the
formed formazan absorbance at 570 nm.

RESULTS
CPT-loaded Micelle

The proper incorporation of the linkers to CPT and PEG-b-
P(Gilu) was confirmed by 'H-NMR. After column purification,
the spectra of CPT-DP presented the proton peaks
correspondmg o the CPT plus the alkyl-disulfide-pyridine
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linker (Fig. 4). From the proton ratio between the methylene
group j of CPT (Fig. 4A) and the methylene protons, 1 or 2, of
the conjugated linker, the degree of modification of CPT was
determined to be 100% by '"H-NMR (Fig. 4B). Moreover, the

RPLC results showed a single peak suggesting high purity of
the product (Fig. 4C). For the PEG-b-P(Glu-DP), the degree

%

Ll

4
6
5 2

|

I s ' . ' 3 : bt
C s
i #0063 1
3

w V) 0 158 258 16 ne Be

trme ()

Fig. 4. Characterization of the thiolated camptothecin derivative. A
'"H-NMR spectra of CPT: B '"H-.NMR spectra of thiolated
camptothecin (CPT-DP); € RPLC chromatogram of CPT-DP.
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Fig. 5. "H-NMR spectra of thiolated poly(ethylene glycol)-poly(glutamic acid) block copolymer (PEG-b-P
(Glu-DP)).

of thiolation was determined to be 44 [54% of the P(Glu)
units| by comparing the proton ratios of the methylene units in
PEG (-OCH,CH>—: 6=3.7 ppm) and the pyridine groups ol P
(Glu-DP) (-CHsHiN: 6=7.5 ppm; Fig. 5).

The driving force for micelle assembly is the hydro-
phobic interaction between P(Glu-DP) backbones of the
block copolymers after the conjugation of CPT-DP. After
purification of the micelles by ultrafiltration, the size
distribution of CPT/m was determined to be 96.3 nm with
a considerable low cumulant polydispersity (j12/T=0.048)
by DLS. In addition, the CPT/m formulation offers the
possibility to be lyophilized for long-term storage. After
redissolving the freeze-dried CPT/m in water, the DLS
results showed a z-average diameler of 100 nm and a
polydispersity of (L.1. Note that the size of a colloidal drug
carrier is a determinant feature of its fate in blood circulation
and its biodistribution. The sub-100 nm size as well as the
hydrophilic PEG palisade surrounding the core are important
leatures of the CPT/m to avoid their uptake by the reticu-
loendothelial system.

The drug loading was estimated after micelle dissociation
with 10 mM DTT by RPLC. The incorporated amount was
determined to be 0.25 CPT molecules per thiol group at the p
(Glu) backbone ([CPT-S)/[SH]), indicating 20% of CPT o
PEG-b-P(Glu-DP) (w/w). This corresponds to approximately
35% of the mitial CPT-DP feeding, Worth mentioning is that
the thiol moieties in the P(Glu-DP) backbone that did not
react with CPT may form disulfide bonds to crosslink the
micellar core. We previously reported that similar micellar
yst show complete disulfide bond formation by sponta-
neous oxidation of the thiol groups in the solution (3-32).
Such disulfide crosslinks may stabilize the micelle structure in
addition to the hydrophobic interaction.

Release Rate from CPT/m under Different Conditions

Drug-loaded micelles should be designed to release their
contents after reaching the targeted tissue since the prema-
ture drug release can lead 1o toxic effects. Hence, the CPT
release rate was studied under different conditions sumulating
different biological environments (Fig. ). Al settings that
reproduce the extracellular environments, i.e. 10 mM phos-
phate buffer pH 7.4 plus 150 mM NaCl, the CPT release from
the micelle was extremely low. After 96 h, the release was
determined to be almost 30% of the incorporated CPT
(Fig. 6). At endosomal pH. ie. pH 55, the percentage of
drug released from the micelle core was also found to be very
low with approximately 1% of the drug released after 96 h
(Fig. 6). Nevertheless, in a reductive environment simulating
the cytosolic conditions, 10 mM PBS plus 3 mM DTT, a burst
release of CPT was observed throughout the first 10 h. During
this period, almost 80% of the incorporated drug was
released. Then, the drug release reached a plateau achieving
more than 90% of the drug released in 96 h (Fig. /). This fast
and preferential drug release under cytosolic conditions can
be exploited to deliver CPT only in tissues where the micelles
can escape from the endosomes aided by PCL

In Vitro Photocytotoxicity of DPdm

Hela cells were incubated with different concentrations
of DP¢/m for 24 h. Then, Hela cells were photoirradiated at
the fluence rate of 3.0 mW/em” for 10 min (fluence—1.8 Jem®)
and then post-incubated for 24 and 48 h. The results
presented a DPe concentration-dependent decrease in cell
viability (Fig. 7A and B). The photo-induced cell death is
observed at the region of high DPc concentrations, and it
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Fig. 6. Release rate of CPT-DP from the micelles (CPT/m) at 10 mM
phosphate buffer plus 150 mM NaCl at pH S5 (filled triangle), pH 7.4
(fitled square), and 3 mM DTT (unfilled square). Determined by
RPLC (acetonitrile:1% acetic; Muorescence emission: 370 nm; Muo-
rescence detection—440 nm). Data are shown as mean + SD (n=3).

might be attributable to the vast photochemical reactions. At
low DPc concentrations, the production of reactive oxygen
species may be low and mainly confined to the endosomal
compartments, maintaining the cell viability. Thus, in order to
minimize the photocytoxicity from the DPc/m in the following
PCl-mediated enhancement of CPT/m, a non-toxic
concentration of DPc/m was determined. The highest non-
toxic concentration of dendrimer-micelle was observed at 1«
107" mg/ml. Therefore, the DPe/m concentration was fixed at
12107 mg/ml for the following experiments.

PCI-Enhanced In Vitro Cytotoxicity of CPT/m

The cytotoxicity of free CPT, free CPT-DP and CPT/m in
combination with the non-toxic concentration of DP¢/m with
and without photoirradiation against HeLa cells is shown in
Figs. 8 and 9, and [C50 values are summanzed in Table 1. As
shown in Fig. & and Table I, free CPT-DP showed slightly
higher cytotoxicity than free CPT, which may be due to
facilitated cellular uptake of CPT-DP with a hydrophobic
pyridyl disulfide group. In the presence of photoirradiation,
the combination of free CPT or CPT-DP and DPc/m showed
less than 2-fold enhancement of the cytotoxicity without
photoirradiation. Because free CPT or CPT-DP enter cells by
passive diffusion and show potent cytotoxicity without photo-
irradiation, there may be a synergistic effect between
cytotoxic compounds (ie., fee CPT and CPT-DP) and
photodynamic effect by DPe/m. This effect is assumed to be
the combination effect of chemotherapy and PDT rather than
PCI, since PCI is aimed to deliver cell membrane-imperme-
able drugs and macromolecular compounds from the endo-/
lysosomes to the cytosol through the photochemical disrup-
tion of endo-lysosomal membranes, thus achieving the light-
selective drug action (9). On the other hand, the combination
of CPT/m and DP¢/m without photoirradiation was not toxic
after 24 h post-incubation, probably due to the localization of
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the micelles in the endosome and the restricted drug release
of CPT/m (Fig. YA). However, when the cells were photo-
irradiated, the PCI effect exposed the CPT/m to the reductive
conditions of the cytosol by endomal escape. Hence, the in
vigro cytotoxicity of CPT/m was considerably mcreased
(Fig. YA), suggesting that the antitumor activity of CPT/m
can be significantly enhanced by photoirradiation. At 48 h,
the combination of CPT/m and DP¢/m without photoirradia-
tion slightly decreased the cell viability at high CPT/m
concentrations (Fig. 9B). Nevertheless, the PCI using DP¢/m
significantly enhanced the antitumor activity of CPT/m at 48 h
(Fig. YB). Thus, as shown in Table 1, the combination of CPT/
m and DPc¢/m achieved remarkable (6.5-fold or much more)
enhancement of the cytotoxicly by photoirradiation.

DISCUSSION

Berg and Hogset ef al. were the first to combine PCI and
chemotherapy to deliberately increase the internalization of
the anticancer drug bleomyain (33). The PCl-mediated
relocalization of bleomycin into the cytosol considerably
enhanced its in vitro and in vivo efficacy because bleomycin
is practically non-permeant to the plasma membrane and
enters the cells by endocytosis whereby it may be degraded in
the lysosomes. Nevertheless, bleomycin is in contrast to
traditional anticancer agents, such as CPT, that will easily
pass the cell membrane and will generally be taken up by
non-target cells generating severe side effects. Therefore, the
PCI site-speaific targeting of traditional anticancer drugs
should be performed using drug carriers that enter the cells
via endocytosis and release their contents only after PCL In
this way, the CPT/m presented a strong in vitro cyloloxicity
after endosomal escape by PCl. The carrier activation is
correlated with the fast CPT release from the micelle core
under reductive conditions, Moreover, the modification of the
outer hydrophilic shell of CPT/m with cancer-specific lipands
can increase the speaific uptake in tumor cells and the
efficiency will be considerably enhanced.

The CPT/m were also designed to release their contents
alter reaching the tarpeted tissue. Like this, the drug leakage
from CPT/m during blood circulation will be minimized since
the experiments of drug release rate demonstrated that the
disulfide linker used to conjugate CPT to the block copolymer
backbone is selectively cleaved under reductive conditions. This
will reduce the toxic effects that arise from non-specific
accumulation of free drug. Moreover, the delivery of the active
lactone form of CPT is also crucial for exerting the antitumor
activity. In this way. it has been determined that modifying CPT
al the 20 position as an ester stabilizes the active lactone ring
under physiological conditions (34). Accordingly, the CPT
nstability under physiological conditions may also be reduced
for the CPT-DP derivative. In addition, previous studies
revealed that the lactone ring of CPT was protected upon
incorporation of the drug into the lipid bilayer of liposomes
(35.36). microspheres (37.38), nanobiohybnds (39), and poly-
meric micelles (40,41). Thus, the hydrophobic core of CPT/m
probably functions as an auspicious CPT reservoir by inhibiting
drug inactivation. In addition, after the PCI, the CPT/m will
reach the terior of cancer cells, release the CPT in the lactone
form avoiding extracellular inactivation and, in this way,
maximize the efficiency of CPT.
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Fig. 7. Cell viability of dendnmer phthalocyanine-loaded palymenc
micelles (DPe/m) without irradiation (filled square) and with 10 min
irradiation at a fuence of 1.8 Jem2 (unfilled square). A 24 h
incubat) after photor won;, B 48 h incubation after photo-

irradiation. Data arc shown as mean + 5D (n=4)

In this study, we successfully achieved the light-induced
activation of chemotherapeutic agents by the PCI using the
combination of CPT/m and DP¢/m under the condition at
which the photosensitizer (PS) alone showed no photo-
cytotoxicity. Although there are several previous reports
regarding the photo-activated chemotherapy using the com-
bination of chemotherapeutic agents and PSs, in those studies
the light-induced enhancement of the cytotoxicity of chemo-
therapeutic agents was observed only when the PS alone
showed significant photocytotoxicity (42.43). The highly light-
selective activation of chemotherapeutic agents by our system
may be attributed to (1) the aforementioned CPT release
selectively after the endosomal escape of CPT/m by the PCI
and (2) highly sclective photodamage to the endo-flysosomal
compartments by DP¢/m. It is reported that low-molecular
weight PSs such as sulfonated phthalocyanine (AlPcS..),
which were used in other studies, show significant photo-
cytotoxicity accompanied by the PCI (8.9), probably because

they are assumed to accumulate not only in the endo-/
lysosomes but also in other organelles susceptible to the
photodamage such as the plasma membranes and mitochon-
dria. In contrast, DP¢/m is assumed lo accumulate selectively
in the endo-/lysosomes, thereby achieving the PCI without
compromising the cytotoxicity. Regarding the intracellular
behaviors of DP¢/m upon photoirradiation, we previously
reported that DP¢/m showed 100-fold higher in vitro photo-
cytotoxicity against HeLa cells than free DPc, which cannot
be explained by four times higher cellular uptake of DP¢/m
compared with free DPc (24). Therefore, it appears that
DPc/m in a micellar form should play a pivotal role in the
intracellular photochemical reactions rather than released
free DPc. Indeed, we confirmed that the physicochemical
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Concentration (mg/mi)
B
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Fig. 8. Cell viability afier ireatment with CPT and CPT-DP combined
with @ non-toxic concentration of DPc/m with and without 10 min
irradiation at a fluence of 1.8 Jem™. A 24 h incubation after
photwirradiation; B 48 h incubation after photoirradiation. Non-
photoirradiated CPT plus DPc/m, filled square; non-photoirradiated
CPT-DP plus DPc/m, filled iriangle; photoirradiated CPT plus DPe/m,
unfilled square, photoirradiated CPT-DP plus DPo/m. unfilled iriangle.
[ata are shown as mean + SD (n=4).
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Data are shown as mean + SD (n=4).
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properties (scattering light intensity, cumulant diameter and
polydispersity index) of DP¢/m were not changed dunng the
photoirradation under the tested conditions in this study
(Supporting Information). The detailed intracellular behav-
iors of DPc/m are now under investigation, and the results
will be reported elsewhere in the near future.

Recent developments in fiber optics and laser technology
allow illuminating many sites inside the human body, ep.
gastroiniestinal tract, urogenital organs, lungs, brain and
pancreas. However, as for PDT, one important in vivo
restriction is the limited penetration of light into the tissue.
In ussues, the light penetration decays approximately expo-
nentially (e ') for every 2-3 mm, with a theoretical maximum
for PDT effects of about 1 cm if a photosensitizer that absorbs
in the far-red region of the light spectrum is used (Y). For
PCI, the penetration depth would be substantially larger,
since very good PCI effects can be achieved with very fecble
light doses. Accordingly, the penctration depths of light for
effective PCT could be expected at approximately 2 cm (9). In
addition, in the PCl-mediated chemotherapy, chemotherapeutic
agents released from the nanocarriers afler photoirradiation
can diffuse through the tumor tissue, allowing the treatment
of thicker and hypoxic tumors, which are known to be
intractable by PDT alone due to the limited light penetration
and low oxygen concentration, respectively. Another benefit of
PDT and chemotherapy combination is that PDT has shown to
overcome multidrug resistance in many in vive tumor models
(43). Recent in vitro results indicated that PCI has the ability to
circumvent the multidrug resistance in adnamycin-resistant
breast cancer MCF-7 cells by release of the adnamycin
localized at end-flysosomes after PCI (42, 44, 45).

CONCLUSION

We have designed a novel PCl-activated drug carrier for
the delivery of CPT using the glutathione-sensitive polymeric
micelle, The micelle showed very low release of free drug
under physiological conditions. However, in the presence of a
reductive agent {(DTT), the drug release increased rapidly.
The effect of PCI strikingly enhances the in vitre cytotoxicity
of CPT/m by augmenting the micelle access to the cylosol
The PCI employing the combinational micelle formulations of
DP¢/m and CPT/m could allow the long-sought ability to
deliver chemotherapeutics where, when, and in the required
doses, thus maximizing their effect and reducing side effects
and damage to healthy tissues. The present results not only

ptothecn, CPT-Loaded Micelles Plus 1=107" mg/ml of Dendrimer

plothecin, Thiol

Phthalocyanine-loaded Micelles Against Hela Cells

1C50 (uM)”
Irradiation (min) Post-incubation (h) CPT + DPc/m CPT-DP + DPc/m CPT/m + DP¢/m
0 24 2 1 ND
0 48 15 04 65
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warrant the further development of CPT/m with respect to
the optimization and the in vive development, but also
indicate the potential of the PCI technology applied to
polymeric micelles that specifically release their contents
under reductive conditions.
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