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Purpose. A novel photo-activated targeted chemotherapy was developed by photochemical internaliza-
tion (PCI) of glutathione-sensitive polymeric micelles incorporating camptothecin (CPT) prepared from
thiolated CPT (CPT-DP) and thiolated poly(ethylene glycol)-b-poly(glutamic acid) (PEG-b-P(Glu-DP))
Methods. PEG-b-P(Glu-DP) and CPT-DP were synthesized and characterized by '"H-NMR and gel
permeation chromatography, and then mixed to prepare CPT-loaded polymeric micelles (CPT/m). The
CPT release from the micelle was studied by reverse phase liquid chromatography. The PCl-activated
cytotoxicity of CPT/m against HeLa cells was studied in combination with a non-toxic concentration of
dendrimer phthalocyanine-loaded micelles (DPc/m) as the photosensitizer.

Results. The diameter of CPT/m was 96 nm and the drug loading was 20% (w/w). CPT was slowly
released under the conditions reproducing the extracellular or endosomal environments. However, under
the reductive conditions mimicking the cytosol, CPT was rapidly released achieving approximately 90%
of the drug release after 24 h. The cytotoxicity of CPT/m was drastically increased on photoirradiation,
whereas the CPT/m were not cytotoxic without PCI.

Conclusions. The CPT/m released the drug responding to reductive conditions. The PCl-induced
endosomal escape exposed CPT/m to the cytosol triggering the drug release. Thus, CPT/m in
combination with DPc/m will behave as smart nanocarriers activated only at photoirradiated tissues.

KEY WORDS: camptothecin; chemotherapy; environment sensitive-polymeric micelles; photochemical

internalization.

INTRODUCTION

The site-specific drug delivery has become a key issue in
cancer therapy, as the use of chemotherapeutic agents is often
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limited due to severe side effects, and the development of
stimuli-responsive drug delivery systems that allow selective
activation of the drugs at the target site will be crucial for
successful therapies. In this way, the use of light for the
activation of drug carriers is an attractive strategy because it
is a safe energy source and it offers a high level of control in
terms of wavelength, duration, intensity, and site of the
photoirradiation, which can modulate the quantity of drug
released, the timing of the release event and its location. The
existing photoactivated drug delivery systems are mainly
triggered 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 damage healthy tissues. Thus,
it is 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 in combination with photochemical internalization
(PCI) for the site-specific enhancement of their therapeutic
efficacy by selective photochemical rupture of endocytic
vesicles and consequent release of endocytosed macromole-
cules into the cytosol (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 in the vesicles to 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 photoirradiation.

The PCI-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 agents with enhanced activity both in vitro and
in vivo (11-13,18,20,23,24). Moreover, we have utilized
dendrimer phthalocyanine (DPc)-loaded polymeric micelles
(DPc/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 DPc/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 derivatives are very potent antitumor agents
(25), though their full clinical potentials have yet to 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) to 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 tested the ability of CPT/m combined with a
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Fig. 1. Photochemical internalization-activated targeting chemother-
apy. The polymeric micelles encapsulating camptothecin (CPT) and
dendrimer phthalocyanine (DPc) accumulate in tumor tissue by the
enhanced permeability and retention effect. The tumor is irradiated
at the relevant wavelength. Both micelles 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 photo-
damage of the endosomal membrane upon photoirradiation, thereby
inducing the endosomal escape of CPT-loaded micelles and the
selective release of CPT under reductive conditions.

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

MATERIALS AND METHODS
Materials

v-Benzyl L-glutamate and N-z-L-lysine were bought from
Sigma Chemical Co., Inc. (St. Louis, MO, USA). Bis(trichlo-
romethyl)carbonate (triphosgene) was purchased from Tokyo
Kasei Kogyo Co., Inc. (Tokyo, Japan). Dichloromethane, 4-
dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide
(DCC), camptothecin, N,N-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 chloride, 2-mercaptopyridine
and 3-mercaptopropionic acid were purchased from Aldrich
Chemical Co., Inc. (Milwaukee, WI, USA). a-Methoxy-o-
aminopoly(ethylene glycol) (CH;0-PEG-NH,; 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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Cell Lines

Human cervical carcinoma HelLa 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.) containing 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 chloride (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-pyrinyldithio)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
was diluted with 150 ml methylene chloride and washed with
0.01 N HCI (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 (97:3 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 0.8 ml of acetic acid. Into this solution was added
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dropwise over a period of 0.5 h 2-aminoethylthiol hydrochlo-
ride 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%).

Synthesis 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, initiated 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
G3000HHR, G4000HHR (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,Cg¢Hs: 0=
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)-b-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. 3. 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
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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-b-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 finally
freeze-dried. The characterization of the polymer was per-
formed by 'H-NMR (solvent: DMSO-d6; temperature: 80°C).

Preparation of Camptothecin-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, CPT-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 Ltd., Worcestershire, United Kingdom). The
CPT concentration of micelle solution was determined by
reverse phase liquid chromatography (RPLC) [column: p-
Bondasphere (Waters, Japan); eluent: acetonitrile/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
to 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 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in n-
pentanol to give DPc. The obtained 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 Q
band 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 w-NH, group of CH;0-PEG-NH; in
DMF under Ar to obtain PEG-b-PLL(Z), followed by the
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deprotection of the Z group. The polymerization degree of the
PLL segments was determined to be 49 by 'H-NMR.

Preparation of Dendrimer Phthalocyanine-loaded Micelle

The DPc/m was prepared as previously described (24).
Briefly, DPc was dissolved in 10 mM Na,HPO, (1 ml) and
added to PEG-b-PLL in a 10 mM NaH,PO, (0.457 ml) to
give a solution containing DPc/m in 10 mM phosphate
buffered solution (pH 7.4). The size distribution of DPc/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
inside a dialysis bag and dialyzed against 10 mM PBS plus
150 mM NacCl (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 HCI, 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
DPc/m that will be used for the PCI of CPT/m, the growth-
inhibitory activity of the DPc/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 photoirradiation for 10 min
using a 300 W halogen lamp (fluence rate: 3.0 mW cm ?)
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.

PClI-enhanced In Vitro 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. HelLa 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 DPc/m. Twenty-
four hours after drug exposure, the cells were photoirradiated
10 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(Glu) was confirmed by "H-NMR. After column purification,
the spectra of CPT-DP presented the proton peaks
corresponding to 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, 7 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
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Fig. 4. Characterization of the thiolated camptothecin derivative. A
'H-NMR spectra of CPT; B 'H-NMR spectra of thiolated
camptothecin (CPT-DP); C RPLC chromatogram of CPT-DP.



Polymeric Micelle for Photo-Activated Chemotherapy

87

o
AP
N a
a "
[ 3
e ]
9 f
c d
R |
PPR

) 1 | 1 T 1 I T 1 [ 1 T 1 I ) 1 1 |
8 8 4 2 0

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 of P
(Glu-DP) (-CHsH4N: 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 (j1,/I'?=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 diameter of 100 nm and a
polydispersity of 0.1. 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
features 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 to
PEG-b-P(Glu-DP) (w/w). This corresponds to approximately
35% of the initial 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
systems show complete disulfide bond formation by sponta-
neous oxidation of the thiol groups in the solution (30-32).
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 to toxic effects. Hence, the CPT
release rate was studied under different conditions simulating
different biological environments (Fig. 6). At 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, i.e. pH 5.5, 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. 6). 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 PCI.

In Vitro Photocytotoxicity of DPc/m

Hela cells were incubated with different concentrations
of DPc/m for 24 h. Then, HeLa cells were photoirradiated at
the fluence rate of 3.0 mW/cm? for 10 min (fluence—1.8 J/cm?)
and then post-incubated for 24 and 48 h. The results
presented a DPc 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 5.5 (filled triangle); pH 7.4
(filled square); and 3 mM DTT (unfilled square). Determined by
RPLC (acetonitrile:1% acetic; fluorescence emission: 370 nm; fluo-
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
PCI-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 1x
10> mg/ml. Therefore, the DPc/m concentration was fixed at
1x10™* 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 DPc/m with
and without photoirradiation against HeLa cells is shown in
Figs. 8 and 9, and IC50 values are summarized in Table I. As
shown in Fig. 8 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 (i.e., fee CPT and CPT-DP) and
photodynamic effect by DPc/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 DPc/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. 9A). 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
vitro cytotoxicity of CPT/m was considerably increased
(Fig. 9A), suggesting that the antitumor activity of CPT/m
can be significantly enhanced by photoirradiation. At 48 h,
the combination of CPT/m and DPc/m without photoirradia-
tion slightly decreased the cell viability at high CPT/m
concentrations (Fig. 9B). Nevertheless, the PCI using DPc/m
significantly enhanced the antitumor activity of CPT/m at 48 h
(Fig. 9B). Thus, as shown in Table I, the combination of CPT/
m and DPc¢/m achieved remarkable (6.5-fold or much more)
enhancement of the cytotoxiciy by photoirradiation.

DISCUSSION

Berg and Hggset et al. were the first to combine PCI and
chemotherapy to deliberately increase the internalization of
the anticancer drug bleomycin (33). The PCI-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-specific 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 cytotoxicity
after endosomal escape by PCI. 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 ligands
can increase the specific uptake in tumor cells and the
efficiency will be considerably enhanced.

The CPT/m were also designed to release their contents
after reaching the targeted 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
at the 20 position as an ester stabilizes the active lactone ring
under physiological conditions (34). Accordingly, the CPT
instability 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), nanobiohybrids (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 interior 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 dendrimer phthalocyanine-loaded polymeric
micelles (DPc/m) without irradiation (filled square) and with 10 min
irradiation at a fluence of 1.8 J/lem2 (unfilled square). A 24 h
incubation after photoirradiation; B 48 h incubation after photo-
irradiation. Data are shown as mean + SD (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 DPc/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 selective photodamage to the endo-/lysosomal
compartments by DPc/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

89

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, DPc/m is assumed to accumulate selectively
in the endo-/lysosomes, thereby achieving the PCI without
compromising the cytotoxicity. Regarding the intracellular
behaviors of DPc/m upon photoirradiation, we previously
reported that DPc/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 DPc/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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photoirradiated CPT plus DPc/m, filled square; non-photoirradiated
CPT-DP plus DPc/m, filled triangle; photoirradiated CPT plus DPc/m,
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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 DPc/m were not changed during 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, e.g.
gastrointestinal 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 tissues, the light penetration decays approximately expo-
nentially (¢ ') 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 (9). For
PCI, the penetration depth would be substantially larger,
since very good PCI effects can be achieved with very feeble
light doses. Accordingly, the penetration depths of light for
effective PCI could be expected at approximately 2 cm (9). In
addition, in the PCI-mediated chemotherapy, chemotherapeutic
agents released from the nanocarriers after 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 vivo tumor models
(43). Recent in vitro results indicated that PCI has the ability to
circumvent the multidrug resistance in adriamycin-resistant
breast cancer MCF-7 cells by release of the adriamycin
localized at end-/lysosomes 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 vitro cytotoxicity
of CPT/m by augmenting the micelle access to the cytosol.
The PCI employing the combinational micelle formulations of
DPc/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

Table 1. In Vitro Cytotoxicity of Free Camptothecin, Thiolated Camptothecin, CPT-Loaded Micelles Plus 1x10™* mg/ml of Dendrimer
Phthalocyanine-loaded Micelles Against HeLa Cells

Irradiation (min) Post-incubation (h)

CPT + DPc/m

0 24

0 48
10° 24
10 48

I1C50 (pM)*
CPT-DP + DPc/m CPT/m + DPc/m
1 N.D.
1.5 0.4 65
0.7 20
1.5 0.2 10

CPT Camptothecin, CPT-DP thiolated camptothecin, CPT/m CPT-loaded micelles, DPc/m dendrimer phthalocyanine-loaded micelles
“IC50 value obtained by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide assay

b Cells were photoirradiated at a fluence of 1.8 J/cm?
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warrant the further development of CPT/m with respect to
the optimization and the in vivo 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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