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ABSTRACT

A major difficulty in photodynamic therapy is the poor
solubility of the photosensitizer (PS) under physiological
conditions which correlates with low bioavailability. PS
aggregation leads to a decrease in the photodynamic effi-
ciency and a more limited activity in vitro and in vivo. To
improve the aqueous solubility and reduce the aggregation of
2,9(10),16(17),23(24)-tetrakis[(2-dimethylamino)ethylsulfanyl]
phthal-ocyaninatozinc(II) (Pc9), the encapsulation into four
poloxamine polymeric micelles (T304, T904, T1107 and
T1307) displaying a broad spectrum of molecular weight and
hydrophilic-lipophilic balance was investigated. The aqueous
solubility of Pc9 was increased up to 30 times. Morphological
evaluation showed the formation of Pc9-loaded spherical
micelles in the nanosize range. UV/Vis and fluorescence stud-
ies indicated that Pc9 is less aggregated upon encapsulation
in comparison with Pc9 in water-DMSO 2% and remained
photostable. Pc9-loaded micelles generated singlet molecular
oxygen in high yields. Photocytotoxicity assays using human
nasopharynx KB carcinoma cells confirmed that the encapsu-
lation of Pc9 in T1107 and T1307 increases its photocytotox-
icity by 10 times in comparison with the free form in
water—-DMSO. In addition, Pc9 incorporated into cells was
mainly localized in lysosomes.

INTRODUCTION

Cancer is one of the most devastating diseases worldwide, with
an estimated 7.9 million deaths in 2007 and an expected increase
to 12 million by 2030. Photodynamic therapy (PDT) is a promis-
ing clinical treatment of a variety of endoscopically accessible
tumors, such as lung, bladder, gastrointestinal and gynecological
neoplasms, as well as nonmelanoma skin cancer and precancer-
ous diseases (1-7). The clinical treatment involves the adminis-
tration of a photosensitizing (PS) agent, which preferentially
localizes within the tumor, followed by irradiation with visible
light of an appropriate wavelength of the targeted tissue. This
process generates reactive oxygen species capable of reacting
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with lipids and proteins in cancer tissue, leading to necrosis or
apoptosis and tumor ablation (8).

Phthalocyanines (Pcs) have found applications as phototoxic
drugs for PDT (2,9-11). In addition to their well-known chemical
stability, Pcs exhibit a high absorption coefficient (10> M~ ' cm ™!
in the visible region of the spectrum, mainly in the phototherapeu-
tic window (600-800 nm) and an efficient singlet oxygen produc-
tion, the predominant cytotoxic agent responsible for cancer cell
damage (12). It has been reported that thiol-derivatized metallopht-
halocyanine complexes show excellent spectroscopic and photo-
chemical properties, such as wavelength absorption over 700 nm,
higher values of molar absorption coefficients in comparison with
alkyl-substituted Pcs. These features allow the use of light display-
ing greater skin penetration, and enhance the photocytotoxic effects
due to a higher singlet oxygen photogeneration (13—15). An impor-
tant aspect that needs to be considered is the strong tendency of
Pcs to form aggregates. This aggregation is usually attributed to a
coplanar association of rings progressing from monomer to dimer
and to higher order complexes, which affect the optical properties
of Pcs diminishing their photodynamic efficiency. Through the use
of different nanocarriers, aggregation can sometimes be partially or
completely prevented and the solubility of PS can be increased,
thus allowing parenteral administration (16). As improved solubil-
ity usually correlates with higher bioavailability (17,18), several
nanocarriers (e.g. liposomes, dendrimers, polymeric nanoparticles
and nanoemulsions) are being explored to guarantee the appro-
priate PS solubilization and delivery (19-22). The in vitro PDT
efficacy of silicon(IV) phthalocyanines incorporated into poly-
meric micelles has been established (21,23).

Polymeric micelles are nanoscopic (< 100 nm) structures gen-
erated by the self-assembly of amphiphilic block copolymers in
water above the critical micelle concentration (CMC) (24,25).
Polymeric micelles display several advantages over the standard
micelles such as polysorbate 80 (Tween 80%) and polyethoxylated
castor oil (Cremophor EL™). They solubilize drugs more effec-
tively, they are safer for parenteral administration and they are
more physically stable under dilution (26,27). The thermo-respon-
sive poly(ethylene oxide)poly(propylene oxide) (PEO-PPO) block
copolymers are among the most extensively investigated micelle-
forming amphiphiles (24). Poloxamines (Tetronic®) are X-shaped
amphiphilic block copolymers formed by four PEO-PPO blocks
linked to a central ethylenediamine group, the latter conferring the
amphiphile dual responsiveness to temperature and pH. Due to the
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unique arrangement where the hydrophobic blocks form the inner
core and the hydrophilic ones the outer corona, polymeric micelles
can host lipophilic drug molecules within the core and improve
their aqueous solubility and stability (28,29).

The great interest to improve the photodynamic performance
of 2,9(10),16(17),23(24)-tetrakis[(2—dimethylamino)ethylsulfanyl]
phthalocyaninatozinc(Il) (Pc9), a derivative that has shown prom-
ising photodynamic properties (14), has led us to investigate the
encapsulation of Pc9 into four different poloxamine polymeric
micelles of different size and hydrophilic—lipophilic balance
(HLB). The spectroscopic and photophysical properties, as well
as the size, the solubility and the photochemical stability were
comprehensibly investigated. Finally, the photocytotoxicity of
the formulated micellar Pc9 was assayed in human nasopharynx
KB carcinoma cells and compared with that of the free Pc9. The
uptake and the intracellular localization of the encapsulated
phthalocyanine were also explored.

MATERIALS AND METHODS

Materials. Pc9 (Fig. 1) was synthesized in our laboratory as previously
described (14). Poloxamines Tetronic® 304 (T304, MW 1.65 kDa), 904
(T904, MW 6.7 kDa), 1107 (T1107, MW 15 kDa) and 1307 (T1307,
MW 18 kDa) were a gift from BASF. Diphenylbenzofuran (DPBF), imi-
dazol BioUltra and Methylene Blue hydrate (MB) were obtained from
Fluka (India). N,N-Diethyl-4-nitrosoaniline 97%, dimethylsulfoxide
(DMSO), acetone, tetrahydrofuran (THF) and spectrophotometric grade
were obtained from Sigma—Aldrich (Germany). All chemicals were of
reagent grade and used without further purification. Milli-Q water was
obtained from a Milli-Q system (Millipore).

Preparation of polymeric micelles. Polymeric micelles (10% wt/vol)
were prepared by dissolving the required amount of copolymer in milli-Q
water (pH 7-8) at 4°C followed by the equilibration of the system at 25°
C, for at least 24 h before use.

Encapsulation of Pc9. A 0.5 mMm solution of Pc9 in acetone (200 uL)
was added dropwise to the different micellar systems (5 mL) with mag-
netic stirring and the samples were shaken for 48 h at 25°C. The result-
ing suspensions were filtered through a cellulose nitrate filter (0.45 pum)
to remove insoluble Pc9 and then freeze dried (FIC-LOS freeze-dryer,
Scientific Instrumental Manufacturing, Argentina). Dry specimens were
redissolved in acetone to fully release the Pc9 from the micelles and the
concentration of Pc9 for each sample was determined by the absorbance
at 685 nm (Shimadzu UV-3101 PC spectrophotometer; Shimadzu).
Concentrations were calculated by interpolating the absorbance of each
sample in a calibration curve of Pc9 in acetone covering the range
between 0.05 and 6.9 ug mL ™", which obey the linearity of the Lambert
—Beer law. Samples were diluted as required to fit the calibration curve
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Figure 1. Chemical structure of phthalocyanine (Pc9).

range. The correlation factor was 0.9977-0.9992. Copolymer solutions in
acetone were used as blank. Experiments were carried out in triplicate.

Solubility factors (f;) were calculated according to the following
equation:

fs = Sa/Swaler (1)

where S, and Sy are the apparent solubility of Pc9 in the different
micellar systems and the intrinsic solubility of Pc9 in water—-DMSO 2%
(0.48 pug mL™"), respectively. This DMSO concentration is usually the
maximum concentration tolerated by cells in monolayers without signifi-
cant cell death.

DLS. The average hydrodynamic diameter (Dy,) and the size distribu-
tion of the polymeric micelles were measured by dynamic light scattering
(DLS) using a Zetasizer Nano-Zs (Malvern Instruments, Worcestershire,
UK) provided with a He-Ne (633 nm) laser and a digital correlator
ZEN3600, at 25°C. Measurements were conducted at a scattering angle
of 0=173° to the incident beam. Samples were measured in a
10 x 10 mm quartz cuvette. Experiments were carried out without pho-
tosensitizer to prevent fluorescence interference in the DLS signals.
Results are expressed as the average of at least three measurements.

TEM. The morphology of Pc9-free and Pc9-loaded micelles was charac-
terized by means of transmission electron microscopy (TEM; Phillips EM
301 TEM apparatus operating at 65 kV). A sample drop was placed onto a
grid covered with Formvar film and the excess was drawn off with a filter
paper. Samples were subsequently stained with uranyl acetate solution for
30 s and finally dried in a closed container with silica gel and analyzed.

Photophysical characterization. Absorption and emission spectra were
recorded at different concentrations using a 10 x 10 mm quartz cuvette
(0.1-1 um). Fluorescence spectra were monitored with a QuantaMaster
Model QM-1 PTI spectrofluorometer (PhotoMed GmbH, Seefeld,
Germany). All experiments were performed at room temperature. Emis-
sion spectra of Pc9 were collected at an excitation wavelength of 610 nm
(Q-band) and recorded between 630 and 800 nm. Emission and absorp-
tion spectra of Pc9-loaded polymeric micelles were corrected for light
scattering by subtracting the spectra of Pc9-free micelles.

Fluorescence quantum yields (®r) were determined by comparison
with those of tetra-z-butyl phthalocyaninatozinc(Il) (®g = 0.30 in toluene;
30) as a reference at A = 610 nm. Calculations were performed according
to the following equation:

LI5(1—1074%) (ns>2 )

S
@i = O IR(1 —10-4%) \mR
where R and S superscripts refer to the reference and the sample respectively;
I is the integrated area under the emission spectrum; A is the absorbance of
solutions at the excitation wavelength and (n® /nR)2 stands for the refrac-
tive index correction. The experiments were carried out in triplicate.

The quantum yield of singlet oxygen generation (®,) was calculated
by means of standard chemical monitor bleaching rates (31). For ®,
studies in organic solvent, DPBF was used as a singlet oxygen chemical
quencher. To avoid chain reactions induced by DPBF in the presence of
singlet oxygen, the absorbance of DPBF was kept under 1.9. DPBF
decay at 410 nm was monitored. For ®, studies in aqueous media, sin-
glet oxygen monitor solutions of imidazole (8 mm) and N,N-diethyl-4-ni-
trosoaniline (40-50 um) were air saturated and irradiated. The bleaching
of nitrosoaniline was followed spectrophotometrically at 440 nm as a
function of time. Polychromatic irradiation was performed using a projec-
tor lamp (Philips 7748SEHJ, 24V-250 W) and a cut-off filter at 610 nm
(Schott, RG 610). A water filter was used to prevent infrared radiation.
Samples of Pc9 and references 2,3,9,10,16,17,23,24-octakis(decyloxy)
phthalocyaninatozinc(Il) (5 = 0.70 in THF; 16) and MB (P, = 0.56 in
water; 32) were irradiated within the same wavelength interval A;—/,,
and ®, was calculated according to the following equation:

oS fjf To(A)(1 — 1074 @)dj

oy =0 :
BRI () (1 - 107440 dz
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where r is the singlet oxygen photogeneration rate and the superscripts
S and R stand for the sample and reference, respectively, A is the
absorbance at the irradiation wavelength and I,(Z) is the incident spec-



Table 1. Structural properties, HLB and CMC of the different PEO-PPO
block copolymers employed in the study.

Molecular CMC¥ 25°C
Copolymer ~ weight* (kDa) Nz Npo  HLB? (Yowt/vol)
T304 1.65 150 171 12-18 2.0
T904 6.70 609 693 1218 0.5
T1107 15 2386 77.6 1823 0.5
T1307 18 286.4  93.1 >24 0.2-1.0

Ngo, mean number of EO units per PEO block; Npp, number of PO units
per PPO block; CMC, critical micelle concentration; PEO-PPO; poly(eth-
ylene oxide)poly(propylene oxide). *Molecular weight of the copolymers
as reported by BASF. 'Data taken from reference (24). ‘HLB, hydro-
philic-lipophilic balance.

Table 2. Apparent solubility (S,) and solubility factors (f;) of Pc9 encap-
sulated into different poloxamine micelles, at 25°C.

Pc9 in micellar systems (10%)

Copolymer S, (ug mL™' ; £SD) f. (£ SD)

T304 1.87 (0.39) 3.89 (0.81)
T904 6.48 (0.51) 13.50 (1.06)
T1107 12.10 (0.98) 25.20 (2.04)
T1307 14.30 (1.05) 29.70 (2.19)

Results are the average (+SD) of three independently prepared micel-
lar systems. The intrinsic Pc9 solubility in water-DMSO 2% is
0.48 pug mL™".

tral photon flow (mol s™' nm™'). When the irradiation wavelength
range is narrow, the incident intensity varies smoothly with the wave-
length, and the sample and the reference have overlapping spectra,
I, can be approximated by a constant value, which may be drawn out
of the integrals and canceled. The experiments were carried out in
triplicate.

Table 3. D, and size distribution of micellar systems in water at 25°C.
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Photostability. The photostability of Pc9 incorporated into polymeric
micelles was determined by the decay of the Q-band intensity after expo-
sure to red light (33). The fluence rate was adjusted to 20 mW cm 2.
Measurements were performed under air in water. Photodegradation rate

constants k were calculated by the following equation:
4)

where 7, Ap and A, are the irradiation time, absorbance at = 0 and
absorbance at different times, respectively. The experiments were carried
out in duplicate.

Aggregation studies of Pc9-loaded micelles. The intensity absorption
ratio of the two bands corresponding to the monomer and oligomers was
calculated. The higher values of the ratio indicated a disaggregated dye
form (34,35). This ratio was calculated for all Pc9-loaded micelles using
the Anax indicated in Table 4. These values were compared with those
obtained in THF, where aggregation was not observed, and with those
obtained in water-DMSO 2%.

Cells and culture conditions. Human nasopharynx carcinoma KB cells
(ATCC CCL-17) were maintained in Minimum Essential Medium (MEM;
Gibco, Life Technologies, Argentina) containing 10% (vol/vol) fetal bovine
serum (FBS; Gibco, Life Technologies), 2 mm L-glutamine, 50 U mL~!
penicillin, 50 ug mL™" streptomycin, 1 mM sodium pyruvate and 4 mm
sodium bicarbonate, in a humidified atmosphere of 5% CO, at 37°C.

Dark cytotoxicity and photocytotoxicity. KB cells were plated at a
density of 1 x 10 cells per well in 96-well microplates and incubated
overnight at 37°C until 70-80% of confluence. Then, the culture med-
ium was replaced by MEM containing 4% (vol/vol) FBS and different
concentrations of unloaded or Pc9-loaded micelles. After 24 h, cells
were washed with PBS and exposed to a light dose of 2.8 J cm ™2 and
1.17 mW cm 2, with a 150 W halogen lamp equipped with a 10 mm
water filter to attenuate IR irradiation and avoid heating of the cells. In
addition, a cut-off filter was used to bar wavelengths shorter than
630 nm. In parallel, nonirradiated cells were used to study dark cyto-
toxicity. Following treatments, cells were incubated for another 24 h
and cell viability was determined by MTT reduction assay (36).
Briefly, 100 pug of MTT tetrazolium salt was added and incubated for
4 h at 37°C. Formazan crystals were solubilized in 0.01 m HCI in iso-
propyl alcohol and the absorbance (4 = 595 nm) was measured in a
Biotrack II Microplate Reader (Amersham Biosciences, Sweden).

Pc9 cellular uptake and intracellular localization. KB cells grown on
coverslips were incubated with or without 0.1 um Pc9-loaded T1107
micelle in MEM-4% (vol/vol) FBS during 24 h at 37°C in the dark.

Peak 1 Peak 2 Peak 3
Copolymer Dy, (nm) % Dy, (nm) % Dy, (nm) % PDI (+SD)
T304 2.7 (0.05) 315 13.9 (0.35) 7.8 235.4 (7.36) 60.7 0.38 (0.04)
T904 4.1 (0.06) 13.5 14.6 (0.42) 61.1 188.0 (21.3) 25.4 0.19 (0.02)
T1107 4.3 (0.05) 32.1 22.6 (0.33) 29.6 240.9 (10.2) 38.3 0.41 (0.02)
T1307 4.9 (0.03) 22.1 47.6 (0.19) 48.4 405.3 (13.1) 29.5 0.34 (0.04)

PDI, Polydispersity index.

Figure 2. TEM micrographs of 10% poloxamine solutions prepared in water. Inset: TEM of Pc9-loaded micelles. T304 (A), T904 (B), T1107 (C) and
T1307 (D).
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After washing with PBS, cells were stained with LysoTracker Green
DND-26 (75 nM, 30 min) and MitoTracker Green FM (100 nm, 45 min)
as described previously (14,15). Coverslips were fixed for 10 min at
room temperature with 4% (wt/vol) paraformaldehyde and cells were then
examined by fluorescence. Digital images were collected in a Zeiss LSM
Meta laser scanning confocal microscope (Carl Zeiss, Jena, Germany)
equipped with a krypton—argon laser. Pc9 was excited at 633 nm and the
emission was monitored at wavelengths higher than 650 nm. Organelles
(lysosomes and mitochondria) were excited at 488 nm and green fluores-
cence was detected at 505-530 nm. Cell nuclei were stained with
Hoechst 33258, excited at 405 nm and detected at 420-480 nm.

RESULTS AND DISCUSSION

Solubilization of Pc9 into the polymeric micelles

The first goal of the study was to explore the ability of polox-
amine polymeric micelles to host Pc9 molecules within the micel-
lar core as a strategy to enhance the water solubility of the dye.
The intrinsic Pc9 solubility in water-DMSO 2% is 0.48 ug mL ™.
Encapsulation assays were carried out with copolymer concentra-
tions far above the CMC (10% wt/vol) to ensure the presence of
micelles and to maximize the solubilizing properties of the amphi-
phile (28,37,38). To comparatively evaluate the parameters that
govern the solubilization in the micelles, copolymers displaying
different molecular weight and hydrophilic-lipophilic balance
(HLB) were used (Table 1).

In general, for similar molecular weight, more hydrophobic co-
polymers (lower HLB) displayed greater solubilization capacity. In
addition, for similar HLB values, higher molecular weights resulted
in larger cores with higher solubilizing capacity. Accordingly,
T904 (MW 6.7 kDa; HLB = 12-18) showed a greater capacity
than T304 (MW 1.65 kDa; HLB = 12-18; Table 2); resulting in
S, values of 1.87 and 6.48 ug mL ™", respectively, representing a
3.9- and 13.5-fold solubility increase. It is worth stressing that
due to a relatively small molecular weight, T304 displays an
extremely low micellization tendency and solubilization capacity
(28). A similar phenomenon was observed with T1107 and
T1307, two highly hydrophilic poloxamines. Moreover, T1107
and T1307 were more effective than T904, showing a 25.2- and
29.7-fold solubility increase respectively. This behavior stems
from the larger core generated by copolymers of greater molecu-
lar weight, independently of the HLB. In fact, T904, T1107 and
T1307 contain 69.3, 77.6 and 93.1 PO units, respectively.

These results are in full agreement with previous studies
(37,38) and indicate that the size of the micellar core is the
predominant parameter influencing the solubilization of Pc9
(39,40).

Micellar size

The average Dy and size distribution of the micellar systems in
water at 25°C were measured by DLS (Table 3). As shown in
Table 3, polymeric micelles displayed several peaks at 25°C.
The first peak (2.7-4.9 nm) corresponds to copolymer monomers
or small micelles and the second one to polymeric micelles
(13.9-47.6 nm); the greater the molecular weight of the copoly-
mer, the greater the D, of the Pc9-loaded micelles (Table 3). A
third peak of diameter >180 nm could be attributed to partially
formed aggregates that stem from the incomplete self-aggrega-
tion of PEO-PPO copolymers at 25°C (24). This behavior was
specially noticeable for the low-molecular weight T304 that dis-
plays a relative high CMC (28). Then, the greater the molecular
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Figure 3. Absorption spectra of Pc9 (I mm) in polymeric micelles (—),
THF (—) and water-DMSO 2% ().

weight and the smaller the CMC (and the higher the micelliza-
tion tendency), the smaller the contribution of this size popula-
tion. An additional parameter that could contribute to the
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Table 4. Photophysical parameters and photodegradation constants k of Pc9 in THF, water-DMSO 2% and inside polymeric micelles.

Photophysical parameters THF Water-DMSO 2% T304 T904 T1107 T1307

Amax absorption (M) 686 685, 650* 691, 639* 691, 640* 691, 645* 691, 646*

Amax emission (11M) 691 690.5 697.5 699 698.5 698.5

' 0.28 = 0.03 <0.001 0.12 £ 0.02 0.23 £ 0.01 0.20 + 0.01 0.23 +0.03

Pt 0.60 + 0.02 T 0.12 £ 0.01 0.51 £0.02 0.27 £ 0.02 0.35 £ 0.02
k(107 min~H* 0.4 + 0.05 7.82 + 0.09 4.01 + 0.09 5.16 + 0.09 2.7 £ 0.06 4.52 £ 0.08

Intensity absorption rate 6.09 0.89 0.71 3.16 221 2.20

*Absorption corresponding to monomer and oligomer species. 'Fluorescence quantum yield, Mean + SD (n = 3). ISinglet molecular oxygen quantum
yield, Mean + SD (n = 3). §Photodegradation constant, Mean + SD (n = 3). &, value could not be determined.
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Figure 4. Emission spectra of Pc9 (1 um) encapsulated into poly-
meric micelles (A and B), THF (A) and water—-DMSO 2% (B).
A =610 nm.

generation of this size fraction is the presence of more insoluble
polymer fractions (28). As intensity-weighted distributions are
being plotted and the intensity is proportional to the square of
the molecular weight, the larger clusters could contribute impor-
tantly to the scattered intensity and results in some overestima-
tion of the incidence of this fraction (28,41). In any event, these
larger structures remain relatively small and they are expected to
disappear upon heating to 37°C due to the more complete micel-
lization of the copolymers at higher temperature (24).

Morphology of Pc9-free and Pc9-loaded micelles

The morphology of Pc9-free and Pc9-loaded micelles was inves-
tigated by TEM. Micelles showed the characteristic spherical
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Figure 5. First-order plots for the photodegradation of Pc9 in polymeric
micelles, THF and water-DMSO 2%.

morphology and the coexistence of aggregates of different sizes
(Fig. 2). In full agreement with the data found by DLS, an
increase in the PO/PEO ratio resulted in an increase in Dj,.

Photophysical characterization

Figure 3 shows the UV—Visible spectra of Pc9 (1 um) in poly-
meric micelles, in THF (nonaggregating medium) and in water—
DMSO 2% (aggregating medium). Pc9 in water-DMSO 2%
showed a broad peak with a maximum at 650 nm, which points
out aggregation. The Q-band of Pc9-loaded micelles displayed a
slight broadening as well as a bathochromic shift from 686 to
691 nm in comparison with that obtained in THF. Besides, the two
small vibrational bands of Pc9 in THF at 615 and 650 nm merged
into one broad peak with a maximum at 639-645 nm (Table 4).
These results suggest that Pc9 is present in an aggregated form in
the micelle core (23,42). This effect was more marked in the T304
formulation, indicating a stronger aggregation tendency in compar-
ison with the other systems. T304 does not micellize well and the
possible formation of T304/Pc9 complexes cannot be ignored. In
such complexes, Pc9 exposure to the aqueous medium is greater
than in micelles, leading to greater aggregation tendency.

The fluorescence emission spectra of Pc9 (1 um) incorporated
into polymeric micelles are shown in Fig. 4 and fluorescence
maxima (Amax emission) are given in Table 4. A redshift and
quenching in the fluorescence peak maximum was observed for
Pc9-loaded micelles in relation to that obtained in THF
(Fig. 4A), suggesting that in the micelle Pc9 is present in an
aggregated form at the studied concentration. This aggregation
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led to lower emission intensities of Pc9 due to self-quenching
induced by interchain 7—n interactions, as observed by UV-Vis
spectroscopy. On the other hand, Pc9-loaded micelles presented a
substantially lower aggregation tendency when compared with
water—-DMSO 2% (Fig. 4B, Table 4), indicating that the incorpo-
ration into polymeric micelles induced further disaggregation of
Pc9. This feature would probably improve its photodynamic
properties in biological media (see below).

The @y value of Pc9 in THF (®g = 0.28) is similar to that
obtained for the monomer of tetrasubstituted zinc(I) phthalocya-
nines (Table 4; 30). Pc9 incorporated into poloxamine micelles
presented lower values of ®g (0.12-0.23) than those obtained in
THF and higher than those obtained in water-DMSO 2%. ¥
differences in both media could be attributed to two effects: (1)
the environment contribution with a nonradiative process of elec-
tronic-to-vibrational energy and (2) the presence of aggregates
(43,44). However, these values allow Pc9 to be used as photodi-
agnostic agent and photosensitizer in neoplasic diseases (45).

The singlet molecular oxygen quantum yield in THF was sim-
ilar to those previously published (30) corresponding to Pc9
monomers at the concentrations used. The Pc9 incorporated into
all micellar formulations generated singlet molecular oxygen. In
addition, a decrease in the ®, values, as compared with those
obtained in THF, strongly suggest that Pc9 is incorporated into
the micellar core as aggregates. However, the ®, values of all
micelles were higher than those obtained with other zinc(Il)
phthalocyanines incorporated into dimyristoyl-L-o-phosphatidyl-
choline (DMPC) liposomes and Tween 80® (B, < 1073 16),
demonstrating that poloxamine micelles substantially improve the
Pc9 photodynamic properties. Moreover, Pc9 incorporated into
T904 showed the highest ¢, value, showing that this medium
induced the most efficient disaggregation of all the copolymers.
In contrast, the lowest ®, was obtained for T304, indicating a
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significant aggregation of Pc9 in this medium. These values sug-
gest that the HLB of the copolymer is the key parameter govern-
ing the disaggregation in the micellar core irrespective of the
molecular weight and the core size. Normally, the more hydro-
phobic the copolymer, the greater the isolation of the encapsu-
lated molecule from the aqueous medium (46). The opposite was
true for T304, which showed a very inefficient micellization and
did not encapsulate Pc9.

Photostability

The photostability of Pc9-loaded micelles was analyzed in water
by measuring the decrease in the intensity of the Q-band over
the time period of irradiation with red light under air (Fig. 5).
The time decay of the absorbance maxima of the Q-band for Pc9
obeyed first-order kinetics. The corresponding photodegradation
constants k for Pc9 are listed in Table 4. Smaller values of k
indicate a higher photostability. Pc9 incorporated into polymeric
micelles is more stable than that in water-DMSO 2%. The low-
est k value was obtained for T1107, indicating that this was the
most stable system. On the other hand, findings did not follow a
trend based on the molecular features of the copolymers.

Aggregation studies of Pc9-loaded micelles

The intensity absorption rate values observed in micelles
T904, T1107 and TI1307 were approximately three times
higher than those observed in water—-DMSO 2% indicating a
lower aggregation behavior for Pc9-loaded micelles. This
feature could be attributed to the hydrophobic interaction
between micelles and Pc9, thus decreasing the rate of aggrega-
tion. Similar aggregation values were obtained for Pc9-loaded
in T304 and in water—-DMSO 2%.
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Figure 6. Effect of various micelles on KB cell viability. Different concentrations of micelles T304, T904, T1107 and T1307 were incubated with KB
cells in the dark (e) or exposed to a light dose of 2.8 J cm 2 (0). The MTT cytotoxicity assay was carried out 24 h after treatment, as described under
Materials and methods. Results are expressed as the percentage of cell growth with respect to that obtained in the absence of micelles (control) and rep-

resent the mean = SEM of three different experiments.
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Figure 7. Effect of Pc9-loaded micelles on KB cell viability. Different concentrations of Pc9 prepared in micelles T1107 and T1307 were incubated
with KB cells in the dark (e) or exposed to a light dose of 2.8 J cm ™2 (o). Cell growth was determined by MTT assay 24 h after treatment. Results are
expressed as the percentage of cell viability with respect to that obtained in the absence of Pc9 micelles (control) and represent the mean = SEM of

three different experiments.

Photobiological assays

The effect of different concentrations of Pc9-loaded micelles
on KB cells was evaluated in the dark and upon exposure to a
light dose of 2.8 J cm™2 and 1.17 mW cm ™2, using the MTT
assay. First, the effect of empty micelles on cell viability was
assessed. As shown in Fig. 6, a similar behavior was obtained
for all the micelles both in the dark and in the presence of
light. Cytotoxicity was observed after incubating KB cells with
concentrations >0.1% of T304 micelles and 0.02% of T904
micelles, whereas T1107 and T1307 micelles showed no cyto-
toxic effect up to 1% concentration (Fig. 6). These values are
in full agreement with previous investigations conducted with
other cell lines such as Caco-2, Huh-7 and HepG-2 (47,48). As
micelles T304 and T904 diminished cell growth even in the
absence of light, they were not further studied.

The photocytotoxicity of Pc9-loaded micelles was examined
from a maximum of Pc9 concentration of 100 nm, which corre-
sponds to micellar concentrations of 0.10% and 0.18% for
T1107 and T1307, respectively. Pc9 incorporated into T1107
and T1307 was found to be cytotoxic after irradiation, and 50%

Control

of cell proliferation (ICs, values) was obtained at concentrations
of 10 £ 1 and 9.5 £+ 0.7 nm respectively (Fig. 7). In comparison,
when dose-response curves of irradiated Pc9 dissolved in 0.4%
DMSO were examined (data not shown), a significantly higher
ICsg value (0.12 + 0.070 um) was obtained. These findings con-
firm the greater PDT capacity of Pc9 when encapsulated into the
polymeric micelles in comparison with the unencapsulated Pc9,
owing to the lower aggregation tendency of the encapsulated
form.

Intracellular localization of Pc9 incorporated into micelles

To explore whether phthalocyanine loaded into micelles is able
to reach the intracellular compartment, the emission of Pc9 red
fluorescence was evaluated by confocal microscopy. As shown
in Fig. 8, Pc9 was mainly localized in cytoplasm after incubating
KB cells for 24 h with the phthalocyanine encapsulated in
T1107. When cells were incubated with fluorescent dyes for
lysosomes (LysoTracker Green) and mitochondria (MitoTracker
Green), Pc9 was mainly localized within cytosolic vesicles corre-
sponding to lysosomes, as yellow fluorescence signal was visual-

Pc9-loaded T1107 micelle

Figure 8. Cellular uptake and subcellular localization of Pc9 incorporated into micelle T1107. After incubating KB cells in the presence or absence
(control) of 0.1 um of Pc9-T1107 micelle, intracellular organelles, such as nuclei, lysosomes and mitochondria were stained with Hoechst, LysoTracker
Green or MitoTracker Green respectively. Fluorescence emitted by control cells (a) or Pc9-loaded cells (c, g); cell nuclei of a, ¢ and g (b, d and h);
LysoTracker Green fluorescence (e); MitoTracker Green fluorescence (i); merge of ¢, d and e (f); merge of g, h and i (j). Scale bar 20 pum.
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ized from the overlay of the red fluorescence from Pc9 and the
LysoTracker Green probe. No colocalization was detected for
Pc9 within mitochondria (Fig. 8). Similar results were obtained
with Pc9-loaded T1307 micelle (data not shown).
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