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ABSTRACT

Lipophilic tetrakis-(1-adamantylsulfanyl)phthalocyaninatozinc(ll) was incorporated into two different
nanoemulsion formulations with the former emulsion containing isopropyl myristate and Tween 80®
and the latter glycerol monocaprylocaprate and Tween 80®. A two- to three-fold increase in water
solubility was observed for the zinc phthalocyanine when incorporated into the nanoemulsions in
comparison with that observed for water—DMSO (98:2). Morphological evaluation confirmed the
formation of thermodynamically stable nanoemulsions in the nanosize range. The zinc phthalocyanine
incorporated into the nanoemulsions was photo-stable over the irradiation times studied and both
formulations displayed excellent singlet oxygen generation ability with high values of quantum yield of
singlet oxygen production of up to 0.58. In addition, the viscosity of the nanoemulsions ranged from 30.2
to 323.9 cP. The foregoing formulations are considered to be strong candidates for parenteral adminis-
tration of the zinc phthalocyanine in photodynamic therapy clinical trials.

Solubility
Singlet oxygen

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is an anti-tumor treatment
procedure based on the ability of the photosensitizer to accumulate
selectively in tumor tissues; cell damage or cell death can be
induced by light irradiation of the tumoral tissues at the appro-
priate wavelength, with a suitable photosensitizer and in the
presence of molecular oxygen [1].

Phthalocyanines are very promising photosensitizers, but most
of them are soluble only in organic solvents, which, in most cases, are
not allowed in pharmaceutical formulations [2—4]. A significant
challenge that needs to be overcome in most treatments is the
hydrophobic nature of phthalocyanines, which severely hampers
intravenous administration through the bloodstream. Thus, it is
necessary to develop suitable delivery systems such as oil-disper-
sions, liposomes, polymeric particles (nanoparticles and micropar-
ticles) or hydrophilic polymer-photosensitizer conjugates [5—9].
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The ideal drug delivery system should enable the selective
accumulation of the photosensitizer within the diseased tissue and
the delivery of therapeutic concentrations of photosensitizer to the
target site with little or no uptake by non-target cells. The carrier
must also be able to incorporate the photosensitizer without loss or
alteration of its activity.

One of the most promising technologies is the nanoemulsion drug
delivery system, which is being applied to enhance the solubility and
bioavailability of hydrophobic drugs. Nanoemulsions are transparent
dispersions of oil and water stabilized by an interfacial film of
surfactant molecules that have a droplet size smaller than 100 nm.
Nanoemulsions have higher solubilization capacity than simple
micellar solutions and their thermodynamic stability offers advan-
tages over unstable dispersions, such as emulsions and dispersions,
because they can be manufactured with little energy input and have
a long shelf life. The nanosized droplets that lead to an enormous
increase in the interfacial areas associated with nanoemulsions
would influence the transport properties of the drug, an important
factor in sustained and targeted drug delivery [10,11].

The great interest in the development of the above mentioned
phthalocyanine delivery systems has led us to investigate the
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spectroscopic and photophysical properties, as well as the size,
solubility and thermodynamic stability of the lipophilic tetrakis-(1-
adamantylsulfanyl)phthalocyaninatozinc(Il) incorporated into two
different nanoemulsion formulations.

2. Materials and methods
2.1. Chemical and reagents

2,9(10),16(17),23(24)-tetrakis-(1-adamantylsulfanyl)phthalocy-
aninatozinc(Il) (ZnPc) [12] (Fig. 1) and tetra-t-butyl phthalocyani-
natozinc(Il) [13] were synthesized in our laboratory. Isopropyl
myristate (IPM) was purchased from Merck (Germany). Polyoxy-
ethylene sorbitan mono oleic acid (Tween 80®) was obtained from
Fisher Chemicals (New Jersey, USA). Glycerol monocaprylocaprate
(Capmul MCM-L®) was purchased from Abitec (Columbus, USA).
Imidazole BioUltra and Methylene Blue Hydrate (MB) were
obtained from Fluka (Sigma—Aldrich, India). N,N-Diethyl-4-nitro-
soaniline 97%, dimethylsulfoxide (DMSO) and tetrahydrofuran
(THF) spectrophotometric grade were purchased from Sigma-
—Aldrich (Steinheim, Germany). All chemicals were of reagent
grade and used without further purification. Distilled water treated
in a Milli-Q system (Millipore) was used.

2.2. Instrumentation

Electronic absorption spectra were determined with a Shimadzu
UV-3101 PC spectrophotometer. Fluorescence spectra were moni-
tored with a QuantaMaster Model QM-1 PTI spectrofluorometer.
Viscosity was determined using a Brookfield DV III ultra V6.0 RV
cone and plate rheometer using a small sample adapter spindle N°
18. Conductivity measurements were performed using an Accumet
Research ar20. Mixing was performed using a magnetic mixing,
IKA. Droplet size measurements were evaluated with dynamic light
scattering (DLS) using a Malvern Nanosizer/Zetasizer® nano-ZS
ZEN 3600 (Malvern Instruments, UK), provided with a 4 mW
He—Ne (633 nm). Transmission electron microscopy (TEM)
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Fig. 1. Chemical structure of phthalocyanines (ZnPc).

nanoemulsion images were obtained by means of an EM 301
Phillips operating at 65 kV.

2.3. Preparation of ZnPc-loaded nanoemulsions

Nanoemulsions were prepared according to the spontaneous
emulsification method [14]. The selected formulations for drug
incorporation were NE1 (IPM 4%, Tween 80® 25%) and NE2 (Capmul
MCM-L® 4%, Tween 80® 25%). A preliminary mix of surfactant, lipid
and ZnPc was prepared weighing an adequate amount of each one.
The preparation was then mixed using a magnetic stirrer until
a homogeneous sample was obtained. While mixing, the sample
was heated to 40 °C in order to improve the homogenization. Water
was then added at the same temperature and stirring continued up
to homogeneity. Samples were stored at room temperature and
carefully protected from ambient light. Blank formulations were
also prepared.

2.4. Characterization of nanoemulsions

2.4.1. Transmission electron microscopy

The morphology of nanoemulsions was studied using TEM. In
order to perform the TEM observations, the concentrated nano-
emulsions were first diluted in water (1:100), a sample drop was
placed onto a grid covered with Fomvar film and the excess was
drawn off with a filter paper. Samples were subsequently stained
with uranyl acetate solution for 30 s. Samples were finally dried in
a closed container with silicagel and analyzed. The droplet diam-
eter was estimated using a calibrated scale.

2.4.2. Droplet size measurements

Droplet size measurements were evaluated with DLS. Samples
were not diluted before measurements and assays were performed
at 25 °C. Experiments were carried out without photosensitizer to
prevent fluorescence interference in the light scattering signals.

2.4.3. Viscosity determination
The viscosity of the formulations (10 mL) was determined
without dilution at 25 + 0.5 °C.

2.5. Solubility studies

2.5.1. Determination of ZnPc solubility in DMSO and
water—DMSO (98:2)

The solubility of ZnPc in pure DMSO and water—DMSO (98:2)
was studied by UV spectrophotometry; 2% DMSO is the maximum
concentration usually tolerated by cell monolayers in vitro. A stock
solution of 0.16 mM ZnPc in DMSO was prepared and confirmed
using the absorbance at 685 nm (eznpe = 1.0 x 10° M~ cm™') and
subsequently diluted to obtain 2.38, 1.59, 0.80, 0.32, 0.16 uM solu-
tions. The absorbance was measured at the corresponding Amax at
23 °C. Concentrations were calculated by interpolating the absor-
bance of each sample in a calibration curve, covering the range
between 0.16 and 238 uM (correlation factors were
0.9974—0.9984). Solvents were used as blanks. Experiments were
carried out in duplicate and concentrations are expressed in pM.
The intrinsic solubility (Sg) of ZnPc in DMSO and aqueous medium
was defined as the highest concentration measured for any of the
solutions on day 30 [15].

2.5.2. Determination of ZnPc solubility in nanoemulsions

The solubility of ZnPc in nanoemulsions NE1 and NE2 was
studied by UV spectrophotometry. Stock solutions of 0.1 mM ZnPc
in NE1 and NE2 were prepared and subsequently diluted to obtain
2.44, 1.64, 0.83, 0.33, 0.17 uM solutions. The absorbance was
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measured at the corresponding Amax at 23 °C. Concentrations were
calculated by interpolating the absorbance of each sample in
a calibration curve covering the range between 0.17 and 2.44 pM
(correlation factors were 0.9981—0.9992).

Solvents were used as blanks. Experiments were carried out in
duplicate and concentrations are expressed in uM.

2.6. Photophysical parameters

2.6.1. Spectroscopic studies

Absorption and emission spectra were recorded at different
concentrations using a 10 x 10 mm quartz cuvette. All experiments
were performed at room temperature.

Emission spectra of ZnPc were collected at an excitation wave-
length of 610 nm (Q-band) and recorded between 630 and 800 nm.

The emission and absorption spectra of the ZnPc-loaded nano-
emulsions were corrected for light scattering by subtracting the
spectra from empty nanoemulsions.

Spectroscopic experiments were recorded at concentrations in
a range of 0.6 pM—4 uM for ZnPc.

2.6.2. Fluorescence quantum yields

Fluorescence quantum yields (@) were determined by
comparison with those of tetra-t-butyl phthalocyaninatozinc(Il)
(®F = 0.30 in toluene) [13] as a reference at Aexc = 610 nm. Calcu-
lation were performed by Equation (1),

o} @RIS(I ~107) (n5>2 (1)

- FIR<1 ~10-#) nk

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
(nS/nR)? stands for the refractive index correction.

2.6.3. Quantum yield of singlet oxygen production

The quantum yield of singlet oxygen generation rates (®5) was
calculated by means of standard chemical monitor bleaching rates
[16]. Imidazole (8 mM) and N,N-diethyl-4-nitrosoaniline
(40—50 uM) in water was used for ZnPc-loaded nanoemulsions as
a singlet oxygen chemical quencher [17]. The bleaching of nitro-
soaniline was followed spectrophotometrically at 440 nm as
a function of time. Polychromatic irradiation was performed using
a projector lamp (Philips 7748SEH], 24 V—250 W), and a cut-off
filter at 610 nm (Schott, RG 610) and a water filter were used to
prevent infrared radiation. Nanoemulsion samples of ZnPc and
references (MB: @5 = 0.56 in water) [16] were irradiated within the
same wavelength interval A1—2;, and @5 was calculated according
to Equation (2),
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where r is the singlet oxygen photogeneration rate and the super-
scripts S and R stand for the sample and reference respectively, A is
the absorbance at the irradiation wavelength and I,(4) is the inci-
dent spectral photon flow (mol s~! nm~!). When the irradiation
wavelength range is narrow, the incident intensity varies smoothly
with wavelength and the sample and reference have overlapping

spectra, I, can be approximated by a constant value which may be
drawn out of the integrals and canceled.

2.7. Photo-oxidative stability

The photo-stability of phthalocyanines incorporated into NE1
and NE2 was determined by the decay of the Q-band intensity after
exposure to red light [18]. The fluence rate was adjusted to
20 mW cm~2. Measurements were performed under air in water.
Photodegradation rate constants k were calculated by Equation (3),

Ao

g = ket (3)

where t, Ao, A; are the irradiation time, absorbance at ¢t = 0, absor-
bance at different times, respectively.

2.8. Thermodynamic stability studies

To overcome the problem of metastable formulation, thermody-
namic stability tests were performed [19]. Six cycles between refrig-
erator temperature (4 °C) and 45 °C with storage at each temperature
of not less than 48 h were studied. The formulations, which were
stable at these temperatures, were subjected to a centrifugation test.
Passed formulations were centrifuged at 3500 rpm for 30 min. The
formulations that did not show any phase separation were used for
the freeze—thaw cycle test. Three freeze—thaw cycles between —21°C
and 25 °Cwith storage at each temperature for not less than 48 h were
carried out for the formulations.

Samples that survived the thermodynamic stability tests were
selected for further studies.

3. Results and discussions

The oils chosen in the present study are widely used as oil
phases for nanoemulsion formulations. Several works have tested
different administration routes for these oils and shown that they
all are physiologically tolerable oils [20,21]. The selection of the oily
phase of the nanoemulsion is very important because the solubility
of the drug in the formulation is critically dependant on this factor
[22,23]. From this point of view, IPM and Capmul MCM-L® were
selected for a forthcoming screening due to their high ZnPc solu-
bilization capacity.

3.1. Characterization of the nanoemulsions

The nanoemulsions obtained presented a homogeneous aspect
without aggregates or phase separation. Fig. 2 depicts electron
micrographs of formulation samples, which appear as spherical-
shaped vesicles. The nanoemulsions presented a uniform diameter
of 5—10 nm for NE1 and of 10—20 nm for NE2, which is consistent
with previous reports [19,24].

Regarding droplet size measurements, it should be noted that
samples showed two droplet size populations (Fig. 3), the most
abundant of which was considered as the main one. As shown in
Fig. 3, the mean size diameter for formulations NE1 and NE2 was
around 5 nm, whereas the secondary population was around
13—14 nm. The main droplet size of both formulations is, according
to bibliography, in the range of a nanoemulsion. It is well known
that the droplet size is one of the most important characteristics of
a nanoemulsion because it affects its stability [25] and later in vivo
behavior [26]. The polydispersity for the size distribution of
formulations NE1 and NE2 was in the range of 0.399—0.400.
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Fig. 2. Transmission electron microscopy images of NE1 (a) and NE2 (b).

As shown in Table 1, the conductivity values corresponded to
that of an oil in water nanoemulsion where the continuous phase is
water [27,28].

The viscosity of the nanoemulsion formulations was very low,
showing the NE1 formulation a lower value than NE2 (Table 1). It is
well known that one of the nanoemulsion characteristics is low
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Fig. 3. Particle size distribution of NE1 (a) and NE2 (b).

Table 1
Composition and physical parameters of nanoemulsions.
Nanoemulsion ~ Composition Conductivity pS cm™!  Viscositity cP
NE1 IPM 4% 166 30.2
Tween 80° 25%
NE2 Capmul MCM-L 4% 251 3239

Tween 80® 25%

viscosity [11]. Moreover, viscosity values discard the fact that
formulas are liquid crystals instead of nanoemulsions.

3.2. Solubility studies

The solubility of ZnPc was investigated in pure DMSO, water—
DMSO (98:2), NE1, and NE2. The former is a good solvent for ZnPc
whereas the second one is similar to that used in culture medium.
Solutions with concentrations between 0.16 and 2.44 uM were
prepared and the absorption was monitored over time. This
concentration range is in agreement with the well-established
range of LDs5g for most zinc (II) phthalocyaninates [29].

To evaluate the solubility of ZnPc, the concentrations were
monitored over one month, (Fig. 4). The intrinsic solubility in
DMSO, water—DMSO (98:2), NE1, and NE2 was 1.77 pM, 0.17 uM,
0.37 uM and 0.56 pM, respectively. A two- to three-fold increase in
water solubility was observed for the ZnPc incorporated into NE1
and NE2 nanoemulsions in comparison with that observed for
water—DMSO (98:2).

3.3. Photophysical parameters

3.3.1. Spectroscopic studies

Absorption and emission spectra of free ZnPc and ZnPc incor-
porated into nanoemulsions were performed according to
conventional methods for homogeneous media. Fig. 5 shows the
incorporation of ZnPc in homogeneous media (THF) and into
nanoemulsions. The absorption spectra of ZnPc incorporated into
NE1 and NE2 in the range of 500—800 nm range were similar to
those previously reported for other zinc(Il) phthalocyanines in
homogeneous media [2,13,30]. The spectra in THF and into nano-
emulsions recorded at [ZnPc] = 0.6 pM—4 puM showed a linear
behavior (inset Fig. 5), obeying the Beer—Lambert equation, as only
monomers are present in the solution. The absorption spectra of
ZnPc incorporated into NE2 showed no relevant modifications in
shape and wavelength and the only difference was the magnitude
of the absorption coefficient (Table 2). A different spectral behavior
was observed for ZnPc-loaded nanoemulsion NE1, where no rele-
vant modification in wavelength was detected but some differences
in shape were observed, probably due to an increase in the tran-
sition properties of the vibrational bands 0—1 0—2 caused by the
confinement of ZnPc in the nanoemulsion and not to the formation
of aggregates since the bands do not correspond to dimer species.

The fluorescence emission spectra of the ZnPc incorporated into
nanoemulsions are shown in Fig. 5. For both formulations, neither
significant wavelength shifts nor relevant modifications in spectral
shapes were observed with an increase in dye concentration. In
view of these results, fluorescence can be attributed to monomers
alone.

3.3.2. Fluorescence quantum yields

@r values in homogeneous and microheterogeneous media are
listed in Table 2. The ZnPc incorporated into nanoemulsions pre-
sented lower values of @rin comparison with homogeneous media.
The differences observed in the values in both media (THF and
nanoemulsions) may be due to the influence of the environment
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Fig. 5. Absorption and emission spectra of ZnPc in THF, and incorporated into NE1 and
NE2. Inset: Lambert—Beer law verified at Amax.

contribution with a non-radiative process of electronic-to-vibra-
tional energy transfer [2,3,31]. The above mentioned results are
similar to those described elsewhere [32].

3.3.3. Singlet molecular oxygen quantum yields

Sample absorbances were kept as low as possible to prevent
aggregation, though sufficient to obtain measurable values of
quantumyield of singlet molecular oxygen. As shown in Table 2, the
@, values of the ZnPc incorporated into nanoemulsions were lower
than those observed in homogeneous media. However, these values
were higher than those obtained for other phthalocyanines incor-
porated into liposomes [2,32].

3.4. Photo-oxidative stability

The photo-stability of ZnPc-loaded nanoemulsions was
analyzed in water by measuring the decrease in the intensity of the
Q-band over the time of irradiation with red light under air. The
time decay of the absorbance maxima of the Q-band for ZnPc
obeyed first-order kinetics as shown in Fig. 6.

The corresponding photodegradation constants k are listed in
Table 2. Smaller values of k infer a high photo-oxidative stability. As
shown in Table 2, the ZnPc incorporated into nanoemulsions
showed low values of k, thus indicating that it is stable during the
irradiation time of our experiments. Moreover, ZnPc-loaded NE2
presented the highest stability in water.

Table 2
Photophysical parameters and photodegradation constants k obtained for ZnPc in
THF, and incorporated into NE1 and NE2.

ZnPc  Qband, emax M~ Tem™) @p N k(1073 min ")
Amax (nm)

THF 680 1.0 x 10° 031 +£0.01 0.66 +0.01 0.70

NE1 681 8.9 x 10* 0.14 £ 0.01 0.58 +£0.04 1.62

NE2 682 4.1 x 10* 0.12 + 0.02 0.38 +0.03 0.54




M.C. Garcia Vior et al. / Dyes and Pigments 91 (2011) 208—214 213

0.12
0.10 4 ® ZnPc NE1 °
O  ZnPc NE2
0.08 - °
<é_
< 0.06 - °
<
£
[ ]
0.04 -
[ ]
(o]
o
0.02 - . °
o]
(o]
o
0.00 @ T T T T T T
0 10 20 30 40 50 60 70
Time / min

Fig. 6. First-order plots for the photodegradation of ZnPc incorporated into NE1 and
NE2.

3.5. Thermodynamic stability studies

Nanoemulsions are thermodynamically stable systems that are
formed at particular concentrations of oil, surfactant and water,
which makes them stable and not subject to phase separation,
creaming or cracking. It is the thermostability that differentiates
nano- or micro-emulsions from emulsions that have kinetic
stability and eventually phase-separate [11,19]. Thus, the formula-
tions were tested for their thermodynamic stability by using
centrifugation, heating—cooling cycle, and a freeze—thaw cycle.
Both formulations survived the thermodynamic stability test.

4. Conclusions

ZnPc nanoemulsion formulations were successfully prepared by
the spontaneous emulsification method. Incorporation of the
lipophilic photosensitizer (ZnPc) into nanoemulsions improved dye
solubilization in water, thus a two- to three-fold increase in water
solubility was observed for the ZnPc incorporated into NE1 and NE2
nanoemulsions in comparison with that observed for water—DMSO
(98:2).

Besides, over the irradiation times studied, the ZnPcincorporated
into nanoemulsions was photo-stable. Also, both nanoemulsions
NE1 and NE2 exhibited thermodynamic stability.

The photophysical parameters showed that the ZnPc incorpo-
rated into NE1 and NE2 nanoemulsions are excellent singlet oxygen
generators with a high value of quantum yield of single oxygen
production of 0.38 and 0.58 respectively.

The morphological evaluation confirmed the formation of
nanoemulsions in the nanosize range. Taking into account that
viscosity values higher than 3900 cP might not be attractive for
parenteral administration in clinical trials, both nanoemulsions
NE1 and NE2 are excellent formulations owing to the fact that their
viscosity ranged from 30.2 to 323.9 cP respectively.

These results allow us to consider ZnPc nanoemulsion formu-
lations as promising second-generation photosensitizers for
photobiological purposes.
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