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Abstract

Photodynamic therapy involves the concomitant action of three components, light with an appropriate wavelength, molecular
oxygen, and a molecule, able to absorb an electromagnetic radiation, called photosensitizer (PS). A fundamental aspect is
the bioavailability of the PS that is directly related to some physicochemical properties of the PS itself as it should feature
a certain degree of lipophilicity to easily cross the cell membrane, however, at the same time, should be sufficiently water-
soluble to navigate in the bloodstream. Consequently, the use of a system for drug delivery becomes essential when photo-
sensitizers with a high degree of lipophilicity are considered. In this work, we present three different drug delivery systems,
microemulsions, emulsions and liposomes all capable of carrying a PS belonging to the porphyrin family: the tetraphenyl
porphyrin (TPP) and the 4-hydroxyphenyl porphyrin (THPP), which show a relevant different degree of lipophilicity. A series
of microemulsions (ME) and emulsions (E) were prepared, among which two formulations, one for THPP and one for TPP,
have been chosen. The stability of these two carriers was monitored over time and under various temperature conditions.
With the same criteria, two liposomal formulations have been also identified and analyzed. The four formulations mentioned
above (one ME, one E and two liposomes) have been tested on SKOV3 tumor cell line comparing the photodynamic activity
of the porphyrin formulations versus the aqueous/organic (DMSO) solution of the same two PSs. The results show that all
the formulations have proved to be excellent carriers and that the liposomal formulation enhance the photodynamic efficacy
of both porphyrins.
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1 Introduction

The Photo-Dynamic chemo-Therapy (PDT) concerns the
treatment of a localized pathology via the administration of
a photosensitizer (PS), following irradiation of the diseased
area with low-energy electromagnetic field (i.e. visible light)
[1]. In clinical PDT, the patient is first treated with a solution
of PS which preferentially accumulates in the tumor tissues
because of their large vascularization. After a necessary
incubation time, the cancer area is selectively irradiated with
a light source emitting a low-energy visible radiation (with
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A> 650 nm), thus resulting in the PS excited state. The loss
of energy from the PS excited state can be achieved through
two processes, called type I and type II, both requiring the
interaction of the PS with its surroundings [2]. The type I
process foresees that a PS, in its triplet-excited state, trans-
fers the energy to the closest biomolecules generating free
radicals reacting with oxygen, thus producing reactive oxy-
gen species (ROS) [3, 4]. In the type II process, the PS trans-
fers its energy directly to the surrounding molecular oxygen
that attains the state of singlet oxygen, which is indeed a
highly cytotoxic species. Although the two processes occur
at the same time, the generation of singlet oxygen can be
assumed as the predominant mechanism [5].

Many applications of photodynamic therapy are known,
most of them are closely related to the methods of photosen-
sitizer administration [6-9]. To this concern, the assessment
of the characteristics of the drug is essential to predict the
bioavailability of the drug itself. On the one hand, hydro-
phobicity could be a desirable feature, as the solubilization
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of the PSs in the lipid bilayer of the cell membrane has been
pointed out to be one of the main factors determining PSs
efficacy. On the other hand, this characteristic leads to the
loss of PSs solubility in aqueous medium because of self-
aggregation [10, 11]. Furthermore, hydrophobicity compli-
cates preparation of pharmaceutical formulations for par-
enteral administration [12]. However, this drawback could
be avoided by formulating PSs into suitable carrier systems
capable of transporting PSs in their stable, monomeric form,
without altering their spectroscopic and functional proper-
ties. To be therapeutically useful, a PS formulation should
deliver the PS in a form that should be readily and selec-
tively internalized by the hyper proliferative cancer cells, in
a way that facilitates accurate and convenient dosage. At the
same time, the vector must be biodegradable and non-toxic
as far it concerns its degradation products.

Different approaches have been developed to overcome
the current shortcomings regarding the issues associated
with the PS delivery, often resolved employing a delivery
vehicle that enables a stable dispersion of PS in aqueous
environment. To date, the most used vehicles are emul-
sions, microemulsions, liposomes and nanoparticles [13].
Emulsions are dispersions made up of two immiscible liquid
phases, mixed together using mechanical stirring in the pres-
ence of a surfactant. Amphiphilic surface-active molecules
are called surfactants and are responsible to reduce naturally
existing attractive forces in the form of surface tension [14].
The choice of surfactants, based on hydrophilic-lipophilic
balance (HLB) values, helps to develop the desired emulsion
[15]. Micro-emulsion are clear, thermodynamically stable,
isotropic liquid mixtures. They are prepared using oil, water,
surfactant, and a co-surfactant and are made of very small
particles, up to nano size, as compared to conventional emul-
sions [16]. Liposomes are one of the first nanoparticle-based
delivery platforms to be applied in medicine [17], with over
11 liposomal formulations approved for clinical use today
and many more in preclinical trials. They are concentric
phospholipid vesicles consisting of single or multiple bi-lay-
ered membrane composed of natural or synthetic lipids [18].
Their unique ability to contain hydrophilic drugs in their
aqueous core and hydrophobic agents within their lamellae,
makes liposomes excellent carriers for therapeutic applica-
tions [19]. Tetraphenyl porphyrin (TPP) is highly lipophilic
and poorly soluble in those solvents suitable for the in vitro
cell treatments; therefore, it is necessary to find a carrier
allowing the evaluation of TPP as potential photosensitizing
agent; in the past, some systems have been presented to solve
the problems related to its administration including biode-
gradable NPs based on poly(p, L-lactic acid), [20] pegylated
NPs [21] or liposomal nano-formulations obtained by means
of extrusion method [22]. On the contrary, tetra 4-hydroxy-
phenyl porphyrin (THPP), while remaining overall hydro-
phobic, featuring one hydroxy groups on each phenyl ring,
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is more hydrophilic than TPP and in fact in in vitro studies
it can be easily formulated in a H,O/DMSO mixture. Unfor-
tunately, although DMSO may be present in low percentage
(< 1%) in the stock solution for in vitro tests, it cannot be
used for in vivo applications, consequently several methods
of administration have been developed over the years includ-
ing the glycoconjugation of porphyrin [23], encapsulation
it in sterically stabilized liposomes [24] or complexation
of THPP with cyclodextrins, as recently reported by many
authors [25].

In this work we propose a series of drug delivery systems
(microemulsions, emulsions and liposomes) for the photody-
namic application of these two photosensitizers; the systems
obtained will be completely characterized and the photody-
namic efficacy compared with each other and in the case
of THPP a comparison will also be made with the DMSO/
DMEM mixture.

2 Experimental section
2.1 Chemical
2.1.1 General

The equipment used to prepare emulsions, microemulsions
and liposomes includes: MR 3001 magnetic heating plate;
Laborota 4002 digital rotavapor (Heidolph); Sonorex RK156
ultrasonic bath (Bandelin); Mini Spray Dryer 190 (Biichi);
Maximator® High Pressure Extruder HPE 12.0-100 homog-
enizer (CPLSACHSE); vortex Gene2 (Scientific Industries).

All chemicals reported in Table 1SI are commercial
products. The aqueous phases were MilliQ deionized water
or 1X PBS buffer. The photosensitizers 5,10,15,20-tetra-
phenyl-21H,23H-porphyrin (TPP) and 5,10,15,20-tetra-
(4-hydroxyphenyl)-21H,23H-porphyrin (THPP) were com-
mercial products (Sigma—Aldrich) and used as received
(Fig. 1).

E, ME, and liposomes analyses have required the use of:
Centrifuge 5702 and MiniSpin® plus centrifuge (Eppen-
dorf); 713 pH Meter (Metrohm); Brookfield DV-E viscome-
ter (TEM); Nanophox (Sympatec); Primo Star optical micro-
scope (Carl Zeiss); Panda Niro Soavi homogenizer (GEA);
UV-Probe 2550 spectrophotometer (Shimadzu).

2.1.2 Microemulsion preparation

The oil/water or water/oil microemulsions were prepared
by mixing the dispersed phase in the dispersing one, with
proper stirring. The conditions concerning the stirring inten-
sity and the emulsification temperature were assessed case
by case, according to manufacturer’s specifications. Sur-
factants and co-surfactants were mixed in the dispersed or
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Fig. 1 Structure, chemical com- HO OH
position, and molecular weight
of the two photosensitizers used O O O O
HO OH
TPP THPP
MW. 614.74 g/mol C44H50Ny MW. 678.73 g/mol C44H30N404

dispersing phase according to the physico—chemical char-
acteristics (HLB, viscosity). Emulsification was carried
out with both phases at the same temperature, dripping the
dispersed phase into the dispersing one and keeping the
emulsion under stirring for 10 min, in the case of emulsifi-
cation at RT, or allowing it to cool down until 25 °C in case
of high temperature emulsification (operating temperature
40-80 °C).

2.1.3 Emulsions prepared by high-pressure
homogenization

Emulsions prepared by high-pressure homogenization pro-
vide a first standard emulsification step, with a magnetic stir-
ring heating plate, followed by the high-pressure homogeni-
zation step with Panda homogenizer from Niro Soavi Spa.

Surfactants were mixed in the oily phase and the mixture
brought to a temperature of 70 °C. The oily phase was then
gradually added into the aqueous phase, also kept at 70 °C,
under vigorous stirring (1000 rpm). The emulsion was then
spilled into the homogenizer at a pressure between 800 and
1000 bar.

2.1.4 Liposomes obtained with rotary evaporator
and high-pressure filtration

All the components which will form liposomes, with the
only exception of the PS, are weighed (300 mg total)
and dissolved in an appropriate solvent; if necessary,
the mixture is sonicated to obtain a perfectly clear solu-
tion. This solution is then filtered by means of a syringe
filters (porosity 0.45 um), placed on a rotary evaporator
equipped with a preheated bath, and allowed to rotate at
175 rpm until the solvent evaporates completely. The film
thus obtained was left under rotation for another 30 min

at 60 °C and then definitively dried under a nitrogen flow
for 5 min. The dried lipid film was then hydrated by add-
ing water until the film was completely dissolved and a
dense and homogeneous solution was obtained (the use of
vortex mixer is sometimes necessary). The procedure up
to now described, allows obtaining “white” liposomes, i.e.
not containing PS. To obtain the PS containing liposomes,
2 mg of PS have been added to the homogeneous lipo-
some solution at the end of the syringe filtration step. The
liposomes were observed under a microscope to check the
uniformity of the preparation and to confirm the absence
of agglomerates. The analysis was carried out using a
100 x and 1000 X objective. The liposomal solution was
then subjected to high-pressure filtration with Maximator
HPE 12.0-100 homogenizer, using filters with a poros-
ity range from 0.4 to 0.1 pm, and a pressure between 10
and 20 bar. This tool allows obtaining uniform liposomal
suspensions with dimensions proportional to the porosity
of the filter used. The final suspension was immediately
collected in sterile falcons.

2.1.5 Liposomes obtained with spray dryer

All lipophilic components were dissolved in ethanol while
the hydrophilic ones were dissolved in water; the alcoholic
solution and the aqueous phase were then mixed and kept
under stirring. In case of need, it was possible to proceed
with heating and sonication steps to increase solubilization.
When Biichi Mini Spray Dryer 190 has reached the operat-
ing temperature, the solution was loaded into the instrument
and the atomization process was started (pumping speed
2mL min_l; flow 700 N1 h_l). At the end of the process, the
final product was collected in sterile falcons and kept under
inert atmosphere.
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2.2 Analyses
2.2.1 Particle size

The measurements of the micelle particle sizes, which
are present in both emulsions and microemulsions, were
carried out by Photon Cross Correlation Spectroscopy
(PCCS) using a Nanophox Sympatec instrument. This
instrument allows determining the size and the stability
of opaque suspensions or emulsions of nanoparticles in
the range between 1 and 1000 nm. Data will be re-elabo-
rated in a Gaussian curve showing the average value of the
micellar sizes and their distribution. Similarly, the parti-
cle sizes were also determined for filtered liposomes. In
this case, liposomal solutions have been properly diluted
and sonicated for 2 min before analysis, to remove any air
bubbles.

2.2.2 Microscopy

Microscope analysis allows the detection of large parti-
cles (> 1 um) and/or crystals. Microemulsions and emul-
sions were checked with a 1000X oil immersion lens using
a Primo Star Carl Zeiss optical microscope equipped with
an AxioCam Digital Camera. After the last filtration step,
liposomal preparations were analyzed under a microscope
with a 1000X lens. The liposomes prepared following spray
dryer procedure, were also analyzed to confirm the absence
of any agglomerates after resuspension of the particulate.

2.2.3 Centrifugation

At the end of the preparation, each formulation was centri-
fuged with Eppendorf Mini Spin plus centrifuges or Eppen-
dorf Centrifuge 5702, at 4000 rpm for 10 min, to evaluate
a possible phase separation or the presence of undissolved
material.

Liposomes were, instead, subjected to two different ana-
lyzes. In the first one, 500 uL of “white” liposomes were
centrifuged at 4000 rpm over 4 min to verify the absence of
phase separations. The second has been a gradient centrifu-
gation (500 L of 50% sucrose solution, 20 puL of “white”
liposomes and 500 pL of milliQ water) at 4000 rpm for
4 min to verify the homogeneity of the preparation.

2.2.4 Determination of pH
The pH of all the formulations was measured using a 713

pH Meter Metrohm. The expected values should fall in the
6-7 pH unit range.
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2.2.5 Spectrophotometric analysis

The absorbance of emulsions and microemulsions contain-
ing PS were spectrophotometrically determined with a Shi-
madzu UV-Probe 2550 spectrophotometer, using the cor-
responding molecule-free emulsion as blank.

For each liposomal preparation containing a PS, its final
concentration was evaluated by measuring the absorbance
at the wavelength of maximum absorption (A: 418 nm). For
each PS, a calibration line was prepared in the suitable sol-
vent, DCM for TPP and methanol for THPP, respectively.
In the case of THPP, an aliquot of the liposomal formula-
tion was re-suspended in methanol and the absorbance read,
after appropriate dilutions. A solution corresponding to the
same liposomal preparation without PS and diluted in the
same way, was used as blank. For TPP 2 mL of liposomal
suspension were extracted with DCM. The organic phase
was further diluted and analyzed spectrophotometrically at
the appropriate wavelength. The same procedure was also
applied to the "white" samples.

2.2.6 Analyses of the stability

The stability degree of different formulations was carried
out by placing the solutions in vials, under inert atmosphere
and in the dark, inside a stability box thermostatically con-
trolled at three temperatures (4, 25, and 40 °C). The stabil-
ity of samples exposed to the light was carried out at room
temperature. At predetermined times (#: 0, 7, 15, 30, and
60 days), the samples were analyzed to evaluate different
parameters, such as particle size, pH and absorbance; fur-
thermore, the same samples were subjected to microscopic
analysis to evaluate the appearance of crystals due to aggre-
gation phenomena. A comparison was made with the stabil-
ity of the corresponding "white" solutions.

2.2.7 Viscosity

The viscosity of emulsions and microemulsions was meas-
ured by means of a Brookfield DV-E Viscosimeter using the
Brookfield RV Spindle 06, at 1 rpm.

2.2.8 Lipid oxidation

The stability of liposomal preparations can be also evaluated
determining the percentage of oxidized lipids over time [26].
The oxidation of phospholipid fatty acids, in the absence of
specific oxidants, occurs preferentially on lipids containing
conjugated carbon—carbon double bonds; in fact, the pres-
ence of unsaturated carbon bonds makes these substances
more likely to undergo oxidative degradation. The percent-
age of oxidized lipids was spectrophotometrically evalu-
ated on the “white” liposomal formulations, to avoid the
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interference of the PS absorbance. At certain times, 100 pL.
of “white” liposomes was diluted in water to obtain a final
phosphatidylcholine concentration of 10 mg mL~!. From
this solution, 300 pL. was withdrawn and treated with 300 pL.
of absolute ethanol; 100 pL of this last solution was further
diluted with 3 mL of ethanol. Finally, we proceeded with the
reading of the absorbance at 233 nm. The percentage of oxi-
dized lipids was then calculated with the following equation:

pumol/mL diene

%oxidation = 100.

X
pumol/mL phosphatidylcholine

The initial concentration of dienes was calculated meas-
uring the absorbance at 233 nm, using the Lambert—Beer law
(molar extinction coefficient e = 30,000).

2.3 Biological studies
2.3.1 General

The human ovarian carcinoma cells SKOV3 were obtained
from the American Type Culture Collection (Rockville, MD,
USA) and maintained in DMEM/F-12 (Dulbecco’s Modi-
fied Eagle Medium/Nutrient Mixture F-12, Sigma-Aldrich)
supplemented with 10% fetal bovine serum, 1% glutamine
and 0.5% antibiotic mixture (penicillin, streptomycin, and
neomycin) (Sigma-Aldrich), in standard culture conditions
at 37 °C in a humidified 5% CO, atmosphere.

Emulsions and microemulsions under study were previ-
ously filtered by syringe (0.2 um filter) to minimize the risk
of contamination. On the contrary, liposomes (0.5 g) suitable
for biological tests were just re-suspended in 5 g of sterile
PBS buffer solution.

2.3.2 Cytotoxic studies

The anti-proliferative effect of each compound was assessed
using the MTT assay [27]. Briefly, 1 x 10* cells mL~! were
seeded onto 96-well plates and allowed to grow for 48 h
prior to the treatment with different PS concentrations.
After 24 h, the drug-containing medium was replaced by
fresh PBS, and cells were irradiated under visible light for
2 h using a 500 W tungsten-halogen lamp, characterized
by an irradiance of 22 mW c¢cm~2 (an average value deter-
mined between 380 and 780 nm with a Licor-1800 spectro-
radiometer) and a fluence of 158.4 J cm™2. With the 500 W
halogen lamp, a cooling apparatus is necessary to avoid cell
death caused by over-heating; thus, a flowing water filter
was placed between the light source and plate containing
cells, thus maintaining a temperature of approximately 37 °C
below the filter. At the end of irradiation period, the cells
were incubated in the dark at 37 °C in drug-free medium and
24 h later MTT was added to each well (final concentration

0.4 mg mL™!). The blue Formazan crystals, formed through
MTT metabolism by viable cells, were dissolved in DMSO
and optical densities were measured at 570 nm using a Uni-
versal Microplate Reader EL.800 (Bio-Teck-Instruments). In
control samples, the same procedure was used except for the
treatment with the PS. ICy, values were estimated according
to the concentration—response curves by non-linear regres-
sion analysis, using GraphPad Prism software, v. 5.0 (Graph-
Pad, San Diego, CA, USA).

Possible intrinsic cytotoxic effects (i.e., not photo induced
cell death) of the porphyrins were assessed on control cul-
tures kept in the dark and treated as described above.

2.3.3 Cellular uptake and intra-cellular localization

To assess PSs uptake, SKOV3 cells were seeded onto 6-well
plates (2.5 % 10° cells/well) and exposed to THPP (DMSO/
DMEM), ME1-THPP and L9-THPP (100 nM for 24 h) solu-
tions; in these experiments, cells were kept in the dark (not
irradiated). At the end of the exposure time, the cells were
detached by trypsinization, washed thoroughly in ice-cold
PBS, resuspended in PBS and analyzed.

All samples were analyzed with a Becton Dickinson
FACScalibur instrument equipped with a 15 mW, 488 nm,
air-cooled argon laser and data were analyzed using Cell
QuestPRO software (Becton Dickinson). PSs uptake was
quantitated in arbitrary units based on the mean fluores-
cence intensity (MFI), collecting fluorescein fluorescence
through a 530 nm band-pass filter and PSs fluorescent emis-
sion through a 575 nm band-pass filter, respectively. For
the cytometric analysis, the treatment with PSs was omitted
in control samples [28]. The intra-cellular localization of
THPP was carried out as previously reported [29], using all
the above-mentioned solutions. Briefly, SKOV3 cells were
seeded onto coverslips (10,000 cells), allowed to grow for
48 h, and subsequently treated with a 5 pM PS concentra-
tion. After 24 h, cells attached to coverslips were washed
three times in PBS, fixed in 3% paraformaldehyde for at
least 10 min and again washed in PBS three times. Cover-
slips were mounted on microscope slides and images were
acquired using a LEICA TCS SP8 X confocal laser-scanning
microscope.

2.4 Statistical analysis

The experiments were repeated at least four times on sepa-
rate dates. ICs, values (i.e. the concentration affecting 50%
of cell survival fraction) were obtained by nonlinear regres-
sion analysis, using the GraphPad PRISM 3.03 software
(GraphPad Software Inc., San Diego CA). Data, normally
distributed, were analyzed by means of one-way ANOVA
(origin_7.0 SRO; Origin lab, Origin Lab Corporation
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Nothampton, Massachusetts, USA). Significant treatment
effects were estimated (p <0.05, p<0.01 and p <0.001).

3 Results and discussion
3.1 Emulsions and microemulsions: solubility

Some PS-free formulations (“white” formulations) were
initially studied to understand which one of the composi-
tions could be more stable, then, the chosen formulations
were prepared with the addition of PS. To this purpose, the
PS was dissolved in the oil phase or in the main surfactant,
heating and stirring the phase of interest. To obtain the best
lipophilic phase, solubility tests were carried out solubiliz-
ing the PS in various lipophilic vehicles. The best results are
reported in supporting information Table 2SI.

3.2 Microemulsions (ME): formulations,
characterizations, and stability analysis

According to the PS solubility results, oil-in-water (O/W)
or water-in-oil (W/O) formulations were prepared, choos-
ing suitable surfactants on the base of the physicochemical
characteristics of the vehicle and that one of the PS (see
supplementary information Table 3SI). Research has only
focused on the use of lipophilic phases suitable in pharma-
ceutical applications.

Among the “white” ME prepared, only three of the O/W
types (ME1, MES and ME12) (Table 1), showed clarity and
absence of phase separations one hour after preparation,
consequently they were re-prepared by dissolving 0.0025%
by weight of PS in the oily phase. After the addition of the
PS, ME5-PS and ME12-PS showed a phase separation, thus
were excluded from further stability tests. On the contrary,
ME1-PS proved to be stable and then was characterized eval-
uating pH, viscosity, and the possible presence of crystals by
microscopic analysis. Centrifuge tests were also used to con-
firm the stability of the formulation, evaluating the absence
of phase separation and the absence of precipitate. Since
MEI] is an O/W formulation, evaluation of the particle size
at the Nanophox was not made possible, due to a difficult
determination of the dispersant-phase density.

Table 1 Microemulsions O/W type, stable and clear one hour after
preparation

(074%% Composition
MEI 7% Labrasol 4+ 1% Transcutol P+92% H,0
MES5 25% Labrasol + 5% Lauroglycol 90+ 10%

Tween 80+ 50% H,0

34.3% Labrasol +5.7% Lauroglycol
90+30% Gelucile 44/11 +30% H,0

ME12
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The formulations resulting stable in the preliminary
analyses, were further studied under different conditions and
times. Thus, these formulations were placed in the dark in
a stability box kept at 4, 25, 40 °C and at RT in presence of
light. All samples were subsequently analyzed at 7, 15, 30
and 60 days for the same parameters (Table 2).

From the data reported in Table 2, it can be observed
that the viscosity remains unchanged in ME1-PS. Further-
more, the two ME1-PS stored at 4 °C showed no changes in
pH over 60 days while, in the other conditions, a slight pH
decrease was observed. Finally, ME1-THPP never showed
the appearance of crystals while the ME1-TPP showed the
presence of some crystals already after 7 days at all tempera-
tures considered, both in the dark and in the light. These last
data clearly indicate that this ME does not allow a permanent
and stable solubility of the highly lipophilic TPP. For an in-
depth analysis of the stability of the ME-PS thus formulated,
the absorbance variations over time were analyzed spectro-
photometrically (see Supplementary information Fig. 1SI).
For a more correct and exhaustive interpretation, the
decrease in the absorbance was calculated and reported in
percentage of the residual absorbance after 60 days (Fig. 2).

The absorbance data agree with the data reported in
Table 2 concerning the stability of the two ME-PS; actu-
ally, the ME1-THPP showed excellent conservation at 4 and
25 °C, as only a partial decay of the signal relative to the PS
being observed at 40 °C after 60 days. A higher degrada-
tion rate was measured for the sample kept in presence of
light due to a phenomenon probably related to a partial pho-
tobleaching effect. These results confirm the high stability
of ME1-THPP; therefore, this has been the microemulsion
chosen for the subsequent biological tests.

The low stability of ME1-TPP was confirmed considering
the decrease of the absorbance with time. In fact, although
it is known that the stability of the ME is temperature-
dependent, unfortunately, at the lowest considered tempera-
ture (4 °C) the absorbance of the microemulsion showed a
70% decrease after 60 days. The absorbance was null (100%
decrease) at 40 °C after the same period. In this case, the
decrease or disappearance of the porphyrin absorbance sig-
nal could be related to the formation of insoluble aggre-
gates. A similar result was, obviously, observed for sample
stored at RT under the light, when the intrinsic instability
is worsened by the photobleaching effect. Overall, it can be
concluded that the choice of microemulsion formulations is
not suitable for the TPP photodynamic application.

3.3 Emulsions: formulations, characterizations,
and stability analysis

Due to the instability of ME1-TPP, it has been decided to
prepare an emulsion using the high-pressure homogeniza-
tion technique. In the first step, two oily phases were chosen,
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Table 2 Results of the stability analyses carried out on clear ME1

[P
‘55 0 7 15 30 60
g Dark Light Dark Light Dark Light Dark Light
2 4°C | 25°C | 40°C | RT | 4°C |25°C | 40°C | RT | 4°C | 25°C |40°C | RT | 4°C |25°C | 40°C | RT
@}
T | 68 6.8 68 | 66 | 66 | 66 | 68 | 6.6 | 65| 65
2
-5 ‘B~
=N -4} 200
=
= =
s
VE‘ A. P.
Q
T | 68 6.8 | 6.8 | 6.8 | 6.7 | 6.7 | 6.8 | 6.6 | 6.6 | 6.6 ] 6.8 ] 6.6 \ 6.5 | 6.5
9 2
A Do~
£ 155 200
- |5
=
= |z
2 v A
&)

The pH, the viscosity, and the presence of crystals in the formulation were determined at 7, 15, 30 and 60 days after preparation of the ME. The
analyses were determined at 4, 25, 40 °C in the dark and at RT in the light. A stands for absence of crystals while P means the presence

100.00

80.00

60.00

40.00

20.00

Residual absorbance (%)

A
Light

25°C 40°C
MEL-TPP @MEI-THPP

0.00
4°C

Fig.2 Residual absorbance detected on MEI-PS after 60 days of
analysis in the dark at 4, 25, 40 °C and under light at RT. The values
are reported as percentage with respect to the initial value of absorb-
ance (t=0), corresponding to 100%

based on the solubility (Table 2SI), then TPP was dissolved
in Lauroglycol 90 (E1) and in Propylene Glycol Dipelar-
gonate (DPPG) (E2). Furthermore, considering a possible

topical application of the formulation for skin cancers, a
third emulsion (E3) was prepared using DPPG in combina-
tion with almond oil, a compound known for its moisturizing
properties and with reduced irritating effects on the skin.
Preservatives and chelating agents have been added to these
emulsions to increase their stability (Table 3).

As E3 was the only stable and uniform formulation 24 h
after preparation, it was then re-prepared with the addition of
TPP, dissolving 0.0025% by weight of the porphyrin in the
oily phase. The same stability analyses made for ME were
then repeated in the case of E3-TPP (Table 4).

The absorbance of this formulation was also measured at
418 nm with a spectrophotometer at fixed times (See Sup-
plementary information Fig. 2ST) (Fig. 3).

The data reported in Table 4 and the residual absorbance
after 60 days (Fig. 3) clearly indicate an interesting stability
of the formulation. E3-TPP showed only a limited decrease
in absorbance (more relevant in the case of the formulation
exposed to light), absence of crystals, no variation in pH and
viscosity (slight decrease in viscosity only for the emulsion

Table 3 The three emulsions prepared, and the relative formulation expressed in W/W %

Composition
El
nol+0.1% EDTA +49.7% H,0
E2
EDTA +50.2% H,O
E3

noxyethanol +0.1% EDTA +50.7% H,O

30% Lauroglycol 90 +3% Transcutol P+ 10% Propylen glycol +2% Montanov 68 +3% BrijS20+ 1.2% Tween 80+ 1% Phenoxyetha-
30% DPPG +2.5% Transcutol P+ 10% Propylen glycol +2% Montanov 68 +3% Brij S20+ 1.2% Tween 80+ 1% Phenoxyethanol +0.1%

15% DPPG + 15% Almond oil + 2% Transcutol P+ 10% Propylen glycol + 2% Montanov 68+ 3% Brij S20+ 1.2% Tween 80+ 1% Phe-

Total weight of the emulsion 200 g
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Table 4 Results of the stability analyses carried out on clear E3-TPP
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The particle size, the pH, the viscosity, and the presence of crystals in the formulation were determined at 7, 15, 30 and 60 days after preparation
of the ME. The analyses were determined at 4, 25, 40 °C in the dark and at RT in the light. A stands for absence of crystals

100.00

95.00

90.00

Residual absorbance (%)

A\

85.00

4°C

40°C

Light

Fig. 3 Residual absorbance detected on E3-TPP after 60 days of sta-
bility in dark at 4, 25, 40 °C and under light at RT. The values are
reported as percentage with respect to an initial absorbance value,
measured at t=0, corresponding to 100%

kept at 40 °C) and not relevant variations of the micellar
size. Consequently, E3-TPP will be used for subsequent bio-
logical analyses.

3.4 Liposomes: formulations, characterizations,
and stability analysis

Traditional method for liposomes preparation is the hydra-
tion of a film formed in a round bottomed flask following
the evaporation of the low boiling organic solvent of a lipid
mixture by means of a rotary evaporator [30].

The main problem with these preparations is the high
degree of microbial contamination in the final product; this
contamination can be avoided using sterile aqueous phases
and filtering the solution with 0.2 um porosity syringe-filter.

In preliminary studies, various liposomal formulations
with different excipients were prepared, evaluating their

@ Springer

stability by means of microscopic analyses (see supplemen-
tary information Table 4SI and Fig. 3SI).

Formulations L3 (Lipoid SPC-3/Lipoid DSPG-Na+7%
Cholesterol +0.4% a-tocopherol; solvent: methanol/DCM)
was the most uniform as the use of the methanol/DCM mix-
ture allowed the best solubilization of the components.

When THPP was added in the L3 formulation, a color
change of the PS from purple to green was observed because
of the slightly acidic pH of the liposome, an attempt was
made changing the phospholipid thus obtaining two new
variants (L8 and L9) (Table 5).

L9-THPP, containing Lipoid S100 as basic phospholipid,
gave the best results thus the same liposome, in which TPP
was dispersed, was also prepared (Table 5).

As can be seen from the data reported in Table 5, appro-
priate formulations were required for each PS, depending on
the lipophilicity and structure of the molecule itself. Actu-
ally, different PSs intercalate differently in the lipid layer,
and this determines the formation of stable or not-stable
liposomes, depending on the interaction with the lipophilic
components of the bilayer. In the case of TPP, the addition
of fatty acid was necessary to stabilize the liposome.

To test the liposome stabilities, 1 mL of L9-THPP or LL13-
TPP was diluted in 100 mL of 1X PBS buffer and filtered
in two steps (first 0.45 um and then 0.2 um filter); the solu-
tion was spectrophotometrically analysed before and after
filtration, detecting an overall loss of about 30% of PS. For
this reason, we opted for high-pressure filtration with Max-
imator homogenizer, with two consecutive filtration steps
using 0.45 um and 0.1 pm filters, obtaining liposomes with
negligible PS loss (<0.5%) [31]. Liposomes thus obtained
were characterized measuring the particle size and the pH,
followed by microscopic analyses and, finally, by centrifuge
test at predetermined times (Table 6). To limit microbial
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Table 5 Composition of liposomal formulations for THPP and TPP, with comments on the characteristics of the preparation

Composition Comments

L3-THPP Lipoid SPC-3/Lipoid DSPG-Na+0.4% a-tocopherol + 7% cholesterol Dark green lipid film

L8-THPP Lipoid S20/Lipoid DSPG-Na+0.4% a-tocopherol + 7% cholesterol Dark green lipid film

L9-THPP Lipoid S100+DSPG-Na+0.4% a-tocopherol + 7% cholesterol Homogeneous liposomes with purple color
L10-TPP Lipoid S100+DSPG-Na+ 7% cholesterol Not encapsuled/precipitated porphyrin
L11-TPP Lipoid S100 Not encapsuled/precipitated porphyrin
L12-TPP Lipoid S100+ 6% squalane + 6% Labrafac Not encapsuled/precipitated porphyrin
L13-TPP Lipoid S100+2.5% myristic acid Homogeneous liposomes with purple color

Table 6 Results of the stability analyses carried out on liposomes L9-THPP and L13-TPP
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The particle size, the pH, and the presence of crystals in the formulation were determined at 7, 15, 30 and 60 days after preparation of the
liposomes. The analyses were determined at 4, 25, 40 °C in the dark and at RT in the light. A stands for absence of crystals

contamination, 0.5% phenoxyethanol was added, as a pre-
servative, to each stable formulation.

The overall data of the analyses concerning the stability
of the two liposomal formulation, showed that the pH did not
change in the various conditions tested and that no crystal
formation was observed. On the other hand, a progressive
increase in micellar size was observed, a phenomenon par-
ticularly relevant for the samples placed at 40 °C, for which
was no longer possible to carry out the analysis after a few
days, probably because of the irregular dimensions assumed
by liposomes.

An accurate assessment of the spectrophotometric stabil-
ity was carried out here too, evaluating the change in the
absorbance intensity for each formulation (see Supplemen-
tary information Fig. 4ST). The analyses were carried out at
fixed days, covering an interval of 60 days. For a more cor-
rect and exhaustive interpretation of the data, the decrease
in absorbance, with respect to time, of each formulation was

measured and reported as the percentage of residual absorb-
ance after 15 and 60 days of test in the dark at 4, 25, 40 °C
and in the light at RT (Fig. 4).

Liposomal formulations, compared to ME, proved to be
less stable about PS, under all conditions tested. None of the
liposomal formulations was found stable after 60 days when
kept at 40 °C or in the light, whereas it should be noted that
both L13-TPP and L9-THPP maintains a good level of sta-
bility at 4 and 25 °C for at least 7 days and L13-TPP seems
to be quite stable also after 60 days at those temperatures
(<80% at 4 °C and 70% at 25 °C, respectively). On the con-
trary, L9-THPP already showed a strong loss of absorption
when kept at 4 °C for 60 days. Both liposomal formulations
undergo a strong photobleaching effect, which is such as
to make them unusable after 7 days of storage under light.

For a correct and global interpretation of the data, the
percentage of oxidized lipids was also analyzed (Fig. 5).
The analysis was carried out at RT on “white” liposomes
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Fig.4 Residual absorbance detected in Liposomes after 7 and
60 days of stability in dark at 4, 25, 40 °C and under light at RT. The
values are reported as percentage with respect to the initial absorb-
ance value (t=0), corresponding to 100%
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Fig.5 Increase in percentage of oxidized lipids in the two liposomal
formulations maintained at room temperature

corresponding to the above reported L-PS. The analysis
could not be carried out on liposomes charged with the PS,
due to the spectral interference of the PSs absorbance.

In general, the comparison of the analyses on oxidized
lipids and the graph showing the spectrophotometric stabil-
ity of the formulations at two different conservation times,
does not allow establishing a direct correspondence. The
instability of the formulations at long time (60 days) does not
therefore depend on the spontaneous oxidation of lipids by
molecular oxygen, however the concomitant presence of the
PSs and light might be the cause of faster lipids oxidation.

By considering the whole data obtained on the stabilities
of the lipid formulations, the L13-TPP and the L9-THPP

able chemical and physical instability. This limits the use
of liposomes as carriers for biologically active compounds.
To solve their limited physical stability, it would therefore
be necessary to preserve the compound and the lipids as a
dried film, and form the liposomes just before their use, a
method that, due to obvious problems of time, space, and
poor handling, is not applicable. Consequently, it is inter-
esting to prepare liposomes using a spray dryer [32], i.e.
liposomes in a solid state (powder), to be re-suspended in
an aqueous vehicle at the time of use, a method also suitable
for industrial applications.

In the spray dryer technique, the liposomes are produced
in the form of a dried powder starting from a liquid mixture,
by rapid drying in the presence of hot air. This is the method
of choice for drying many heat sensitive materials, such as
food and pharmaceutical compounds. The preparation of
liposomes using a spray dryer involves the solubilization of
the lipid material in a specific solvent and the drug in the
same or different solvent, such as ethanol or methanol, in
the presence of antioxidants and water-soluble compounds
that act as carriers (maltodextrins, sucrose, PVP). The two
phases are kept stirred and then sprayed at a suitable tem-
perature (generally between 50 and 80 °C), forming a fine
dry particulate of the liposomal components [33].

Three PS-free atomization tests were carried out with dif-
ferent starting mixtures, using a total of 200 g of liquid phase
(solvent/water) (Table 7). Later, for the preparation of dry
liposomes charged with a PS, only THPP was used because
of its good solubility in ethanol.

Among the three formulations, only the SD3 showed
uniform dimensions and visual homogeneity of the powder.
Consequently, it was then prepared with the addition of a
solution of THPP (0.006 g/200 g) in ethanol (SD3-THPP).
2.5 g of the powder obtained from SD3-THPP was re-sus-
pended in 1X PBS buffer, sonicated for 2 min, and character-
ized. The homogeneity of the product as well as the absence
of crystals was confirmed by a microscope analysis. The

Table 7 Composition of the

i 13 . Composition
white” liposomal formulations

spray dryer SD1 0.335% Lipoid S100+0.129% Lipoid DSPG-Na+0.035% Cholesterol +0.001%
a-tocopherol 4+ 10% Maltodextrin + 89.5% solvent/water mixture
SD2 0.7% Lipoid S100+0.03% Cholesterol +3% Sorbitol +96.27% solvent/water mixture
SD3 0.7% Lipoid S100+0.03% Cholesterol + 3% Sorbitol + 4% PVP+92.27% solvent/water mixture
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analysis with Nanophox gave the 151.44 nm average dimen-
sion of SD3-THPP and, as shown in Fig. 6, the formulation
is particularly homogeneous.

3.6 Biological analyses

The two MEs and the two liposomes showing the greatest
stability for each PS (ME1-THPP, E3-TPP, L9-THPP and
L13-TPP) were tested in vitro on the SKOV3 cell line to
evaluate their photodynamic efficacy. The evaluation of the
cytotoxic effect was obtained with MTT assay that allows
to determine the ICs, values following exposure to increas-
ing doses of PS under constant light dose. With the same
test, it is also possible to determine whether the compounds
have intrinsic cytotoxic activity, by administering the same
doses of PS, omitting the illumination step [34]. To limit
contamination phenomena, previous their use, all the for-
mulations tested were filtered with a 0.2 um syringe filter
under a laminar flow hood.

=]
2 10.00

Density distri
(e}
=)
S

0.00  50.00 100.00 150.00 200.00 250.00 300.00

nm

Fig.6 Analysis concerning the particle size distribution of SD3-
THPP liposomes performed by Nanophox Sympatec

Fig.7 1Cs, values (nM) 350.00
obtained in SKOV3 cells fol-

lowing treatment with TPP

in solvent (n.d.), in emulsion 300.00
(E3-TPP), and in liposome

(L13-TPP) and with THPP in

DMSO/DMEM, in microemul- 250.00
sion (ME1-THPP), and in lipo-
some (L9-THPP). Scheduled
test time: 24 h incubation, 2 h
irradiation and 24 h incubation
in drug-free medium, followed
by MTT test (mean+ES of
four independent experiments;
*p <0.05 L13-TPP vs E3-TPP; 250
#p <0.05, L9-THPP vs THPP;

@p <0.05 L9-THPP vs ME1-

THPP)

200.00
5.00

[nM]

0.00

TPP E3-TPP

The toxicity of the “white” formulations, corresponding
to the selected ME1-THPP, E3-TPP, L9-THPP and L13-TPP
mixtures, was first evaluated to exclude any possible cyto-
toxic effect of the excipients, either following irradiance or
keeping the cells in the dark.

As none of the “white” formulations has shown toxic-
ity, this allows proceeding with the test of the formulations
charged with the photosensitizers.

For the four formulations and for THPP in DMSO, the
ICs, value was obtained by treating the cells with the solu-
tions diluted in DMEM-F12. After 24 h of dark incubation,
the cells were illuminated for 2 h; after another 24 h of dark
incubation, cell viability was determined by the MTT test
(Fig. 7, cell proliferation curves Fig. 5SI). In the case of
THPP, the results could be compared with the data obtained
with the same molecule formulated in DMSO/DMEM mix-
ture whereas a similar comparison could not be made in the
case of TPP because, as stated above, the DMSO/DMEM
mixture was found not stable in the time.

The emulsion and the liposomal formulation of TPP allow
evaluating the activity of a highly lipophilic molecule that
cannot be tested in DMSO/DMEM solution due to its insolu-
bility. The two formulations showed significantly different
photodynamic activity. Lovcinsky has reported that the TPP
formulation in liposomes did not affect singlet oxygen pro-
duction [22], and more papers report a similar result in the
case of microemulsions [35, 36]. Furthermore, considering
the similar stability of the two systems, the data suggest that
the greater activity of TPP in the liposomal formulation is
attributable to greater cellular penetration.

In a previous work, a similar liposomal formulation of
TPP had been tested on HeLa cells showing partial toxic-
ity in the dark and good photodynamic activity, evaluated
with tryptophan photodegradation [37]. In this work, no
dark toxicity was observed on the SKOV3 cell line while

3+

L13-TPP THPP

MEI1-THPP L9-THPP
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photodynamic activity in the order of 200 nM was observed.
It should be emphasized that the result obtained is com-
parable to the theoretical value predicted by the predictive
quantitative structure—activity relationship (QSAR) regres-
sion model, already reported by our group [38]. In the case
of THPP, the ICs, values obtained with the microemulsion
and the porphyrin dispersed in DMSO/DMEM were compa-
rable, confirming the goodness of ME as a delivery system
for this type of PS. These data are particularly interesting by
considering both the simplicity of the preparation of ME and
its stability and biocompatibility.

THPP formulated at the liposomal level has a significant
greater photodynamic efficacy compared to both THPP in
DMSO/DMEM solution and formulated in ME. This result is
in contrast with the results previously reported by Nawalany,
which has found that THPP formulated in liposomes exhibits
lower photodynamic activity than THPP in DMSO on two
tumor cell lines (HCT116 and DU145) [24]. Consequently, it
can be assumed that the different composition of liposomes
used become decisive in the greater photodynamic efficacy.

The activity of THPP formulated in liposomes prepared
with the spray-dryer technique (SD3-THPP) was also evalu-
ated. Preliminary data showed that the photodynamic activ-
ity was comparable with L9-THPP (data not shown), this
suggests that the preparation technique does not significantly
affect the characteristics and the efficacy of the liposome.

The efficiency of PDT treatment is highly dependent
on the photosensitizer cellular uptake and accumulation in
malignant tissues [39, 40]. Also, intracellular aggregation
state of the photodynamic agent is very important, since
aggregates are not active in PDT. In this study, the cellu-
lar uptake of the THPP entrapped in ME and in liposome
was evaluated in SKOV3, comparing the results with those
obtained with THPP in DMSO/DMEM solution. To assess
the cellular uptake, the cytofluorimetric analysis was used.

Fig.8 Cellular uptake in 45.00
SKOV3 cell lines following

treatment with THPP, ME1- 40.00
THPP and L9-THPP 24 h

and flow cytometric analysis 35.00
(mean ES of 3 independent

experiments; ##p <0.01 vs Ctrl; 30.00

*p<0.05 vs THPP)
25.00

MFI

20.00
15.00
10.00

5.00

Ctrl
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The graphs obtained after 24 h incubation in the pres-
ence of 100 nM of the THPP, ME1-THPP and LL9-THPP are
shown in Fig. 6SI and the related MFI values are reported
in Fig. 8. The data show that THPP in DMSO/DMEM or
dispersed in the microemulsion (M1-THPP) or in liposome
(L9-THPP) was able to accumulate in SKOV3 cells at differ-
ent levels, compared to control (untreated) cells. The uptake
of TPP formulations has not been analyzed as it is not pos-
sible to compare the results with TPP as it is not soluble in
any solvent that can be used for in vitro tests.

From the results reported in Fig. 8, it is observed that
THPP dissolved in solution shows a comparable uptake to
THPP in ME, instead it is evident that the liposomal formu-
lation shows a higher uptake than THPP in solution.

The uptake results were in agreement with the photo-
dynamic activity data expressed as ICs, shown in Fig. 7.
This may lead to the assumption that the liposomal formu-
lation facilitates PSs cellular penetration and then the kill-
ing efficacy. These data seem comparable with that reported
by Nawalany who observed how the formulation liposomal
showed greater uptake than THPP in HCT116, although
the same author observed a lower photodynamic activity
attributed to a different cellular localization of the THPP in
DMSO or formulated in liposomes [24].

To give further biological information, the cell penetra-
tion of the liposomal formulations of the two porphyrins
was considered (Fig. 9). The analyses were conducted by
treating the cells with a concentration ten times higher than
the respective ICs,.

The cytoplasmic localization of porphyrins is well known
[41, 42]. The results of the confocal analyses indicate that
the different types of carriers do not affect the site of pen-
etration. Actually, the images show the presence of fluores-
cent spots at the cytoplasmic level, whereas they are absent
in the nucleus, thus confirming the effective penetration

#HH

THPP MEI1-THPP

L9-THPP
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Fig.9 Confocal microscope
images for SKOV3 cells treated
with L13-TPP (A) and L9-THPP
B)

of the porphyrins within cells, even for 5,10,15,20-tetrap-
henyl porphyrin, the simplest and most lipophilic among
the tetraaryl porphyrins, never observed before. This result
opens a new frontier for the application in PDT of easily
synthesizable photosensitizers, therefore producible in bulk
quantity, which can be transformed, by conventional chemi-
cal methods, in the corresponding red-adsorbing chlorins,
which are suitable for in vivo PDT treatment.

4 Conclusion

In the present work, we reported the preparation and photo-
dynamic efficacy of two different types of formulations (ME
and liposomes) towards human ovarian adenocarcinoma cell
lines. They contain two photosensitizing agents of the por-
phyrin family, TPP and THPP, both of which are hydropho-
bic. The two PSs were solubilized in MEs and liposomes
which were found stable under the various conditions tested.
For both PSs, the liposomal formulation proved to be the
most effective for the photodynamic activity of PS, and, in
the case of THPP, a higher cell penetration was observed
than the porphyrin in DMSO/DMEM solution. The use of
liposomes as vehicles carrying hydrophobic photosensitizing
molecules has been shown to be advantageous for their use
in PDT, actually liposomes allow their efficient transfer and
accumulation in cells in non-aggregated form. In conclu-
sion, it appears that the system in which the two porphyrins
are incorporated into liposomes may provide a method to
increase the selectivity and efficiency of PDT by reducing
aggregation, improving tumor penetration and absorption,
and increasing photo-toxicity in vitro.
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