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Chapter 5
Targeted drug delivery systems

Do folate-receptor targeted liposomal photosensitizers
enhance photodynamic therapy selectivity?

One of the current goals in photodynamic therapy research is to
enhance the selective targeting of tumor cells in order to minimize the
risk and the extension of unwanted side-effects caused by normal cell
damage. Special attention is given to receptor mediated delivery
systems, in particular, to those targeted to folate receptor. Incorporation
of a model photosensitizer (ZnTPP) into a folate-targeted liposomal
formulation has been shown to lead an uptake by HelLa cells (folate
receptor positive cells) 2-fold higher than the non-targeted formulation.
As a result, the photocytotoxicity induced by folate-targeted liposomes
was improved. This selectivity was completely inhibited with an excess
of folic acid present in the cell culture media. Moreover, A549 cells
(folate receptor deficient cells) have not shown variations in the
liposomal incorporation. Nevertheless, the differences observed were
slighter than expected. Both folate-targeted and non-targeted liposomes
localize in acidic lysosomes, which confirms that the non-specific
adsorptive pathway is also involved. These results are consistent with
the singlet oxygen kinetics measured in living cells treated with both

liposomal formulations.






Folate-receptor targeted liposomal photosensitizers

5.1. INTRODUCTION

One of the most actively pursued goals in photodynamic therapy (PDT) research is to
enhance the selective targeting of tumor cells in order to minimize the risk and
extension of unwanted side-effects caused by damage to normal tissues [1]. Targeted
drug delivery systems are one of the strategies proposed to solve the problems
underlying traditional cancer treatments. Drug delivery systems are able to modify the
pharmacokinetics and biodistribution of their associated drugs. In this way, liposomes
possess many interesting properties such as the ability to entrap both hydrophilic and
hydrophobic drug molecules without loss or alteration of their activity, long systemic
circulation times, preferential accumulation in solid tumors, and controlled drug release
[2-4]. In PDT, it has been shown that liposomes increase the photosensitizing efficiency
of some PDT agents by maintaining their monomeric form, by modifying the uptake of

the dye by malignant cells, or by influencing their subcellular accumulation [5,6].

One approach to improve the therapeutic efficacy of drug-carrying liposomes is the
grafting of tumor-specific ligands to their lipid bilayer, which can be recognized by
specific cell surface components [7], e.g., antibodies [8], growth factors [9],
glycoproteins (transferrin) [10], or specific receptors [11]. The incorporation of ligand-
targeted therapies not only facilitates targeting to the cell but also drug retention at the
target site by preventing the rapid elimination from the system circulation. These
ligands represent a minimal risk of inducing immune response, are widely available and
often inexpensive. At present, special attention is given to folate receptor (FR)-
mediated delivery systems [12]. Folic acid is an essential vitamin for the proliferation
and maintenance of all cells. The lack of this nutrient in human serum makes malignant
cells to up-regulate this receptor to compete more aggressively for the vitamin. The
overexpression of folate receptor on a variety of epithelial cancer cells including
cancers of ovary, lung, kidney, breast, brain and colon [13], and the extremely high
affinity of folate for its receptor provide a novel approach to specifically deliver
photosensitizers (PSs) encapsulated in folate-functionalized liposomes in vitro [14].
Improved uptake of PS-folate conjugates has been reported previously [15,16] and
different systemic carrier platforms have been developed to achieve selective
accumulation of PSs [17-21]. However, the details of such improved PS uptake are
poorly understood. For instance, to what extent does receptor-mediated uptake affect
the accumulation of PSs in the cells? Does receptor-mediated uptake affect the

localization of the PSs in the cells? Are the photosensitization properties affected?
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Chapter 5: Targeted drug delivery systems

In order to address these questions, the model PS zinc-tetraphenylporphyrin (ZnTPP)
was encapsulated in folate-targeted and non-targeted liposomes to assess the role of
folate receptors in the active uptake of folate-targeted liposomes. ZnTPP was chosen
as PS as it can be conveniently encapsulated in liposomes in high yield and in
monomeric state  [22,23]. Our results show that targeting Hela cells (FR-
overexpressing cervical carcinoma cell line) with folate-decorated liposomes indeed
leads to an increased PS uptake. This enhancement induces higher photodynamic cell
death compared to that caused by incubation with non-targeted liposomes. We
subsequently describe a comparative study of accumulation and phototoxicity in FR-
expressing HelLa tumor cells, and in A549 tumor cells which do not express FR.
Subcellular localization patterns of both formulations were studied, as well as 'O,

kinetics measured in living cells.
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5.2. EXPERIMENTAL SECTION

Materials. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-
glycero-3-[phospho-L-serine] (sodium salt) (OOPS) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (ammonium salt) (FA-PEG-
DSPE) were purchased from Avanti Polar Lipids (Birmingham, AL). Imidazole, folic acid
and 5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO) The porphyrin used had a minimal purity
of 99% and was used as received. Deuterium oxide (99.9%) was purchased from
Solvents Documentation Synthesis (SDS, Peypin, France). All other chemicals were
commercially available reagents of at least analytical grade. Milli-Q water (Millipore

Bedford, Massachusetts system, resistivity of 18 M1 cm) was used.

Light source. Irradiation was carried out with a Sorisa Photocare LED source with a
wavelength range of 520-550 nm. The light intensity at the irradiation site was 16

mW/cm?, measured with a LaserStar Ophir power meter (Logan, UT).

Cell cultures. Human Hela cervical adenocarcinoma cell line (ATCC CCL-2) is one of
many tumor cell types that are known to over-express folate receptors [24]. Human
lung adenocarcinoma A549 cells (ATCC CCL-185), known to be deficient in FR
expression, were used as negative control. Before the experiments the cells were
subcultured in folate-deficient DMEM (FD-DMEM) supplemented with the same

components as DMEM for 2 weeks to establish a folate deficiency.

Preparation of liposomes. POPC/OOPS (90:10 molar ratio, non-targeted liposomes)
and POPC/OOPS/FA-PEG-DSPE (90:10:0.1 molar ratio, FR-targeted liposomes) were
prepared by microemulsification, following standard procedures. A concentration of

100:1 lipid/porphyrin molar ratio was used.

Cellular internalization. In order to study the liposome cell internalization [25] and to
distinguish surface bound to internalized liposomes, HelLa cells were incubated either

at 4°C (where folate-receptor-mediated endocytosis is blocked [14,26]) or 37°C in the
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dark for 4 h with FD-DMEM containing 10 uM ZnTPP encapsulated in non-targeted and
FR-targeted liposomes. Since folate rapidly dissociates from specific, high-affinity
binding factors in acid pH [27], we used an acidic saline wash to remove surface-
bound liposomes and distinguish the uptake due to surface binding than that due to
internalization. After rising with PBS, cells were incubated for 10 min with acetate buffer
pH 3.5 (130 mM NaCl, 20 mM NaAc). Cells were then scrapped and resuspended in 1
mL of 2% SDS. The extent of PS uptake was assessed by the same procedure

described in chapter 2.

Subcellular localization quantitative analysis. Quantitative studies on Hela cells
subjected to 1 or 10 uM ZnTPP in liposomes with and without folate were carried out
using image processing and analysis (IPA) from the public domain Imaged 1.42

software (http://rsbweb.nih.gov/ii/index.html) [28]. The red ZnTPP signal was recorded

for each cell, brightness values in arbitrary units corresponding to the following ratio:
integrated density/area. Results were the mean values and standard deviations from a
total of 70 images. In addition, the frequency of brightness values (red signal) was also
evaluated for cells subjected to 24 h treatments with 1 or 10 uM ZnTPP in liposomes

either with or without folate.

Statistical analysis. Unpaired Student’s t test was used to test for the significance

level between two sets of measurements. The level of significance was set to p < 0.05.
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5.3. RESULTS AND DISCUSSION

Characterization of liposomal formulations. FR-targeted and non-targeted
liposomes containing ZnTPP at 100:1 lipid/porphyrin molar ratio were prepared by
microemulsification. This particular combination of PS and lipids allows for a high
encapsulation of this PS [22]. The PS encapsulation efficacy was close to 90% and
was not affected by folate functionalization. Photon Correlation Spectroscopy (PCS)
showed a dynamic diameter of 110 nm for non-targeted liposomes and 140 nm for FR-
targeted liposomes with a polydispersity index of 0.3. The stability of the formulations
was monitored by changes in the particle size and porphyrin and lipid retention over
one week storage at 4 °C in the dark (Table 5.1). The liposomal formulations showed
excellent colloidal stability and drug retention during this period. We thus conclude that
the properties and stability of liposomal preparations are not affected by the presence

of the folate marker.

Table 5.1. Stability of FR-targeted and non-targeted formulations as measured by lipid and PS content,

particle size and zeta potential.

Sample Time (h) L (%)* P(%)® Zave/nm°® ¢ pot/mV®
0 90+2 94+8 110+ 20 -38+5
Non-targeted 24 97+9 85+10 130+ 30 -31+3
168 793 83+13 140+ 20 -303
0 8714 9% +7 140+ 20 -362
FR-targeted 24 97+12 93+4 130+ 30 -34+2
168 78+3 83+5 110+ 20 -351+4

L: Lipid content, expressed as the percentage of lipid in the sample with respect to the lipid present at the
initial stage of liposome preparation.

= Porphyrin content, expressed as the percentage of porphyrin in the sample with respect to the
porphyrin present at the initial stage of liposome preparation.

¢ Z average mean.

d Zeta potential.

Data are mean values * SD of at least three independent experiments.
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The phase transition temperature of POPC/OOPS (90:10) liposomes was reported
previously as -5.1 £ 0.7 °C and was not affected by the incorporation of 1% ZnTPP
[22]. Thus, one can reasonably expect that it won't be affected either by the presence
of 0.1 mol% FA-PEG-DSPE. The liposomes can therefore be safely assumed to be in
the fluid state at 37 °C, temperature at which cell experiments were carried out. In
order to ensure that ZnTPP does not escape from liposomes interacting with serum
proteins, the stability of liposomes was tested also in the presence of 10% FBS at
37°C. The remaining PS in both FR-targeted and non-targeted liposomal suspensions
was always above 90%, indicating that serum proteins do not affect liposome stability
and, especially, do not induce the release of the entrapped ZnTPP.

The same holds true for the photophysical properties of the sensitizer: Fig. 5.1 shows
the absorption and emission spectra of ZnTPP encapsulated in folate-targeted
liposomes and their non-targeted counterparts. No spectral shifts can be observed
between the two sets of data, ruling out any significant interaction of the porphyrin with
the folate ligand. Likewise, the fluorescence quantum yield of ZnTPP, calculated by
steady-state comparative method of optically-matched solutions, was 0.025 and 0.024
for folate-targeted liposomes and non-targeted liposomes, respectively (@r zntep, toluene)
= 0.033) [29]. Finally, the fluorescence decay kinetics, determined by time-correlated
single photon counting, also confirmed that the photophysics of ZnTPP in the lipid
bilayers are
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Figure 5.1. Absorption (solid line) and emission (dashed line) spectra of ZnTPP incorporated in folate-
targeted liposomes (black) and non-targeted liposomes (grey) in 50 mM imidazole-HCI buffer, pH 7.4. Note
the factor x10 in the 500-650 nm region of absorption spectra. The spectra were corrected relative to
absorption at 550 nm.
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not affected by the presence of the FA-PEG-DSPE ligand. The fluorescence decay
could be fitted in both systems by two exponential components with lifetimes 2.0 + 0.1
and 1.3 = 0.1 ns, respectively, reflecting different endoliposomal locations of ZnTPP in

the phospholipid bilayer [30].

Cellular uptake of FR-targeted liposomes. After confirming that ZnTPP incorporation
into the lipid bilayers is not affected by the presence of the FA-PEG-DSPE ligand, the
effect of the folate marker on the cellular uptake of ZnTPP was determined. To select
the ZnTPP concentration in cell cultures for uptake experiments, the PS dark toxicity
was determined after incubation with 1 - 50 uM ZnTPP for up to 24 h. Cell viability was
evaluated 24 h after treatment by the MTT colorimetric assay. A concentration of 10 uM
ZnTPP was chosen as a good compromise between cell viability and PS concentration
in culture medium, with survivals fractions higher than 85% for non-targeted and folate-

targeted formulations, for both cell lines.

HeLa and A549 cells were incubated for different times with 10 uM ZnTPP
encapsulated in folate-targeted and non-targeted liposomes. The extent of PS uptake
was then determined by fluorescence spectroscopy after lysing the cells and then
normalized to the protein content of each sample to correct for variations in the number
of cells. As shown in Fig. 5.2A, a clear differential uptake between folate-targeted and
non-targeted liposomes was observed. Thus, when FR-overexpressing Hela cells
were incubated for 24 h with folate-targeted liposomes, a 70% increase of lysate
fluorescence is observed compared to the values for non-targeted liposomes.
Moreover, FR-deficient A549 cells showed no differences in the liposomal incorporation
(Fig. 5.2B). These results confirm that active uptake mediated by folate receptors is an
effective approach to increase the uptake of PS encapsulated in folate-functionalized

liposomes.

Additional evidence for the specific role of folate-receptor interactions in the differential
uptake of ZnTPP was obtained from competitive binding assays. Thus, 1 mM folic acid
was added to the incubation medium to saturate the receptors on the cell surface. Fig.
5.3 shows that 1 mM free folic acid significantly reduced the ZnTPP uptake in HelLa
cells targeted with liposomes bearing folate ligands and no differences were observed
between targeted and non-targeted liposomes uptake, indicating that the contribution of

folate receptors to the uptake of ZnTPP was completely inhibited.
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Figure 5.2. Cellular uptake of ZnTPP encapsulated in folate-targeted liposomes (M) and non-targeted

liposomes (A) by (A) HeLa and (B) A549 cells in folate-depleted DMEM media. The fluorescence change

plotted is the ratio between the area under the fluorescence emission and the protein content in each

suspension. Mean + SD values from at least two different experiments are shown. **p <0.01
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Figure 5.3. Competitive binding assay in HelLa cells cultured with FR-targeted and non-targeted

liposomes, with or without the addition of 1 mM free folic acid. The enhancement of the FR-targeted

liposomes uptake was totally inhibited in the presence of 1 mM free folic acid. Fluorescence emission was

normalized with protein content of each suspension. Mean + SD values from at least two different

experiments are shown. *p < 0.01.

In a third series of experiments, the effect of FA-PEG-DSPE liposomal content on the

uptake of ZnTPP was also assessed. HelLa cells were incubated for 24 h with different

formulations containing 0 - 0.2 mol% of FA-PEG-DSPE and the fluorescence of the cell

lysate was measured and normalized to the protein content of each sample. As

expected, uptake of ZnTPP was found to be notably dependent on the amount of FA-
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PEG-DSPE present in the liposomes (Fig. 5.4). Increasing amounts of the folate ligand
led to higher uptake of the PS although saturation effects were observed at the highest
FA-PEG-DSPE concentration assayed. Since FR can bind only one molecule of folic
acid [27], we chose to use 0.1 mol% FA-PEG-DSPE in all experiments, which also
precludes the formation of folate dimers and trimers [31]. Thus, we can ensure an

efficient interaction with folate receptors.
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Figure 5.4. Uptake of ZnTPP encapsulated in folate-targeted formulations with varying percentages of FA-
PEG-DSPE by Hela cells. Cells were incubated for 24 hours with non-targeted liposomes (0 mol% FA-
PEG-DSPE) or folate-targeted liposomes with the FA-PEG-DSPE mole percentage ranging from 0.02 to
0.2. Fluorescence emission was normalized with protein content of each suspension. The fluorescence
emission plotted is relative to the lysate fluorescence of cells treated with non-targeted liposomes. The
lysate fluorescence corresponding to 0 mol% FA-PEG-DSPE was normalized to 0 + 12 %. Mean + SD

values from at least three different experiments are shown.

To check whether the incubation at 4°C prevents ZnTPP uptake, the cell-surface
binding capacity of folate-targeted and non-targeted liposomes was estimated from the
differential uptake of ZnTPP by HelLa cells incubated at 4°C or 37°C (Fig. 5.5). In both
cases, the extent of PS uptake was dramatically reduced when the incubation of
ZnTTP-containing liposomes was performed at 4°C, suggesting that endocytosis is the
main cell internalization mechanism. Moreover, at this low temperature, almost a two-
fold increase of cell-lysate fluorescence was observed for folate-targeted liposomes
compared to non-targeted ones. This indicates that the differential uptake between

folate-targeted and non-targeted liposomes is amplified due to enhanced surface
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binding of the former. Nevertheless, an acidic wash of the cells caused the release of
surface-bound folate-targeted liposomes, showing that the uptake due to binding to the

folate receptor was greatly diminished under such acidic conditions [14].
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Figure 5.5. Temperature-dependent uptake of ZnTPP encapsulated in folate-targeted and non-targeted
liposomes. Cells were incubated for 4 hours at 37°C or 4°C. The cells were then washed with cold PBS or
with acidic saline buffer to remove unattached liposomes or either stripped of surface-bound liposomes.
Fluorescence emission was normalized with protein content of each suspension. The fluorescence
emission plotted is relative to the mean lysate fluorescence of cells treated with folate-targeted liposomes

at 37°C, normalized to 100 + 14 %. Mean + SD values from at least three different experiments are shown.

Taking all these results together, the preferential uptake of folate-targeted liposomes
was demonstrated in HelLa cells. Nevertheless, the differences observed were smaller
than expected [14,32,33]. Moreover, non-targeted liposomes are also internalized,
revealing that non-specific endocytosis also contribute to the uptake. Qualls and
Thompson [17] also observed non-specific liposomal uptake pathways when KB cells,
also overexpressing folate receptors [14], were treated with AIPcS,* encapsulated in

folate-displasmenylcholine liposomes.

Photosensitization experiments. Studies on the efficiency of the FR-targeted
liposomes for PDT are summarized in Figs. 5.6 and 5.7. A549 and Hela cells were
incubated in the dark with different concentrations of ZnTPP entrapped in FR-targeted
and non-targeted liposomes for 24 h prior to photosensitization. Afterwards, cells were
exposed to green light using a LED source. Cell survival was assessed by MTT assay

24 h after treatment. Dark cytotoxicity experiments yielding survival cell fraction higher
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than 85% demonstrated that incubation with FR-targeted and non-targeted liposomes
at the concentrations used did not induce significant cell death without irradiation. Fig.
5.6 shows the light and concentration dependence of the photodynamic response of
HelLa cells for both types of ZnTPP-loaded liposomes. As expected, increasing the light
dose and the concentration of the PS led to enhanced photocytotoxicity. Folate-
decorated liposomes consistently led to higher photosensitivity of the cells. Irradiation

of cell cultures alone or incubated with empty liposomes did not induce any toxicity.

100

Cell viability / %

Light dose / J cm? Light dose / J cm?

Figure 5.6. Concentration and irradiation time dependence of photocytotoxicity of ZnTPP encapsulated in
(A) non-targeted liposomes and (B) folate-targeted liposomes by Hela cells. The concentrations
represented are (¢) 0.1 uM, (m) 1 uM and (A) 10 uM. Mean + SD from at least three different experiments

are shown.

A better appreciation of the folate-labeling effects can be gained by comparing the
photodynamic effect under the same conditions. Thus, for 1 uM ZnTPP incubated for
24 h in A549 and Hela cells and irradiated with 10 J-cm™ (Fig. 5.7), non-targeted
liposomes caused 65 + 5% cell death in both cell lines. The use of FR-targeted
liposomes increased the cell mortality to 94 + 5% for FR-positive HelLa cells, while it
remained at 60 + 5% for FR-negative A549 cells. Thus folate-targeted liposomes

enhanced cell mortality by 50% in FR-positive HeLa cells.
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Figure 5.7. Photodynamic induced citotoxicity of ZnTPP encapsulated in (A) non-targeted liposomes and
(B) folate-targeted liposomes (1 uM, 10 J/cm?). Mean + SD from at least three different experiments are
shown. ***p < 0.001

Subcellular localization. Fluorescence and differential interference contrast images of
Hela cells after 24 or 48 h incubation with folate-targeted and non-targeted liposomes
(10 uM ZnTPP bulk concentration) are shown in Fig. 5.8. The cells displayed a pattern
of intense granular signal in the cytoplasm. The site of ZnTPP accumulation strongly
resembled that of acidic organelles and therefore, lysosomes could be the main site of
ZnTPP accumulation. Additionally, the intracellular localization of ZnTPP was
compared with the distribution of fluorescent probes specific to lysosomes
(LysoTracker Red) and to mitochondria (MitoTracker Red). LysoTracker and
Mitotracker Red probes are commonly used in several research areas, including PDT
studies [34,35]. As shown in Fig. 5.8A, the intracellular distribution of ZnTPP was
clearly similar to LysoTracker Red, and clearly different from the mitochondrial network
displayed with MitoTracker Red, under green excitation epifluorescence microscopy.
We could not observe the co-localization of ZnTPP and LysoTracker probe because of
the red emission of both dyes. The intensity of the punctate fluorescence was
dependent on the porphyrin concentration, incubation time, as well as ZnTPP liposomal
formulation. It is important to note that no morphological changes were detected in the
cells under these conditions and no relocalization of the PS was observed when cells
were exposed to prolonged exciting light. Non-specific adsorptive endocytosis pathway
was confirmed by the fact that the intracellular localization of ZnTPP from by non-

targeted liposomes was identical to that of liposomes with folate.
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Cells treated with 10 uM ZnTPP vehiculized in liposomes with folate appeared with a
higher fluorescence signal in relation to folate-free liposomes (see Fig. 5.8A). These
results were confirmed by the quantitative analysis of fluorescence intensity using
Imaged 1.42 software (Fig. 5.8B and C), and results are consistent with the cellular

uptake measured by cell lysate fluorescence.
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Figure 5.8. A) Confocal microscopy images of living HelLa cells incubated 24 or 48 h with different
liposomal formulations of 10 yM ZnTPP. (a) and (b) Subcellular localization of ZnTPP in HelLa cells
incubated 24 h in liposomes without and with folate, respectively. (c) and (d) Cells displaying the
fluorescence pattern of ZnTPP 48 h after incubation in liposomes without and with folate, respectively. All
images are the overlay of the fuorescence signal and differential interference contrast (DIC). Scale bar: 10
pm. (e) Localization of MitoTracker Red in HeLa control cells. (f) Localization of LysoTracker Red in HeLa
control cells. B) and C) Microscopical evaluation of ZnTPP uptake. B: Mean brightness values (+ SD) of
the signal from Hela cells treated for 24 h with 1 or 10 uM ZnTPP in liposomes with (F+) or without (F-)
folate. C: Distribution of brightness values from HelLa cells subjected to 24 h treatments with both 1 and 10
MM ZnTPP in liposomes either with or without folate.

Time-resolved 'O, detection in HeLa cells incubated with ZnTPP encapsulated in
FR-targeted and non-targeted liposomes. In a typical experiment, 1.5 mL- D,O-
based PBS (D-PBS) cell suspension containing ~ 8 x 10° cells incubated with ZnTPP
encapsulated in FR-targeted and non-targeted liposomes was assayed for 'O, using
pulsed laser excitation at 532 nm and observing the 'O, phosphorescence at 1280 nm.
Indeed, the samples produced clear 'O, phosphorescence signals showing the

expected rise-and-decay shape (Fig. 5.9). Kinetic analysis of the data in Fig. 5.9
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yielded lifetimes t1 = 1.5 + 0.4 ps for the rise and 1, = 6.0 £ 0.5 pus for the decay, the
same results being obtained for both FR-targeted and non-targeted liposomes. Thus,
the kinetics of 'O, production and decay in HeLa cells are not affected by the presence
of folate ligands on the surface of the liposomes used for delivery of the ZnTPP,
suggesting a similar final localization of the PS, in agreement with the confocal

microscopy results.
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Figure 5.9. Time-resolved luminescence decays of '0; recorded at 1280 nm upon 532 nm excitation of a
D-PBS Hela cell suspension, previously incubated with 10 uM ZnTPP encapsulated in (A) non-targeted
and (B) folate-targeted liposomes during 24 h in the dark. A: fitted parameters: 11 = 1.5+ 0.4 us, 12 =5.8 +
0.5 ps ; Inset A: AAbs signal recorded at 470 nm (triplet absorption), fitted parameters: 11 =5 £ 1 ps; B:
fitted parameters: 11 =1.5+ 0.4 ps, 12=6.1+ 0.5 ps.
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The inset in Fig. 5.9A shows the transient absorbance of *ZnTPP in the cell
suspension. Kinetic analysis of this signal yields tt = 5 = 1 us, which means that 1, =
1.5 £ 0.4 us in Hela cells. This lifetime is much shorter than the typical value in D,O
(60-70 ps, [36]) indicating that 'O, is substantially quenched in these cells. Given
diffusion coefficients of singlet oxygen in the 0.4 - 2 x 10° cm? s range [37-39] and
the typical size of the lysosomes (50-500 nm), it can be safely concluded that primary
'0, damage will be confined to this organelle, as found previously in human skin
fibroblasts [40]. Indeed, we were not able to quench 'O, with standard quenchers such

as sodium azide or bovine serum albumin.
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5.4. CONCLUSIONS

A novel folate-targeted liposomal formulation of the model PS ZnTPP has been
developed for its selective delivery to FR-overexpressing cancer cells. The stability of
liposomal formulations and the photophysical properties of the PS are not affected by
the presence of the folate ligand. This folate-targeted formulation shows enhanced
ZnTPP internalization and phototoxicity by folate-receptor-positive cells, although non-
specific pathways are also involved in cellular uptake. Confocal microscopy and 'O,
kinetics measured in living cells indicate a lysosome localization of ZnTPP in HelLa
cells, irrespective of the presence of folate on the liposome surface.

The prevention of liposome uptake at low temperature accounts for the involvement of
endocytic pathways in the cellular internalization of both targeted and non-targeted
liposomes. Moreover, the reduction of ZnTPP fluorescence in the cells’ lysates after an
acidic wash confirms the interaction of the folate-targeted liposomes with the receptors.

These observations are consistent with the lysosomal localization of ZnTPP.

Taken together, our results suggest that folate ligands enhance the cellular uptake in
FR-positive cells mainly as a result of a sustained contact between the liposome and
the cell surface, thereby increasing the liposomes’ ability to internalize drugs. It will be
interesting to see whether in cells with higher FR overexpression this folate-induced
selectivity can be further increased. In addition, it will be interesting to study the
efficacy of FR-targeted liposomes in preclinical models and their potential for future

clinical application in photodynamic therapy.
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Chapter 6
Photodynamic therapy in vivo

Antitumor photodynamic therapy of temocene:
the role of formulation and targeting strategy

In this chapter, the novel photosensitizer temocene was tested for its
photodynamic therapy (PDT) effectiveness against the P815 tumor, both
in vitro and in DBA/2 tumor bearing mice. The effects of the drug
delivery system on its PDT activity, localization and tumor accumulation
were investigated. Temocene was administered either free (dissolved in
PEGu400/EtOH mixture), or encapsulated in Cremophor EL micelles, or in
DPPC/DMPG liposomes. The maximum cell accumulation and
photodynamic activity in vitro was achieved with the free photosensitizer,
while temocene in Cremophor micelles hardly entered the cells.
Notwithstanding, the micellar formulation showed the best in vivo
response when used in a vascular regimen (short drug light interval),
whereas liposomes were found to be an efficient drug delivery system
for a tumor cell targeting strategy (long drug-light interval). PEG/EtOH
formulation could not be used for in vivo experiments due to toxic effects
caused by photosensitizer aggregation. These results confirmed that
both formulation and targeting strategy are crucial determinants of PDT

response of a photosensitizer.

The work described in this chapter was performed in Wellman Center for Photomedicine, Massachusetts
General Hospital, Harvard Medical School supervised by Prof. Michael R. Hamblin.
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6.1. INTRODUCTION

There are three main mechanisms that operate to allow photodynamic therapy (PDT)
to destroy tumors: 1) direct cellular killing by necrosis and/or apoptosis [1-3], 2) tumor-
associated vascular damage leading to thrombosis and hemorrhage that subsequently
cause tumor hypoxia [4-6], and 3) activation of antitumor immune response
contributing to tumor destruction even in distant locations [7-9]. It is generally accepted
that all three mechanisms are necessary for the optimal tumor damage. The relative
contribution of these pathways depends upon the photosensitizer (PS) used, the tissue
being treated, and treatment conditions. For a particular tissue and PS, the targeting
strategy can be modulated by illumination at a short or long interval after drug
administration, maximizing vascular or cellular targeting, respectively. The PS is
predominantly retained in the tumor vasculature initially after i.v. injection, and light
delivery within minutes after administration damages the tumor vasculature [10]. This
mechanism has received considerably attention in recent years due to the successful
clinical implementations PDT in age-related macular degeneration treatment with
verteporfin [11] and prostate cancer treatment with Pd-bacteriochlorophyll derivatives
TOOKAD and WST11 [12-14]. Conventional cancer cell targeting approaches allow
free diffusion to the PS out into the tissue to be accumulated into the tumor cellular
compartment. A long drug-to-light interval generates more direct cytotoxic cellular
damage. The selectivity of this strategy relies on the high ratio of drug concentration in

the tumor to that in normal surrounding tissue.

Thus, pharmacokinetics of the PS plays an important role in effectiveness of both
vascular and cellular PDT. Pharmacokinetics and selectivity can be enhanced by
nanoparticles as vehicles for PS delivery. Different approaches have been developed
to enable selective accumulation of the PS providing an environment where the PS can
be administered in monomeric form and without loss or alteration of its activity [15-18].
Indeed lipid and detergent nanostructures (liposomes and micelles) have been
extensively used in PDT. To further investigate these questions, we evaluated the
influence of different formulations in PDT effectiveness both in vitro and in vivo.

The novel PS, temocene [19], was chosen as photoactive molecule in this study.
Temocene is the porphycene analogue to m-tetrahydroxyphenyl chlorin, commonly
named temoporfin. As we have shown in chapter 3, both the photophysical properties
and photodynamic activity in vitro suggested that temocene was a good candidate for

PDT. These results prompted us to further study its effectiveness in vivo provided an
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effective drug-delivery strategy could be developed for this hydrophobic molecule.
Therefore it was either dissolved in PEG40-EtOH mixture, or encapsulated in

Cremophor EL micelles or in DPPC/DMPG/PEG3000-DSPE liposomes.

As mentioned above, the targeting strategy is a critical parameter for the success of
PDT. Thus, the effects of drug-to-light interval on tumor regression were also
investigated. Formulations were administered intravenously and PDT was performed
15 min (vascular targeting) or 24 h (cellular targeting) after injection. We found that
Cremophor EL micelles using a vascular targeted short-drug light interval PDT was the

best combination for a successful treatment.
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Figure 6.1. A) Chemical structure of temocene. B) Absorption of 2.5 uM temocene in aqueous
suspensions of different drug delivery systems: liposomes (black solid line), micelles (dashed line),
PEG/EtOH (dotted line). Absorption of temocene dissolved in THF (blue solid line) is shown for

comparison.
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6.2. EXPERIMENTAL SECTION

Chemicals. The synthesis, molecular characterization and photophysical properties of
temocene (Fig. 6.1A) have been previously described in detail (Chapter 3, [19]). For
cellular and in vivo studies, temocene was dissolved in PEG4/EtOH (3:2) or

formulated in micelles or liposomes as described in the following sections.

1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (DMPG) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-3000] (m-PEG3000-DSPE) were
purchased from Avanti Polar Lipids (Birminghan, AL). 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), Cremophor EL and Hoechst 33342 were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). 3’-(p-hydroxyphenyl)
fluorescein (HPF) and Singlet Oxygen Sensor Green (SOSG) were purchased from
Molecular Probes (Invitrogen, Carlsbad, CA). MicroBCA protein assay kit was
purchased from Pierce Protein Research Products (Rockford, IL) and used according
to the product information sheet. All other chemicals were commercially available

reagents of at least analytical grade.

Micelle preparation. Cremophor micellar solution was prepared by mixing 1 mg of
temocene with 2.5 mL of Cremophor EL solution (100 mg/mL) in dry tetrahydrofuran
(THF); 1 mL of THF was added to this mixture. The final Cremophor/temocene ratio
was 250:1 (w/w). The resulting solution was stirred until it became one phase and
isotropic. The solvent was removed by rotary evaporation. The resulting dry film was
completely dissolved in 3 mL of sterile 5% dextrose solution. The micellar suspension
was filtered through 0.22 Tm mixed cellulose ester filter under sterile conditions to
remove unloaded temocene. The encapsulation efficiency was then determined by the
ratio of temocene absorbance before and after filtration. The average size and
polydispersity of micelles and the zeta potential were determined by photon correlation
spectroscopy (PCS). A Zetasizer Nano-ZS (Malvern Instruments, UK) and a 4 mW He-

Ne laser (Spectra Physics), at an excitation wavelength of 633 nm, were used.

Liposome preparation. DPPC/DMPG/PEG3000-DSPE (67.5:7.5:0.1 molar ratio)
mixture containing the porphycene at 75:1 lipid/photosensitizer molar ratio was

prepared by microemulsification, following standard procedures described in chapter 2.
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Liposomes were lyophilized for enhanced stability during storage and rehydrated just

before experiments.

Cell lines. We used both the DBA/2 mastocytoma cell line P815 (ATCC, TIB-64) [20]
and the BALB/c colon adenocarcinoma cell line CT26.CL25 (ATCC, CRL-2639) that

expressed a tumor antigen, 3-galactosidase [21].

Light source. A Lumacare lamp (Newport Beach, CA) fitted with a light guide and a
640-680 nm band-pass filter was used. Light guides were adjusted to give a uniform
spot with an irradiance of 20 mW/cm? for in vitro experiments, and 100 mW/cm? for in
vivo treatments. Light power was measured with a power meter (model DMM 199 with
201 standard head, Coherent, Santa Clara, CA).

Hydroxyl radical and singlet oxygen detection. The fluorescent probes HPF and
SOSG (Molecular Probes, Invitrogen) were used to detect hydroxyl radicals and singlet
oxygen, respectively. Temocene in the three different delivery systems was added at a
final concentration of 5 uM in 100 (L PBS. HPF or SOSG were added to each well at a
final concentration of 5 uM. 660-nm light was delivered in sequential doses of 1 J/cm?.
After each dose, the probe fluorescence was measured with a fluorescence plate
reader (Aexcem Were 490/515 nm for HPF and 504/525 for SOSG). Probes without PS

were used as controls to subtract fluorescence due to auto-oxidation of the probe.

Histology studies. Temocene in PEG/EtOH solution was injected in tumor bearing
mice (1mg/kg). Lungs, kidneys and liver of dead mice were fixed in 10% formalin and
embedded in paraffin using standard histology protocol. Tissue section of 5 pum
thickness were cut and stained for H&E according to standard protocol. A glass cover
slip was mounted over the specimen using DPX mounting media and the images were

analyzed with microscopy (Axiophot, Carl Zeiss Microscopy, Thorwood, NY).

Photobleaching studies during PDT in vivo. Temocene in Cremophor EL micelles or

DPPC/DMPG liposomes was administered in tumor bearing mice intravenously by tail
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vein injection. 24 h after injection 660-nm light was used to irradiate a homogeneous
spot of 1.5-cm diameter that covered the tumor and a margin of normal tissue. Mice
were imaged with CRI Maestro in vivo fluorescence imaging system at different light
doses in order to follow the course of photobleaching. After the fluorescence image
acquisition, the image cubes were unmixed (deconvolved) using a spectral library
containing the autofluorescence of the mice skin and a dilute sample of temocene in

the different vehicles.

Statistics. Unpaired Student’s t test was used to test for the significance level between
two sets of measurements and Kaplan-Meier survival curves were compared with a
log-rank test using GraphPad Prism version 5.00 for Windows, GraphPad Software,

San Diego, CA www.graphpad.com. The level of significance was set to p < 0.05.
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6.3. RESULTS

Characterization of formulations. In order to compare the effect of the drug delivery
system on PDT efficacy, temocene was dissolved in PEG4,/EtOH (3:2) or formulated
in micelles or liposomes. The absorption spectra of temocene in the different delivery
systems are shown in Fig. 6.1B. Dilution in water caused aggregation of temocene
dissolved in PEG49o/EtOH mixture. Temocene incorporated in Cremophor EL micelles
did not show spectral differences compared to THF, so it can be safely assumed that it
is in a monomeric state. However, incorporation of temocene into liposomes produced
slight changes in its absorption spectrum, namely an intensity decrease of the Soret
and Q bands. Similar changes have been observed previously for other PS in

liposomes and have been attributed to the ordered lipid environment [22,23].

Table 6.1. Physicochemical characteristics of the different formulations as measured by PS and lipid
content, particle size and zeta potential.

Formulation PS (%)° L (%)° Zave/nm®  fpot/mV*°
Micelles 952 n.a. 305 15205
Liposomes 903 855 150 £ 20 A7 +2

Liposomes after

lyophilization/rehydration N0+5 0+5 180+20 5545

Data are mean values *+ SD of at least three independent experiments.

2%PS: Encapsulation efficiency expressed as the percentage of PS in the sample with respect to the PS
present at the initial stage of preparation.

> oL: Lipid content, expressed as the percentage of lipid in the sample with respect to the lipid present at
the initial stage of liposome preparation.

¢ Z average mean.

d Zeta potential.

n.a. not applicable

Table 6.1 summarizes the main features of the different formulations. The
encapsulation efficiency of both liposomal and micellar formulation was higher than
90%. However, differences were found regarding the size and the zeta potential. PCS
revealed a dynamic diameter of 30 £ 5 nm for micelles, whereas for liposomes it was
150 + 20 nm. Likewise, the electric potential of the particles surface also differed
between the formulations. Specifically, liposomes had a (ot of -47 £ 2 mV, due to the

phosphatidyl group of DMPG, which gives electrical stability to the colloid formulation.
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By contrast, Cremophor micelles had a [Ipot close to zero. Despite this fact, the
micellar formulation remained stable for several weeks and no flocculation or
aggregation phenomena was observed. In this case, the thermodynamic stability came
from the steric repulsive forces of the polymer-covered surface. No significant changes
in the physicochemical properties were observed after lyophilization/rehydration of

liposomes.

Effect of temocene formulation on PDT effectiveness in vitro. Studies of the
effectiveness of the different temocene formulations are summarized in Fig. 6.2. P815
cells were incubated in the dark with different concentrations of temocene in the three
formulations, exposed to red light, and assayed for cell survival. In the in vitro
experiments, cells were incubated with different concentrations of temocene during 18
h. There was no dark toxicity in case of liposomal formulation at any of the
concentrations tested, whereas the PEG/EtOH solutions showed substantial dark
toxicity at high concentrations (Fig. 6.2A). In the presence of light, both formulations
showed PDT-induced loss of mitochondrial activity in a concentration-, light dose- and
incubation time-dependent manner (Fig. 6.2B, C and D), the PEG/EtOH solution being
the most effective at the same concentration and light dose. Interestingly, no PDT
effect could be observed with micelles, which showed the same extent of cell kill in the
dark as upon delivery of a 3.5 or 10 J/cm? light dose. These results are consistent with
the uptake studies (Fig. 6.2E) since minimal internalization was observed with the
micellar formulation. Specifically, temocene internalization at 24 h was minimum for
micelles, maximum for PEG/EtOH, and liposomes showing an intermediate behavior.
Notwithstanding the lower uptake, it is worth noting that liposomes are the most
effective vehicle when the photodynamic activity is compared on a per-molecule-cell
uptake basis (Fig. 6.2F).
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Survival fraction

Fluorescence intensity

Figure 6.2. In vitro PDT effectiveness of temocene dissolved in PEG/EtOH (triangles) or encapsulated in
micelles (squares) or liposomes (circles). A) Dark toxicity after 18 h incubation in P815 cell line.
Effectiveness of 3.5 Jicm? after 18 h incubation. C) Light dose dependence after 18 h incubation. D)
Effectiveness of 10 J/cm? after different incubation times. E) Cellular uptake by P815 cells. F). PDT
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Subcellular localization. Confocal microscopy was used to examine the intracellular
localization of temocene taken up after delivery by the different systems. For these
studies the formulations were co-incubated with green-fluorescent probes specific for
mitochondria (MitoTracker), lysosomes (LysoTracker) and endoplasmatic reticulum
(ER-Tracker). The overlaid images and the fluorescent topographic profiles are shown
in Fig. 6.3. The stained patterns of the mitochondrial probe and temocene were
different regardless of the formulation, indicating marginal accumulation of the PS in
the mitochondria. The fluorescent profile of temocene perfectly matched with the green
fluorescence of the lysosomal probe for all formulations. In the case of ER probe, the
overlapping was partial. It is important to note that it was necessary to use a higher
exposure time for the micrographs of cells incubated with Cremophor micelles due to
the limited internalization. No morphological changes were detected in the cells under
these conditions and no relocalization of the PS was observed when cells were

exposed to confocal excitation light.

Reactive oxygen species production. The ability of temocene to produce different
reactive oxygen species (ROS) in the different vehicles was monitored using the
fluorescence probes SOSG and HPF. Fig. 6.4 shows that temocene can produce
hydroxyl radical as well as singlet oxygen both in micelles and liposomes. Temocene
incorporated in micelles was 25% more effective in producing singlet oxygen than in
liposomes. However, when incorporated into liposomes it showed a much greater
increase in HPF fluorescence in a light dose-dependent manner. These studies
indicate that light-dependent effects of temocene incorporated in Cremophor micelles
are mainly due to the production of singlet oxygen. The liposomal formulation shows a
comparable increase in fluorescence from both HPF and SOSG probes, indicating
similar abilities to produce 'O, and HO". The porphycene dissolved in PEG4/EtOH did
not produce any reactive oxygen species, consistent with the extensive aggregation of
the PS in aqueous solutions (Fig. 6.1).
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Figure 6.3. Fluorescence micrographs of P815 cells showing red fluorescence from temocene in different
formulations overlaid with green fluorescence from lysotracker, mitotracker or ER-tracker. Fluorescent
topographic profiles of cells are showed under confocal images. Arrow indicates the analyzed longitudinal

transcellular zone.
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Figure 6.4. Light dose-dependent increase in fluorescence from 5 ['/M SOSG (A) and HPF (B) in aqueous

solution with 5 uM temocene in the different delivery systems.
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Effect of temocene formulation on tumor accumulation in vivo. Temocene
incorporated in PEG/EtOH, micelles or liposomes was injected intravenously through
the tail vein in a dose of 1 mg/kg in tumor bearing mice. Temocene dissolved in
PEG/EtOH induced death of all the mice immediately after injection because of
aggregation of PS in the blood stream that provoked the collapse of lungs and kidneys
(see Fig. 6.5). We checked that this toxicity was not due to PEG/EtOH mixture alone
(no temocene). The PEG/EtOH formulation was consequently discarded for in vivo

experiments.

Control

PEG/EtOH

Figure 6.5. H&E histology of tissue sections removed from DBA/2 tumor-bearing mice. Left panels:
Control mouse. Right panel: Dead mouse after i.v. injection of temocene dissolved in PEG/EtOH (1
mg/kg). A, B) Kidneys. C, D) Lungs. E, F) Metastatic nodules in liver (arrows)

Collapsed alveoli, thickened interstitial walls, and dense erythrocyte congestion were
observed. The collapse of kidneys was also evident. Erythrocyte congestion in the
glomerulus is characteristic of intravascular coagulation. We also observed the acute
liver metastasis of P815 tumor that caused the death of control mice. In temocene
PEG/EtOH injected mice some metastatic nodules are also observed but we can

consider that they were not the cause of death.
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The tumor accumulation of temocene incorporated in micelles or liposomes was
studied by non-invasive methods using a Maestro in vivo fluorescence camera system.
The results are shown in Fig. 6.6. The pharmacokinetics of tumor uptake was
influenced by the drug delivery system. Liposomal temocene showed higher
accumulation in the tumor, showing a maximum in fluorescence intensity 24 h after
injection. In the case of the micellar formulation, the fluorescence reached its highest
intensity 8 h after injection. A high tumor-to-normal tissue ratio for a PS is considered
to be important in PDT to ensure the maximum selectivity of the treatment and minimal
normal tissue damage. Liposomes showed a better tumor selectivity, accumulating in
the tumor three times higher than in the surrounding skin. It is important to note that no
significant effect on tumor growth was observed after drug injection (no light, dark

control) as compared to absolute control mice (no light and no drug).
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Figure 6.6. Tumor accumulation of temocene incorporated in micelles or liposomes after i.v. injection. A)
Series of in vivo fluorescence images of temocene encapsulated in liposomes accumulated in P815 tumor.
B) Fluorescence intensity of temocene in P815 tumor at different times after i.v. injection. C) Tumor-to-
normal tissue ratio calculated by the fraction of the fluorescence intensity in the tumor and the

fluorescence intensity in the surrounding skin. Data show the mean + SD of three mice.
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Effect of temocene formulation and targeting strategy on PDT effectiveness in
vivo. Tumor bearing mice were divided into the following groups and each group

included 8-10 animals:

- control groups: dark control (no light), light control (no drug), absolute control

(no light and no drug)

- vascular response group: mice treated with 150 J/cm? 15 min after i.v. injection

of 1 mg/kg liposomal or micellar temocene.

- cellular response group: mice treated with 150 J/cm? 24 h after i.v. injection of 1

mg/kg liposomal or micellar temocene.

Mean tumor volumes plot and Kaplan-Meier survival analysis are shown in Fig. 6.7. In
all cases, PDT produced a local response in P815-treated tumors, as manifested by an
acute inflammation and edema in the first 24 h after treatment followed by tumor
necrosis and a dark eschar formation over the area formerly occupied by the tumor.
Subsequently a marked reduction in tumor size was observed. Animals were observed
for up to 60 days after treatment for metastasis development, tumor regrowth and
tissue healing. No significant differences in survival or tumor volume progress were
observed between the different control groups so we only plotted absolute controls for

the sake of clarity.

The combined therapy of micellar formulation with short drug-to-light interval was
clearly the most effective combination. This group resulted in a total regression of the
principal tumor and stayed in remission for the whole course of observation (Fig. 6.7A).
It is important to note that although P815 grew as localized subcutaneous tumors, they
also metastasized to draining lymph nodes and liver fairly early in the course of
disease [24,25], so the complete regression of principal tumor does not consequently
imply the animal survival. In this case, temocene encapsulated in micelles resulted in a
delay or even avoidance (3 out of 8 mice) of metastasis (Fig. 6.7C). The vascular PDT
regime using the liposomal formulation of temocene was not highly effective resulting
in a local tumor regrowth relatively quickly. In marked contrast was the cellular
targeting strategy (Fig. 6.7B and D), liposomal treatment led to a delay of tumor
regrowth and a significant survival advantage. PDT performed 24 hours after injection
of temocene in Cremophor micelles had no effect in terms of survival compared to

controls and local tumor regrew few days after treatment.
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Figure 6.7. Panels A and B) Plots of mean tumor volumes in mice bearing P815 tumor. Points are means
of 8-10 tumors and bars are SD. Panels C and D) Kaplan-Meier survival curves of % mice cured from
P815 tumors. Vascular response: PDT performed 15 min after i.v. injection of 1 mg/kg formulated

temocene. Cellular response: PDT performed 24 h after i.v. injection of 1 mg/kg formulated temocene.
Light dose: 150 J/cm?

Treatments were also tested in a BALB/c mouse tumor model. CT26.CL25 tumor cells
were inoculated subcutaneously in the left thigh and the same treatments were
performed, namely 1 mg/kg temocene in micellar or liposomal formulation, and 150
Jicm? of light dose at 15 min or 24 h after injection. Under these conditions, all

treatments worked perfectly resulting in a total tumor regression 4 days after PDT
performance (Fig. 6.8).
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Figure 6.8. Plots of mean tumor volumes in BALB/c mice bearing CT26.CL25 tumor. Points are means of
3-4 tumors and bars are SD. Vascular response: PDT performed 15 min after i.v. injection of 1 mg/kg

formulated temocene. Cellular response: PDT performed 24 h after i.v. injection of 1 mg/kg formulated

temocene. Light dose:

150 Jicm?

Only when the light dose was reduced to 75 J/cm? (Fig. 6.9) we obtained a differential

response. Liposomes in a short drug-to-light interval were not effective and the tumor

volume evolution was similar to control group.
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Figure 6.9. Plots of mean tumor volumes in BALB/c mice bearing CT26.CL25 tumor. Points are means of
3-4 tumors and bars are SD. Vascular response: PDT performed 15 min after i.v. injection of 1 mg/kg
formulated temocene. Cellular response: PDT performed 24 h after i.v. injection of 1 mg/kg formulated

temocene. Light dose:

116

75 Jicm?



Antitumor photodynamic therapy of temocene

Photobleaching studies during PDT with temocene in vivo. We studied the
photobleaching of temocene in vivo 24 h after i.v. injection of PS encapsulated in
micelles or liposomes using the Maestro in vivo fluorescence camera system. Fig. 6.10
shows the normalized fluorescence. Results showed that drug delivery system did not
affect the photostability of temocene in vivo.
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Figure 6.10. /n vivo photobleaching of temocene encapsulated in micelles or liposomes upon irradiation

with 660-nm light source.

Vascular perfusion. Changes of tumor vascular perfusion 1 h after PDT treatment
were studied using Hoechst 33342 staining (Fig. 6.11). Compared to control, micellar-
vascular treatment led to a significant decrease of tumor vascular perfusion. Hoechst
33342 fluorescence was diffuse along the treated tumor. In contrast, the functional
vessels could still be observed after a liposomal-cellular treatment. Mice treated 24 h
after PS injection did not show a significant reduction of tumor perfusion area, nor the

mice treated 15 min after liposomal temocene injection.
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Figure 6.11. Representative fluorescence images of Hoechst 33342-stained images of P815 tumors after
PDT (150 J/cmz) treatment with formulated temocene (1 mg/kg). Panel A) Control tumor. Panel B) 3 h after
PDT performed 15 min after micellar injection. Panel C) 3 h after PDT performed 24 h after liposomal
injection.
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6.4. DISCUSSION

The mechanisms of action for PDT are complex, depending upon the PS, light
dosimetry, drug delivery system, and treatment conditions. Temocene (m-
tetrahydroxyphenyl porphycene) is a novel promising PS whose photophysical
properties and in vitro PDT efficacy in DMSO were recently studied [19]. However, the
inherent unsuitability of DMSO prompted us to consider formulating temocene in
different drug delivery systems. The formulation of a PS plays an important role in its
activity by modulating the pharmacokinetics, uptake and subcellular distribution and
localization. The present study investigated the effect of three different vehicles,
namely PEG400/EtOH solutions, Cremophor micelles, and DPPC/DMPG/PEG3p00-DSPE

liposomes, on the PDT effectiveness of temocene.

Micelles, prepared by film formation and hydration just before experiments, and
liposomes, prepared by microemulsification and then lyophilized to guarantee a long-
term stability during all the experimental stage, allowed for a high encapsulation of
temocene in a monomeric state. Aggregation of the PS was evident when delivered in
PEG400/EtOH solution. In spite of this fact, this formulation showed the best in vitro
response because cells were able to internalize the largest amount of PS. However,
the killing efficacy per uptaken molecule was higher in the case of liposomes. A
minimal internalization and, therefore, no photocytotoxic effect were observed with the
micellar formulation. Attempts to modify this situation by adding serum or diluting
beyond the critical micellar concentration proved unsuccessful. A literature search
revealed that in some circumstances intact micelles are hardly taken up by cells [26-
28].

Regarding the subcellular localization of temocene internalized in the different drug
delivery systems, in vitro experiments performed with organelle-specific fluorescent
probes revealed no difference between the vehicles. In all cases, lysosomes were the
preferential site of temocene accumulation in P815 cells. These results differed from
those obtained in a previous work in HelLa cells although DMSO was used as a vehicle

in those studies [19].

Drug delivery systems can also modulate in vivo pharmacokinetics and tumor
accumulation. P815 tumor bearing mice were studied by non-invasive methods at
different times after i.v. injection of the different formulations. Although temocene in
PEG/EtOH solution could be considered a promising formulation based on its good in

vitro response, the formulation failed when it was administered intravenously causing
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the immediate death of the mice due to aggregation of the PS in the blood stream. In
vivo fluorescence imaging studies demonstrated that there was no specific tumor
accumulation of temocene after 15 min. On the other hand, the kinetics of tumor
uptake with the liposomal formulation showed a higher tumor extravasation reaching its
maximum accumulation 24 h after injection. Micelles showed a faster but moderate
tumor accumulation. These facts can be explained by the rapid clearance of micelles
by reticuloendothelial system and the poor cellular uptake observed in vitro. Pegylated
liposomes confers steric stabilization and avoids reticuloendothelial system uptake,
resulting in prolonged circulation times and enhanced selective localization. The
accumulation of macromolecules in tumors is mainly due to the so-called enhanced
permeability and retention effect and this progressive phenomenon can be greatly
favored by prolonging the half-life in plasma of nanoparticles [17,29,30]. This effect is
also dependent of the size of nanoparticles: small carriers can diffuse in and out of the
tumor blood vessels because of their small size, and, hence, the effective
concentration of the drug in the tumor diminishes compared to larger vehicles [29].
Thus, the difference of size between temocene loaded micelles (30 nm) and liposomes
(180 nm) can also affect the extent of drug accumulation in the tumor. Liposomes also

showed the best tumor selectivity, namely a tumor-to-normal-tissue ratio of 3.

The time between PS administration and light treatment is also a critical parameter for
PDT efficiency. The best PDT response was obtained when light irradiation was
delivered 15 min after micelle-loaded temocene injection. This treatment led to a total
regression of the tumor with a delay or avoidance of metastasis. This can be
rationalized on the basis that P815 tumors express tumor-specific antigens [31-33].
Also, it has been reported that vascular photodynamic therapy can stimulate the
immune system by a prompt inflammatory reaction [5,10]. Temocene micelles
administered in a vascular regimen thus may promote an immune response that
destroys metastatic tumors cells by recognition of tumor-associated antigens. Vascular
perfusion results also demonstrate that the major target for the 15-min interval micellar
PDT treatment is tumor vasculature causing the disruption of functional blood vessels
(Fig. 6.11). However, in contrast to the vascular-targeted bacteriochlorophyll
photosensitizers developed by Scherz's group [34,35], the PDT damage of micellar
temocene was mainly promoted by the type Il mechanism that generates singlet
oxygen (Fig. 6.4A), perhaps with a minor contribution of hydroxyl radicals formed via a

type | mechanism.

In a cellular-targeted regimen, liposomal temocene exhibited the best PDT response.

Tumor regrowth was delayed, although not fully prevented, and mouse survival was
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improved. In this case, micelles were not effective. These results agree with the 3-fold
higher tumor accumulation of the PS attained by liposomes relative to Cremophor

micelles.

These results were also corroborated using the BALB/c mouse model tumor. In this
case, the higher immunogenicity of CT26.CL25 tumor cells promoted an even better
immune response and, hence, a better overall tumor response [36]. Delivery of the
same light and drug doses used in the P815 tumor experiments (150 J/cm?, 1 mg/kg
temocene) caused a total regression of tumor in all cases (see supplementary
information). Only when the light dose was halved (75 J/cm?), the vascular response of
liposomal formulation had no effect in terms of tumor volume diminution and the

advantage of the micellar formulation could be appreciated.
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6.5. CONCLUSIONS

We have confirmed that both drug delivery systems and targeting strategy can
determine the PDT effectiveness of the new PS temocene both in vitro and in vivo.
Micelles showed no PDT activity in cell cultures, as they were not internalized, while
they were the most effective formulation for in vivo PDT treatments combined with a
short drug-to-light interval. In contrast, temocene in PEG/EtOH solutions could have
been regarded as a good vehicle based on the in vitro results but caused immediate
toxicity when they were administered intravenously. Liposomes are the best vehicle in

terms of achieving cell internalization and tumor selectivity.

In conclusion, we have shown that PDT with the novel PS temocene has significant
therapeutic effects in a metastatic tumor model, both for a vascular-targeted treatment
with its Cremophor EL formulation, and also for a cellular strategy when it is
encapsulated in DPPC/DMPG/PEG300-DSPE liposomes.
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Chapter 7
New models for predicting
in vitro the PDT outcome

Singlet oxygen photosensitization in 3D cultures and
ex-vivo skin samples

Singlet oxygen ('0,) is believed to be the major cytotoxic agent involved
in photodynamic therapy (PDT) both in vitro and in vivo but accurate
quantification is technically challenging, especially in biological systems.
Three-dimensional (3D) culture models represent a powerful bridge
between conventional cell monolayers and complex biological tissues,
whereas ex-vivo skin samples are useful for predicting the outcome of
dermatological photo-oxidation processes. Here we report for the first
time on the kinetics of 'O, formation and PDT response in an in vitro 3D
model based on culturing human fibroblasts in the self-assembling
hydrogel RAD16-I. Finally, we have studied the effect of Lipochroman-6,
a quencher used in cosmetic and pharmaceutical formulations on singlet
oxygen kinetics of by means of ex-vivo skin samples. Taken together,
these new in vitro models offer a new approach to study 'O, mobility in
complex systems and a powerful tool that better mimic the PDT and

other photo-oxidation responses.






Singlet oxygen photosensitization

7.1. INTRODUCTION

Singlet oxygen ('0O,) is believed to play a major role in many photo-oxidation
processes, such as skin aging, inflammation, or radiation damage; and in light-
mediated treatments, particularly in photodynamic therapy (PDT). For these reasons,
major efforts have been made to develop assays for measuring 'O, generated within
cultured cells and intact living organisms [1-9]. Time-resolved measurement of 'O,
phosphorescence centered at 1275 nm is now a very well-established method for
monitoring 'O, [10-12]. The kinetics of 'O, emission provides information about the
photosensitizer (PS) triplet excited state and 'O, lifetimes within the cell, offering a
powerful tool for studying the oxygen-cell interactions. The ability to detect 'O,
luminescence in biological environments has been attempted previously [3,6,7,9] and
the mobility of 'O, within cells and tissues has been subject of debate for the last two
decades [13-16]. Several investigators have reported results from cell suspensions
[3,9], single cells [1,13], and even in living tissues [6,17]. However, the in vivo detection

of 'O, remains technically difficult and the results are still ambiguous.

To better understand the behavior of 'O, in complex systems, we have monitored the
kinetics of 'O, and the photosensitizer's phosphorescence in a three-dimensional (3D)
culture model, carrying out parallel experiments on a classical two-dimensional (2D)

culture model as controls.

3D cell cultures were selected as study model because it is well reported that they
reproduce the hierarchical complexity of human tissues and organs more precisely
than conventional monolayer cultures, providing a potential bridge for the gap between
2D cell cultures and animal models [18-20]. Specifically, 3D models can better
integrate the chemical, physical and mechanical signals that cells receive from the
extracellular matrix (ECM) and their neighboring cells [18]. For instance, the ECM
affects both solute binding and diffusion, generating local gradients of oxygen,
nutrients, metabolites and signaling molecules that are continuously consumed and
produced by cells [21-23]. Instead, 2D cultures are characterized by uniformly rich
nutrition and oxygenation [24], affecting their response to oxygen-dependent

processes.

In the present work, we developed an in vitro 3D model based on culturing human
fibroblasts in the self-assembling hydrogel RAD16-I. This scaffold forms a network of
interweaving nanofibers of 10-20 nm diameter and 50-200 nm pore size, surrounding

cells in a similar manner to the natural extracellular matrix and, thereby, mimicking the
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in vivo cellular environment [25-29]. RAD16-I hydrogel has previously been shown to
promote growth and proliferation of multiple cell types, including fibroblasts,
chondrocytes, hepatocytes, endothelial cells, osteoblasts and neuronal cells, as well as
embryonic and somatic stem cells [30-37]. We demonstrated that cells in this 3D
culture model are exposed to non-uniform distribution of oxygen and nutrients, which
produces a heterogeneous population of cells that differ in their response to oxygen-

dependent therapies, such as photodynamic therapy.

A further increase in the level of biological complexity is provided by ex-vivo skin
samples, which are often used as models for predicting the outcome of wound healing,
skin penetration and other dermatological treatments, including PDT [38-42]. In this
work we used ex-vivo porcine skin samples for studying the 'O, quenching ability of the
antioxidant Lipochroman-6 (LC-6) (Fig. 7.1) in skin. Due to its interface function
between the body and environment, skin is chronically exposed to both endogenous
and environmental pro-oxidant agents. Endogenous PS such as flavins, porphyrins or
NADH/NAD [43-46] as well as exogenous molecules administered to skin along with
cosmetic or medical treatments [47,48] are a source of light-driven 'O, formation under
UVA exposure. Based on this rationale, the inclusion of antioxidants in cosmetic
preparations is an increasing trend [49,50]. LC-6 is a powerful antioxidant used in
cosmetic and pharmaceutical formulations. It has been demonstrated that LC-6
prevents lipid peroxidation and is an efficient reactive oxygen and nitrogen species
scavenger [51-55]. Since the structure of LC-6 resembles that of [I-tocopherol (Fig.
7.1), a common antioxidant that has been described as an effective singlet oxygen
quencher [56], it seems plausible that LC-6 antioxidant activity is at least partially due
to quenching of singlet oxygen. But traditional measurements in solution or cell cultures
may not reproduce the complexity of skin. In this work we demonstrated that the

antioxidant effect of LC-6 in skin differed from that obtained in solution.
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Lipochroman-6 -Tocopherol

Figure 7.1. Chemical structures of (A) LC-6 and (B) a-tocopherol.
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7.2. EXPERIMENTAL SECTION

Chemicals. LC-6 and a-tocopherol were supplied by Lipotec S.A. and were certified to
be of purity higher than 96%. Creams and porcine skin were also supplied by Lipotec
S.A. 5,10,15,20-tetrakis(N-methyl-4-pyridil)-21H,23 H-porphine (TMPyP, 97%), 1H-
phenalen-1-one (PN, 97%) and 5,10,15,20-Tetraphenyl-21H,23H-porphine (TPP, =
99%) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Deuterium
oxide (99.9%) and methanol-d, (99.8%) were purchased from Solvents Documentation
Synthesis (SDS, Peypin, France). All other chemicals were commercially available

reagents of at least analytical grade.

3D culture technique. 3D cell cultures were performed by Mireia Alemany-Ribes as
part of her Ph.D. thesis and are included in this chapter to facilitate the understanding

of how 3D cell constructs are cultured.

129



Chapter 7: New models for predicting in vitro the PDT outcome

Spectroscopic measurements in cell suspensions, 3D cultures and RAD16-|
peptide scaffold. An appropriate number of cells were seeded in 75 cm?flasks and
were cultured to 80% confluence. They were incubated in the dark with 100 uM TMPyP
for 24 hours. The medium was discarded and the cells were washed three times with
PBS, trypsinized and resuspended in 1.5 mL of PBS or d-PBS to a final concentration
of 4 million cells/mL. The cell suspensions were continuously stirred during the

measurements.

For measurements in 3D cultures, cell constructs were prepared as described above.
They were incubated in the dark with 100 uM TMPyP for 24 hours, washed 3 times
with PBS and carefully transferred to a 1-cm quartz cuvette. For D,O-based
measurements, cell constructs were incubated with d-PBS for 20 min before

measurements to exchange the extracellular H,O with D,0O.

For control measurements in RAD16-1 peptide scaffold without cells peptide gel
formation through a self-assembling process was performed directly in a 0.4-cm quartz
cuvette wall. When hydrogel was formed, peptide scaffold was incubated in the dark
with 100 uM TMPyP for 24 hours. The cuvette was washed several times with PBS or

d-PBS until no signal measured in supernatant fluid.

For time-resolved phosphorescence measurements, cell suspensions, 3D culture cell
constructs or RAD16-| peptide scaffolds were irradiated with 10 million laser pulses at
532 nm. Appropriated controls were performed to ensure that the signals originated
from the photosensitizer molecules internalized. Spectroscopic measurements were

carried out within the following 45 min.

LC-6 quenching of singlet oxygen in porcine skin. 15 mg (5 mg/cm?) of LC-6
formulations containing 3% of PN or TPP were spread on porcine skin samples over
the whole surface using a glove-coated finger. Measurements were carried out 15 min
later to allow for cream penetration in the skin. Five measurements were recorded at
different positions of the skin and averaged to compensate for sample
inhomogeneities. A placebo cream (without LC-6) and a a-tocopherol containing cream

were used as negative and positive controls, respectively.
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7.3. RESULTS AND DISCUSSION

7.3.1. Singlet oxygen photosensitization in 3D cultures

Measurement of intracellular TMPyP fluorescence. The photophysical properties of
TMPyP show a remarkable dependence with the microenviroment in which the
photosensitizer is located. Fig. 7.2 shows the steady state and time-resolved emission
spectra of TMPyP incorporated in cell suspension, 3D cultures and peptide scaffold.
The fluorescence emission spectra of intracellular TMPyP, both 2D and 3D, showed
two well-resolved bands, in contrast to the structure-less broad band in peptide
scaffold. Time-resolved measurements provide an additional evidence of the
photosensitizer localization. In RAD16-l, the fluorescence observed at 650 nm,
decayed monoexponentially with a lifetime of 5.1 £ 0.3 ns. In contrast, signals obtained
from TMPyP incorporated to cells required three exponentials terms. For cell
suspensions, a triexponential decay can be fitted with lifetimes of 0.8 + 0.1, 3.5 £ 0.3

and 11 £ 0.5 ns. The fluorescence of TMPyYP incorporated in 3D cultures decays with
lifetimes of 1.3 +0.1,4.9 +0.3and 11 £ 0.5 ns.
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Figure 7.2. Normalized steady state and time-resolved fluorescence emission spectra of TMPyP

previously incorporated in (A) RAD16-I scaffold without cells; (B) hNDF suspension; and (C) hNDF 3D
cultures.
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Detection of singlet oxygen luminescence in cell suspensions, 3D cultures and
RAD16-l peptide. The 'O, luminescence at 1275 nm and TMPyP phosphorescence at
960 nm signals from hNDF in 3D cultures are shown in Fig. 7.3. The 'O, signal

observed at 1275 nm grew with a lifetime of '#7°(1,3>PBS=2 1

+ 0.5 us and decayed
biexponentially with lifetimes of '#°(1,°®™%=7 + 2 us and "#°11,7%%=32 + 2 ps,
respectively. At 960 nm, the phosphorescence signal decayed with two exponential
terms, %°11,3°P85=5 + 2 ;s and %%°11,°P"85=29 + 2 s, respectively. It is well known that
the lifetime of 'O, is increased in deuterated solvents [57]. Irradiation of hNDF cells in
3D cultures produce a significantly change in the phosphorescence signals. At 1275
nm, the signals grew with a lifetime of '#°11,°>%8=7 + 2 us, and decayed
biexponentially with lifetimes of 27°(1,°P%BS=27 + 5 s and '?°11,%®S=56 + 5 ps,
respectively. At 960 nm, the phosphorescence signal showed the same kinetics as in
PBS, namely %°11,%8%=7 + 2 s and %°°11,7®=32 + 2 us, respectively. The addition of
0.75 mM BSA, an efficient 'O, quencher that cannot penetrate the cells [58], to d-PBS
suspensions only induced a significant change to the large component on the 'O,
decay signal, yielding a '#"°[1,*?8%4=6 + 2 s for the raise and '#°[1,°P8%%=27 + 2 s
and "°[15°PBA=40 + 2 us for the decay. However, the addition of 35 mM NaNs, a well-
known 'O, quencher that readily enters the cells from the extracellular medium [6,13],
the typical rise and decay signal of 'O, phosphorescence disappears, leading to a

1275 0 1azide

monoexponential decay =5 £ 2 ps. The same kinetics is observed at 960 nm,

namely %°1,%4%=4.3 + 0.5 ps.

As parallel controls, the same measurements were carried out in cell suspensions and
RAD16-1 peptide scaffold. The 'O, luminescence at 1275 nm and TMPyP
phosphorescence at 960 nm signals from hNDF cell suspensions are shown in Fig.
7.3. For cells suspended in PBS, the '0, signal observed at 1275 nm showed, as in
case of 3D cultures, a triexponential behavior, although in this case grew with a lifetime
of '#°[1,2PPBS=3 2 + 0.2 ps and decayed with lifetimes of '#"°[1,°8%=4.3 + 0.2 pus and
127801,2DPBS=39 + 2 s, respectively. At 960 nm, the phosphorescence signal decayed
with two exponential terms, %°1,?®™5=3.3 + 0.5 ps and *°1,°"85=28 + 2 s,
respectively. Irradiation of hNDF cells in d-PBS suspension produce again a
significantly change in the phosphorescence signals. At 1275 nm, the signals grew with
f 1275H12D,dPBS=3.1

a lifetime o

127501,2D.dPBS=33 + 2 pns and '#°[1,°P9PBS=59 + 5 s, respectively. At 960 nm, the
960ﬂ12D,dPBS=4.3

+ 0.5 pus, and decayed biexponentially with lifetimes of

phosphorescence signal showed the same kinetics as in PBS, namely

d 960 [ 22D,dPBS

+ 0.5 pus an =32 + 2 us, respectively. Only the long component of the 'O,
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decay is affected by the addition of 0.75 mM BSA to dPBS cell suspensions. However,

the addition of 35 mM NaNj; caused the disappearance of the typical rise and decay

signal of 'O, phosphorescence. The same kinetics was observed at 960 nm.

Counts (1000/div.)

3D cultures

d-PBS
960 nm

d-PBS+BSA
960 nm

20 40 60 80

Time /us

Counts (1000/div.)

2D cultures

T d-PBS+NaN, 1275 nm
T

1275 nm ;
PBS 1275 nm

PBS
960 nm

-+
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Figure 7.3. 3D and 2D cultures: Singlet oxygen phosphorescence at 1275 nm and TMPyP
phosphorescence at 960 nm. The curves are shifted up for illustration.

'0, luminescence at 1275 nm and TMPyP phosphorescence at 960 nm signals from

RAD-161 peptide scaffold are shown in Fig. 7.4 The 'O, signal observed at 1275 nm in

PBS can be fitted with two exponentials, yielding
1275D2peptide,PBS

12757]PeptdePBS=1 6 + 0.2 ps and

=3.5 £ 0.2 us. The decay of the phosphorescence at 960 nm can be fitted

with a single exponential %%°(1,PP1%¢PBS=1 4+ 0.5 s, The isotope effects were evidenced
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when PBS was replaced with D,0O. The signal disappeared when 0.75 mM BSA or 35
mM NaN; were added to the peptide containing cuvette.
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Figure 7.4. RAD16-l scaffold: Singlet oxygen phosphorescence at 1275 nm and TMPyP
phosphorescence at 960 nm. The curves are shifted up for illustration.

Discussion. PDT efficacy in vivo depends on a number of parameters including tissue
oxygenation, photosensitizer concentration and distribution and light dosimetry.
However, most of these factors are poorly reproduced by conventional in vitro studies
that fail to account for extracellular barriers that are present in vivo and the differences
in cell phenotype between cells cultured as monolayers and cells in native tissue. 3D
culture systems are regarded as a bridge between these two systems that better mimic
in vivo conditions. In order to better understand the photosensitizer distribution and
singlet oxygen production inside the tissue we compared the kinetics of both singlet
oxygen and photosensitizer phosphorescence in cellular suspensions and 3D cell
cultures.

The subcellular localization of a photosensitizer is usually assessed by fluorescence
microscopy techniques and this has been done in the 3D cultures as well (see below).
The photophysical approach showed that TMPyP was internalized by cells in 3D

cultures and it was hardly retained by the peptide nanofibers. When TMPyP was
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incubated in RAD16-I scaffold without cells, the kinetics and the structure-less profile of
fluorescence emission indicated that TMPyP was located in an aqueous-like
environment. However, the incubation in 3D cultures led to a well-resolved
fluorescence emission spectrum with two peaks, indicating a change in the TMPyP
microenvironment. The fluorescence spectra of TMPyP incorporated in cell
suspensions showed similar structure to that obtained in 3D cell cultures. Thus, it can
safely be concluded that the photosensitizer in 3D cultures is located within the cells
and is not retained by the scaffold. This conclusion is reasserted by time-resolved
fluorescence measurements. The lifetime of the fluorescence in RAD16-| scaffold (5.1
ns) revealed an aqueous-like environment located in the buffer pools of the peptide
network. The fact that the lifetime was slightly longer than the typical value in buffered
solution (4.6 ns, [59]) would indicate that the TMPyP was partially attracted by the
negative charges of the peptide sequence of the scaffold, restraining the rotation and
vibration of the molecules. Whereas in RAD16-| scaffold the fluorescence kinetics were
monoexponential, the fluorescence of TMPyP in the cells presented a multiexponential
decay. The lifetimes of 1.5, 5.7 and 12 ns suggest two subcellular localizations of the
photosensitizer. It has been shown that upon irradiation of TMPyP in a cell, the
photosensitizer can relocalize into a different subcellular domain [60,61]. The initial
lysosomal localization rapidly changes to the cell nucleus upon irradiation. TMPyP
bound to DNA led to double-exponential decays with lifetimes of 2 and 11 ns [59,62],
whereas the lifetime of 5.7 ns can be attributed to the remaining lysosomal distribution.
That holds true for both 2D and 3D cultures. It is important to emphasize that the 3D
culture model does not affect the intracellular localization of the photosensitizer, which
is evidenced with the similar fluorescence emission kinetics of both cellular

suspensions and 3D cultures.

The dual localization of TMPyP was corroborated by confocal microscopy. TMPyP was
clearly localized in the cytoplasmic vacuoles (lysosomes among others) and after

irradiation the photosensitizer appeared bound to DNA in the nucleus (Fig. 7.5).
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Figure 7.5. Fluorescence microscopy images of hNDF in 2D and 3D cell cultures showing red

fluorescence from TMPyP overlaid with green fluorescence of lysotracker and blue fluorescence of DAPI

(nucleus). Confocal experiments performed by Mireia Alemany-Ribes.

The observed kinetics of *PS and 'O, can be interpreted in light of these findings. First
of all, the dual localization of TMPyP is reflected in his ftriplet-state kinetics, as
evidenced by the biexponential decay of its phosphorescence at 960 nm in both 3D
and cell suspensions. Thus, we can assign the longer component to molecules
localized in the nucleus, consistently with previous works that reported that molecules
bound to DNA become less susceptible to the quenching effect of oxygen [1,63]. The
short component of the *TMPyP phosphorescence can be assigned to the remaining
PS in the lysosomes. This triplet lifetime had a longer life in 3D cultures (7 £ 2 us vs. 4
1 0.5 us in cell suspensions), which indicates less accessibility or oxygen concentration
in 3D cultures. This reflects the heterogeneous distribution of oxygen in this type of
cultures and it is consistent with the differential PDT effects and the upregulation of

hypoxia genes expression (see Mireia Alemany-Ribes Ph.D. thesis for details).

Likewise, the kinetics of 'O, phosphorescence at 1275 nm reflects the 0, localization

and mobility. A summary of the lifetimes recorded is given in Table 7.1.
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Table 7.1. 'O, kinetic parameters in air-equilibrated aqueous suspensions of different systems incubated
with TMPyP?.

System Solvent T, US Trp, US Ta US

RAD16-1 H,0 1.6+0.2 - 35+0.2
D,0 2+0.2 - 67 £2
D,0/0.75 mM BSA -

2D suspensions H,O 43+0.5 32+2 3.2+0.2
D,O 3105 3312 6712
D,0/0.75 mM BSA 3+05 28+4 47 +2
D,0 /35 mM NaN, 4+1 34+5

3D cultures H,O 72 3212 3.1+05
D,0 72 28+2 56+5
D,0/0.75 mM BSA 52 27 +2 40+5
D,0 /35 mM NaN, 52 -

@ Mean = SD values of at least three experiments are shown.

In agreement with [64] 'O, decays with a single lifetime, irrespective of the site of
formation, suggesting a fast equilibration between the different populations before its
decay. For RAD16-1 system, 1, values are similar to those obtained in aqueous solution
(3.5 us in PBS and 67 us in D-PBS), reaffirming the hypothesis that the photosensitizer
localizes in the water pools of the peptide matrix. For cell suspensions, we can identify
s = 3.2 £ 0.2 us for H,O-based measurements and t, = 67 + 2 us when they were
carried out in D,O-PBS. A slight decrease of 'O, lifetimes was observed in 3D systems.
A lifetime of 1, = 3.1 £ 0.2 us can be fitted for H,O-based experiments, whereas 1, = 56
+ 5 ps in D,O-mediated measurements. These data indicate a moderate amount of
singlet oxygen quenching by the proteins of the ECM or a hampered mobility. A small
fraction of 'O, molecules was able to diffuse out of the cells. On the addition of 0.75
mM of BSA to the extracellular medium, 'O;, lifetime was slightly quenched yielding t, =
47 £ 2 ps for cells suspensions and 1, = 40 + 5 pus for 3D systems. This is consistent
with other works that reported the mobility of singlet oxygen inside the cells [3,14]. Due
to the restriction of 'O, diffusion coefficient in the 0.4-2 x 10° cm? s™, singlet oxygen
can diffuse a short distance relative to cellular dimensions, independently of the
extracellular media (suspension or a cluster of cells). Therefore, we can only see slight

changes in the 'O, phosphorescence kinetics.

There are at least two populations of TMPyP molecules inside de cells (both in 2D and
in 3D cultures), with different localizations and different triplet excited state lifetimes.

Moreover, the longer triplet lifetime when TMPyP is incubated in a three-dimensional
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system evidenced a lower oxygen concentration, which is corroborated with the

overexpression of hypoxia genes inside the 3D construct.

7.3.2. Singlet oxygen photosensitization in skin

LC-6 quenching of singlet oxygen in solution. The time-resolved 'O,
phosphorescence curves for each LC-6 solution are collected in Fig. 7.6A. In the
absence of LC-6, the lifetime of 'O, was 210 = 20 us, which agrees well with the
published value of 240 + 20 ps in CD3;OD [65]. Addition of LC-6 resulted in a clear
decrease of the 'O, lifetime t,. From the plot of the decay rate constant k (=1/t,) as a
function of LC-6 concentration, the value of the quenching rate constant kics = (1.3 %
0.1) x 10 M s™" was determined (Fig. 7.6B).
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Figure 7.6. Effect of LC-6 on the kinetics of singlet oxygen decay in methanol-ds4. A) Time-resolved singlet
oxygen phosphorescence curves recorded at 1275 nm upon irradiation of PN solution containing different

concentrations of LC-6. B) Stern-Volmer plot of PN solution upon addition of increasing amounts of LC-6.

LC-6 quenching of singlet oxygen in skin. A similar approach was followed to probe
the effect of LC-6 on singlet oxygen in ex-vivo samples of porcine skin. Because skin is
a heterogeneous medium, five time-resolved 'O, phosphorescence curves, recorded at
different positions of skin, were averaged for each formulation tested. In a first series of
experiments, formulations containing PN as photosensitizer were applied to the skin
and, after 15 min of penetration, 'O, phosphorescence measurements were carried
out. Fig. 7.7 shows the 1275-nm time-resolved luminescence signals for the different

formulations in skin. When placebo was applied to porcine skin, the decay time of
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singlet oxygen luminescence grew with a lifetime of 11 = 0.8 £ 0.3 us and decayed with
a lifetime of 1, = 18 = 2 us (Fig. 7.7A). The shortest of the two was assigned to the
formation of 'O, and thus to the decay of the triplet PN precursor (t7), while the longest
was assigned to 'O, decay (t,). Baier et al. reported a 'O, lifetime of 8 + 2 ps in a
similar ex-vivo porcine skin model [4]. The presence of LC-6 in the formulations
induced significant changes to the 'O, kinetics (Figs. 7.7B and C). At LC-6 0.05% w/w,
the lifetime of singlet oxygen dropped to 1,1 = 5 £ 2 us and an additional long-lived
decay component could be observed with 15, = 13 £ 2 ps (relative amplitude 1:2). For
comparison, a-tocopherol at 0.1 % w/w quenched both the formation and the decay of

singlet oxygen, yielding a low intensity signal with lifetime t, = 3 £ 2 us (Fig. 7.7D).
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LC-60.05% C

Intensity/counts
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Lt s ]
0 20 40 60 80

Time / us

Figure 7.7. Time-resolved luminescence decays recorded on 355 nm excitation of ex-vivo porcine skin
treated with different PN containing formulations. A) Placebo cream. Fitted parameters: t1= 0.8 + 0.3 ps;
0= 18 £ 2 ps. B) LC-6 0.01% cream. Fitted parameters: tr= 0.9 + 0.3 ps; o= 18 = 2 us. C) LC-6 0.05%
cream. Fitted parameters: 1= 0.8 + 0.2 us; 1p1= 5 + 2 us; 2= 13 + 2 ps. D) a-tocopherol cream. Fitted

parameter: 1p= 3+ 2 ps.
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PN, as a partially water soluble molecule, can localize in both the lipid and aqueous
compartments of the skin. However, the high lipophilicity of LC-6 suggests its
preferential accumulation in hydrophobic domains. In order to ensure a closer proximity
between the nascent 'O, and LC-6, a more hydrophobic photosensitizer was used in
another series of experiments. TPP was used to this end [65]. As with PN, the NIR
emission spectra showed a maximum at 1275 nm, which is the unambiguous
spectroscopic fingerprint of singlet oxygen (Fig. 7.8). Consistent with the lifetime
decrease observed with PN, the 'O, phosphorescence dropped by ca. 50% when LC-6
0.05% was added to the cream. Under the same conditions, a-tocopherol led to almost

complete depletion of the 'O, emission.
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Figure 7.8. Spectra of singlet oxygen luminescence at different wavelengths recorded on 355 nm

excitation of ex-vivo porcine skin treated with different TPP containing formulations.

Discussion. A variety of methods exist for assessing the ability of an antioxidant to
quench '0,. Techniques such as electron spin resonance (ESR) [66-69], lipid photo-
oxidation [70-72], or by the oxygen radical absorbance capacity (ORAC) [73,74] or its
variation, the singlet oxygen absorption capacity (SOAC) assay methods [75,76] are
often used. However, these methods can lead to considerable errors as 'O, is not
probed directly and unambiguously [77]. Moreover, their application in vivo is also
limited since some of these probes are either toxic or do not penetrate tissue to a

sufficient extent. In this work we have monitored 'O, quenching by its time-resolved
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phosphorescence, which is regarded as the most specific means for reliable 'O,
detection. At present, this work represents the first report of 'O, quenching activity of

an antioxidant in skin.

Tocopherols rank among the most effective 'O, scavengers (Fig. 7.1B). Thus a-
tocopherol quenches 'O, with a bimolecular rate constant in ethanol equal to 1.22 x 108
M s™ [56], remarkably close to the value found for LC-6. The reactivity of tocopherols
towards 'O, correlates well with their biological activity and it has been suggested that
one of the functions of vitamin E might be to protect membrane lipids form oxidative
damage by 'O, [78]. To test whether this observation holds in skin, we formulated two
concentrations of LC-6, namely 0.01% and 0.05%, and compared them with 0.1% a-
tocopherol formulation. A placebo cream without antioxidants was used as negative

control.

The luminescence of 'O, has been detected in porcine skin exposed to UVA radiation
without any exogenous PSs added [44,79]. However, the intensity of this signal was
too small for the determination of quenching efficacy of antioxidants [15]. Thus an
external PS was added in our experiments to obtain phosphorescence signals with the
necessary quality. The PN-photosensitised generation of 'O, in the skin yielded a
decay time of 18 + 2 us when the placebo cream was applied. This result is very similar
to that obtained by Baier et al. [79] for lipid solutions (14 + 2 ps) and agrees with the
notion that skin is a complex system containing a variety of constituents such as water,
proteins and, specially, lipids. A quenching effect was clearly observed when LC-6 was
added to the formulations. The lifetime of 'O, in skin treated with LC-6 0.05% cream
decayed biexponentially with lifetimes of 1,1 =5 + 2 us and 14, = 13 £ 2 us. In contrast,
complete quenching of 'O, generation was observed using a-tocopherol as antioxidant.
Since the '0, quenching rate constants kq are similar for both antioxidants in solution,
these results suggest a different localization pattern of LC-6 and a-tocopherol in the

different skin compartments.
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7.4. CONCLUSIONS

We have demonstrated that the PS is internalized by cells in a 3D system and is not
retained by the ECM, though its internalization is radial. Once the PS is inside the cells,
the localization studies revealed no significant differences between 2D and 3D
systems. In this work, we reported for the first time the kinetics of singlet oxygen in a
3D cellular culture. The time-resolved fluorescence and NIR luminescence
measurements provide useful information to interpret and predict the PDT outcome in
real tissues. Substantial differences have neither been shown for the singlet oxygen
kinetics. Both phenomena occur at cellular level, with minimal influence of the ECM.
Nevertheless, it has been demonstrated the lower accessibility or oxygen concentration
in 3D cultures. This fact causes a heterogeneous photodynamic response similar to
that reported using in vivo models. Thus, this system provides a new method by which
better adjust light, oxygen and photosensitizer conditions (dosimetry) for further in vivo

experiments.

This work also represents the first report of 'O, quenching activity of an antioxidant in
skin. We have found that LC-6 is a potent singlet oxygen scavenger, capable of
deactivating this reactive oxygen species with a rate constant of (1.3 + 0.1) x 102 M's™,
a value almost identical to that of a-tocopherol. The anti-singlet oxygen activity of LC-6
has also been demonstrated in ex-vivo porcine skin samples. However, these skin
results differed to some extent to those obtained in solution suggesting a different
localization pattern of both antioxidants within the different skin compartments. This
fact evidenced the convenience of these new models for better predicting the outcome

of singlet oxygen involved processes.
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Chapter 8

General discussion

Dissertation and perspectives

An integrated discussion of the whole work described in the previous
chapters and their implications for photodynamic therapy, as well as

signal directions of future research in this field are given in this chapter.






Dissertation and perspectives

8.1. GENERAL DISCUSSION

The work presented along the previous chapters can be considered as an overview
through the photosensitizer (PS) and formulation development in photodynamic
therapy (PDT) (Fig 8.1).
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Figure 8.1. Brief overview of the fields studied during this thesis.

The study of photophysical properties of a compound is one of the first filters to
validate the goodness of a PS. Owing to the disadvantages presented by Photofrin®,
the first drug approved by the Food and Drug Administration (FDA) for PDT purposes,
an important effort is being made for the development of new and more efficient PSs,
the so-called second generation PSs [1-4]. Amongst these second generation PSs,
porphycenes came into focus because their unique properties and features [5-7]. In
this work, different strategies have been proposed for improving the design of novel PS
based on the porphycene macrocycle. Water-solubility can be achieved by means of
the introduction of carboxylate groups in the periphery of the PS core although

aggregation is not avoided in this environment and the photophysical properties are
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deteriorated even when the porphycene exists in a monomeric state (organic solution).
Red shifts in the absorption spectrum and high singlet oxygen formation quantum
yields can be attained by introducing heavy-metal ions in the porphycene core.
However, most of our efforts have been put into the porphycene analogue to
temoporfin, which we call temocene. Temocene shows excellent photophysical
properties with high absorption coefficients in the phototherapeutic window (600-800
nm) and a high ability to generate singlet oxygen, although not as high as that of
temoporfin [8]. In fact, temocene showed lower photodynamic activity in our first
assays delivering it in DMSO to HelLa cells. While these results can be regarded as a
disadvantage compared to temoporfin, this could in turn alleviate the skin
photosensitivity reported for temoporfin in the few weeks after drug administration [9-
11]. Moreover, temocene shows superior photostability than temoporfin and
mitochondrial localization. All these results prompted us to study this new

photosensitizer further.

Owing to its high hydrophobicity and therefore its poor solubility and aggregation in
aqueous solutions, the development of a drug delivery system for in vitro and in vivo
administration of temocene is an unavoidable step. Liposomes were chosen for this
purpose due to their unique properties [12,13]. In spite of being one of the most studied
carriers for PDT, it is necessary to find the perfect combination of lipids, composition
and drug/lipid ratio for each photosensitizer. In the same way that different
photosensitizers differ in their photophysical properties, they diverge in their
encapsulation requirements. It can be thought that the encapsulation requirements of
temoporfin and temocene ought to be comparable as they are structural isomers, but
nothing further than reality. Foslip®, the liposomal formulation of temoporfin, is
composed of m-THPC/DPPC/DPPG (1:11:1.2 molar ratio) [14]. Using these conditions,
temocene was encapsulated only poorly. In contrast, we found that the ideal
formulation for temocene is m-THPPo/DPPC/DMPG (1:67.5:7.5 molar ratio) yielding a
high encapsulation efficiency, high drug cargo (16 mM local concentration) and

liposome sizes of ca. 120 nm.

The advantages of the encapsulation of temocene in nanocarriers are evidenced in
chapter 6, where two different drug delivery systems (liposomes and micelles) were
compared with the free drug dissolved in PEG400/EtOH mixture. Lipid based carriers
prevent temocene aggregation in aqueous environments, which occurred when
delivered in PEG400/EtOH solution. In spite of this fact, the free drug showed the best in

vitro response because cells were able to internalize the largest amount of PS.
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However, the solvent formulation induced an immediate, high and irreversible toxic
response when delivered intravenously and had to be ruled out for in vivo experiments.
Liposomes exhibited the highest killing efficacy per uptaken molecule. A minimal cell
internalization and, therefore, no photodynamic activity were observed in vitro with the
micellar formulation. The subcellular localization of temocene was not affected by the
drug-delivery system used and lysosomes were the preferential site of localization in all
cases. Only when temocene was dissolved in DMSO mitochondria are the preferential

site of accumulation.

In order to minimize the internalization of the drug in normal cells, a folate-targeted
liposomal strategy has been proposed. For reasons of synthetic unavailability of
temocene, we used the formulation ZnTPP/POPC/OOPS (1:90:10) described in [15]
but decorated with folate ligands. This folate-targeted liposomal formulation led 2-fold
higher uptake by HelLa cells (folate receptor positive cells) relative to the non-targeted
formulation. However, this selectivity was lower than expected as non-specific
pathways were also effective for cellular uptake. It is expected that selectivity would be
further enhanced in cells with a higher overexpression of folate receptors (e.g. KB
cells). Some works have also pointed out the phenomenon so-called “binding site
barrier”, which considers the idea that macromolecular ligands could be prevented from
penetrating tumors by the fact of their successful binding to the target receptor [16].
Considering these drawbacks and the low expectations for the folate-targeted strategy,
further in vivo studies of temocene activity have been performed only with non-targeted

liposomes.

The following stage of the development of a new photosensitizer for PDT is testing its
in vivo response. Drug delivery systems can also modulate in vivo pharmacokinetics,
tumor accumulation and photodynamic efficiency. Thus, micellar and liposomal

formulations were tested using different targeting strategies (Fig. 8.2).
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Figure 8.2. Pictorial representation of vascular or cellular targeting strategies followed in this study.

We have shown that both formulation and the time between PS administration and light
treatment (targeting strategy) are critical parameters for PDT efficiency. Micellar
formulation showed the best in vivo response when used in a vascular regimen (short
drug-to-light interval), whereas liposomes were found to be an efficient drug delivery
system for a tumor cell targeting strategy. Using non-invasive fluorescence techniques
we confirmed that pegylated liposomes have a long circulation time showing its
maximum tumor accumulation 24 hours post-injection. Compared to micelles,
liposomes showed the best tumor selectivity, namely a tumor-to-normal tissue ratio of
3. The aggregation of temocene in the blood stream when dissolved in PEG/EtOH
mixture caused the immediate death of the mice, supporting again the importance of

drug delivery systems for delivering photosensitizing agents.

It is important to mention that in vitro tests not always reproduce the in vivo results.
Micelles showed no photodynamic activity in 2D-cellular level while they were the most
effective formulation for in vivo treatments combined with a short drug-to-light interval.
This of course reflects that this formulation targets the tumor vasculature, which 2D
cultures lack, most likely through a fast temocene exchange with natural carriers
present in the bloodstream, such as lipoproteins. In contrast, temocene in PEG/EtOH
could be regarded as a good alternative based on the in vitro results but failed when it
was administered intravenously. These results evidence the necessity of in vitro
models that better mimic the behavior of tumor tissues and could predict the outcome
of vascular and cellular PDT in vivo. For this reason, we considered the use of new in

vitro models for a better optimization of the PDT outcome.

When the studies are subjected to in vivo animal trials all the parameters optimized for
2D cultures need to be adjusted again. This step could be avoided or at least
minimized using 3D cellular cultures. In this work we reported for the first time the
kinetics of singlet oxygen production and decay in a 3D cellular system. The 'O,
behavior is not dramatically affected by the dimensionality of the cellular culture
indicating that the production and decay of singlet oxygen are confined cellular
phenomena. This result is consistent with our previous studies about the mobility and
diffusion of the singlet oxygen inside the cell using ZnTPP as a PS (chapter 5) that
concluded that damage of singlet oxygen is confined to the organelle where it is

localized. However, a shorter singlet oxygen lifetime was observed, suggesting a
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hampered singlet oxygen mobility or quenching by the proteins of the ECM. The triplet
lifetime of the PS internalized by cells in the 3D system is also prolonged indicating
less accessibility or concentration of oxygen. These results confirm that this model
reproduces the oxygen and PS heterogeneity when the extracellular matrix is present
and therefore provides useful information to interpret and predict the PDT outcome in

real tissues.

Another in vitro model commonly used for dermatological issues is the ex-vivo porcine
skin model. We found that the antioxidant Lipochroman-6, an analog of a-tocopherol,
had a different quenching ability in skin relative in solution. Skin is a heterogeneous
system and molecules can localize in different compartments depending on their
physical properties. These studies supported once again that new in vitro cellular
models represent an important extension of current testing strategies for drug

discovery.
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8.2. FUTURE TRENDS

It is more than 25 years since PDT was first used in oncology. Although it is nowadays
widely used in some medical specialties, it is more necessary than ever to pursue a
continuous research for developing new and better PSs, optimizing their delivery and

activation and exploring new therapeutic outcomes.

First-generation PSs exhibited several drawbacks such as prolonged skin
photosensitivity and lack of long wavelength absorption. As we have seen, substantial
effort has been put into the development of second-generation PSs that present better
absorption properties, greater tumor selectivity and shorter periods of
photosensitization [1,2]. Future work on the development of PSs is likely to focus on
increasing therapeutic efficacy and selectivity for malignant tissue, while minimizing
side effects. These third-generation PSs are covalently attached to targeting molecules
that have high affinity to receptors expressed in tumor surface such as antibodies,
epidermal growth factors or folate ligands [17-20]. Molecular beacons linked to the PS
represent another strategy. These molecular beacons quench the PS until the link is
cleaved by a specific enzyme of the target site providing not only tumor specificity but
also organelle selectivity [21,22]. Organelle selection of damage induced by PDT can
also be achieved by means of the genetically encoded PSs that can be expressed only

in specific sites of targeted cells [23,24].

An alternative approach is the use of non-linear optical effect of two-photon
photodynamic therapy by which the PS simultaneously absorbs two photons of
comparatively low energy. Excitation can be confined to a femtoliter volume at the
focus therefore it can be exploited to target individual blood vessels. Moreover, the
energy of the photons required is comparatively lower than for one-photon excitation
and near-infrared light (800-1000 nm) can be used to achieve deeper tissue
penetration [25-28]. Our group has previously demonstrated that porphycenes are
efficient singlet oxygen two-photon photosensitizers [26].

In this work we have demonstrated that drug delivery systems can modulate and direct
PSs to specific targets. Future directions in this field point to the use of multifunctional
nanocarriers that act as a “Trojan horse”. Ideally, multi-platform drug delivery systems
can simultaneously or sequentially accomplish the following set of properties: (1)
Specifically target the site of disease by means of different target ligands; (2) Respond

local stimuli characteristic of the pathological site such as pH or temperature; (3)
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Provide an enhanced intracellular delivery of drugs; (5) Carry a contrast component

supplying a real time information about biodistribution and target accumulation [29-32].

Recent times have also seen the emergence of certain promising modalities based on
PDT immunotherapy and PDT-based cancer vaccines. It is now accepted that PDT can
induce an immune response that assists the complete eradication of tumor and
provides a long-term control of tumors [33-36]. In this work, it can be sensed the PDT
effect on immune system although it wasn’t deeply studied. While it is still in a very
early stage, the enhancement of anti-tumor immunity exert by PDT is potentially one of

the most significant achievements in the field of PDT.
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Conclusions

Temocene (m-THPPo), the porphycene analogue of temoporfin, shows 2.5-fold
larger absorption coefficients than this approved photosensitizer in the red part
of the spectrum, as well as higher photostability and lower dark toxicity.

However its photodynamic activity towards HelLa cancer cells is lower.

Palladium(ll) coordination of 2,7,12,17-tetraphenylporphycene (TPPo) hampers
its liposomal encapsulation. Highly unsaturated lipids and high drug-to-lipid

molar ratios are needed making the liposomal formulation toxic by itself.

A liposomal formulation of temocene (m-THPPo/DPPC/DMPG with 1:67.5:7.5
molar ratio), has been developed that yields liposomes of size 120 + 40 nm with
high encapsulation efficiency and high drug payload. The photophysical
properties and singlet oxygen production ability of porphycene remain close to

those in solution.

Folate targeting of liposomes incorporating the model photosensitizer Zn(ll)-
meso-tetraphenylporphine leads to a 2-fold higher uptake than the

corresponding non-targeted liposomal formulation.

Three delivery systems, namely the solvent mixture propyleneglycol:ethanol,
Cremophor EL micelles, and DPPC/DMPG/PEG3p0-DSPE liposomes were
compared as vehicles for temocene in antitumour photodynamic therapy in vivo.
The solvent mixture led to high toxicity. Micellar formulation showed the best in
vivo response when used in a vascular regimen (short drug-to-light interval),
whereas liposomes were the best drug delivery system for a tumor cell targeting

strategy, showing a tumor-to-normal tissue selectivity ratio of 3.

The subcellular distribution of the photosensitizer meso-tetrakis(4-N-
methylpyridylium)porphyrin in three-dimensional cell cultures is the same as in
conventional 2D cultures. The kinetics of singlet oxygen production and decay

in 3D cultures revealed lower oxygen accessibility to the photosensitizer.

Lipochroman-6 is able to quench the production of singlet oxygen in an ex-vivo

porcine skin model although is less efficient than a-tocopherol.
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LIST of ABBREVATIONS

ALA
AMD
AP
BCA
BHT
BSA
CAM
cv
DIC
DMEM
DMPC
DMPG
DMSO
DNA
D-PBS
DPPC
DPPG
DSPC
DSPG
ECM
EPR
ER
ESR
FA-PEG-DSPE

FBS

D,
FD-DMEM
od3

FR

GPx
hNDF
HPF
HPLC
H&E

5-aminolevulinic acid

age-related macular degeneration

antioxidative power

bicinchoninic acid

3,5-di-tert-butyl-4-hydroxytoluene

bovine serum albumin

chick chorioallantoic membrane

cresyl violet

differential interference contrast

Dulbecco’s Modified Eagle’s Medium
1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
dimethyl sulfoxide

deoxyribonucleic acid

deuterated phosphate-buffered saline
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
1,2-distearoyl-sn-glycero-3-phosphocholine
1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
extracellular matrix

enhanced permeability and retention effect
endoplasmic reticulum

electron spin resonance
2-distearoyl-sn-glycero-3-phosphoethanolamine-N
[folate(polyethylene glycol)-2000] (ammonium salt)
fetal bovine serum

singlet oxygen quantum yield

folate-deficient Dulbecco’s Modified Eagle’s Medium
fluorescence quantum yield

folate receptor

glutathione peroxidase

normal human dermal fibroblasts
3’-(p-hydroxyphenyl) fluorescein

high performance liquid chromatography

hematoxylin and eosin
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IPA

iPrOTPPo

IR

IRF

LC-6

LED

MDA

MLV
m-PEG3000-DSPE

m-TCPPo
m-THPPo
MTT
NADH/NAD
NIH

NIR

NP

102
OOPS
ORAC
PBS

PCS

PDT
PdTHPPo
PdTPPo
PEG

PN

POPC

PS

°Ps

RCS

RES

RNS

ROS
RPMI
SDS
SOAC
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image processing and analysis
2,7,12,17-(3-carboxyphenyl) porphycene

infrared radiation

instrument’s response function

lipochroman-6

light emitting diode

malondialdehyde

multilamellar vesicle
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-3000]
2,7,12,17-(3-carboxyphenyl) porphycene
2,7,12,17-(3-hydroxyphenyl) porphycene
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
nicotinamide adenine dinucleotide

national institutes of health

near infrared radiation

nanoparticle

singlet oxygen
1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (sodium salt)
oxygen radical absorption capacity
phosphate-buffered saline

photon correlation spectroscopy

photodynamic therapy
Pd(Il)-2,7,12,17-(3-hydroxyphenyl) porphycene
Pd(Il)-2,7,12,17-tetraphenyl porphycene
polyethylene glycol

1H-phenalen-1-one
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
photosensitizer

triplet excited state of photosensitizer

reactive carbonyl species

reticuloendothelial system

reactive nitrogen species

reactive oxygen species

Roswell Park Memorial Institute

sodium dodecyl sulfate

singlet oxygen absorption capacity



Vis
ZnTPP

singlet oxygen sensor green

soy extract phosphatidylcholine
2-thiobarbituric acid

thiobarbituric acid reactive species

time correlated single photon counting

singlet oxygen lifetime

tetrahydrofuran

phase transition temperature
5,10,15,20-tetrakis(N-methyl-4-pyridil)-21H,23H-porphine
5,10,15,20-tetraphenyl-21H,23H-porphine
2,7,12,17-tetraphenyl porphycene
time-resolved NIR phosphorescence detection
triplet lifetime

ultraviolet radiation

visible
5,10,15,20-tetraphenyl-21H,23H-porphine zinc
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