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The photophysical properties and photodynamic effect of Zn(1r), Pd(11), Cu(ir) and free-base
5-(4-(trimethylammonium)phenyl)-10,15,20-tris(2,4,6-trimethoxy phenyl)porphyrin (H,P) iodide have
been studied in N,N-dimethylformamide (DMF) and in different biomimetic systems. The absorption,
fluorescence, triplet state and singlet molecular oxygen production of the metal complexes were all
referred to H,P. The photodynamic activity was first analyzed using 9,10-dimethylanthracene and
guanosine 5-monophosphate in N,N-dimethylformamide. The photooxidation processes were also
investigated in benzene/benzyl-n-hexadecyldimethyl ammonium chloride/water reverse micelles.
Photosensitization efficiency of these porphyrins was H,P ~ ZnP > PdP in homogeneous solution and
ZnP > H,P > PdP in micelles, whereas no photooxidation effect was detected using the Cu(1r) complex.
Human erythrocytes were used as a biological membrane model. The photohemolytic activity
depended on irradiation time, sensitizer and concentration of the agent. When cells were treated with

1 uM sensitizer, the hemolytic activity was H,P > ZnP >> CuP. However, it was H,P > ZnP ~ CuP
using 5 uM of the respective porphyrin. Although CuP could undergo a type I photoreaction, in all
cases the photohemolytic effect considerably diminishes in anoxic conditions, indicating that an oxygen
atmosphere is required for the mechanism of cellular membrane damage. The behavior of these
amphiphilic metallo porphyrins provides information on the photodynamic activity of these agents in

biomimetic microenvironments.

Introduction

Porphyrin derivatives have shown great potential as photother-
apeutic agents for the treatment of a variety of oncological
and non-oncological diseases."* Photodynamic therapy (PDT) of
cancer involves the administration of a photosensitizer, which is
selectively incorporated in tumor cells. The subsequent exposure
to visible light in the presence of oxygen specifically inactivates
the neoplastic tissue.! Two oxidative mechanisms are considered
to be principally implicated in the photodamage of cells. In
the type I photochemical reaction, the photosensitizer interacts
with a biomolecule to produce free radicals, while in the type 11
mechanism, singlet molecular oxygen, O,(*A,), is produced as the
main species responsible for cellular inactivation.® Depending on
the experimental conditions, these mechanisms can occur simul-
taneously and the ratio between the two processes is influenced by
the sensitizer, substrate and the nature of the medium.®

In the last years several new sensitizers have been proposed
with improved physical, chemical and therapeutic properties
for PDT.” Various classes of photosensitizers are presently in
clinical use or in stages of development in biological media.?
Adequate photosensitizers are deemed to have specific chemical
and biological properties.! Two of the photochemical requisites are
a high absorption coefficient in the visible region of the spectrum
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and a long lifetime of triplet excited state to produce efficiently
O,('A,).

The photophysical properties of free-base porphyrins are sig-
nificantly modified by the nature of the central metal ion.*"* The
characteristics of metalloporphyrins containing regular metals
ions, such as Zn, with d° or d" configuration are determined
essentially by the 7 electrons of the macrocycle ring. On the other
hand, in metalloporphyrin forming complexes with a transition
metal with incomplete d orbitals, for example Cu, these orbitals
can significantly integrate with the orbitals of the porphyrin ring.
Thus, the excited state of these complexes have short lifetime and
the quantum yield of triplet state formation is very low.

Solubilization of photosensitizers plays an important role in bi-
ological processes. Water-soluble and water-insoluble compounds
can be dissolved simultaneously in reverse micelles. In these
microheterogeneous systems, a solute can be located in a variety
of microenvironments, namely the organic surrounded solvent, the
water pool or at the micellar interface.'® Therefore, reverse micelles
are frequently used as an interesting model to mimic the water
pockets often found in various bioaggregates such as proteins,
enzymes and membranes.'*!¢*® Biological membranes seem to be
important targets for many antineoplastic photosensitizer agents.
In this sense, mammalian erythrocytes constitute an attractive and
suitable model system to study membrane photomodification.'*2*
Recent investigations show that red blood cells are useful to eluci-
date the cellular and molecular principles of PDT. Photodynamic
damage of erythrocyte membranes starts with potassium release.
Hemolysis just indicates disruption of the cell membranes. In
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accordance with cell-culture assays where cell death is monitored
by membrane disruption, hemolysis of red blood cells can be
regarded as a mode of measuring death of erythrocytes.”

In previous studies, the photodynamic activity of the free-
base 5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin (TMP) was
compared with that produced by its metal complexes, both in re-
verse micelle of n-heptane/sodium bis(2-ethylhexyl)sulfosuccinate
(AOT)/water and on Hep-2 human larynx-carcinoma cell
line. Production of O,('A,) was increased by complexation
with Zn(i1) and Cd(i1), which was associated with a higher
phototoxicity.’* Similar behavior was also found for 5-(4-
carboxyphenyl)-10,15,20-tris(4-methylphenyl) porphyrin forming
complexes with Zn(11) and Pd(11)." In addition, in vitro investi-
gations showed that 5-(4-(trimethylammonium)phenyl)-10,15,20-
tris(2,4,6-trimethoxyphenyl)porphyrin iodide (H,P) is an efficient
agent with interesting PDT application.?** The amphiphilic
character of H,P produces a better accumulation in subcellular
compartments, which is a prerequisite for an effective photosen-
sitization. Pharmacokinetic and phototherapeutic studies in vivo
using Balb/c mouse cancer model indicated that H,P is prefer-
entially accumulated in tumor with respect to skin and muscle
and PDT treatment with this agent resulted in a complete tumor
regression.”® Therefore, in this work we expanded the knowledge
relative to metal derivatives of H,P with Zn(11), Pd(11) and Cu(1r)
(Scheme 1). The photophysical and photodynamic characteristics
of these photosensitizers were studied in homogeneous medium
and reverse micelles biomimetic system. Photodynamic action was
then performed in vitro using erythrocyte cells under different
conditions to obtain information about the effect produced by
metal complexation of this asymmetrically substituted cationic
porphyrin.

M=Zn(II)
M=Pd(II)
M=Cu(II)

Scheme 1 Molecular structures of the studied porphyrins.

Materials and methods
General

UV-visible absorption and fluorescence spectra were recorded on
a Shimadzu UV-2401 PC spectrometer and on a Spex FluoroMax
fluorometer, respectively. FAB mass spectra were taken with a
ZAB-SEQ Micromass equipment. All the chemicals from Aldrich
(Milwaukee, WI, USA) were used without further purification.
Guanosine 5'-monophosphate (GMP) from Sigma (St. Louis, MO,
USA) was used as received. Benzyl-n-hexadecyldimethylamonium

chloride (BHDC) from Sigma was recrystallized twice from ethyl
acetate and dry under vacuum over P,0;. Solvents (GR grade)
from Merck (Darmstadt, Germany) were distilled. Ultrapure
water was obtained from a Labconco (Kansas, MO, USA)
equipment model 90901-01.

Sensitizers

5-(4-(Trimethylammonium)phenyl)-10,15,20-tris(2,4,6-trimetho-
xyphenyl)porphyrin iodide (H,P) was synthesized as previously
described.?

Preparation of zinc (1) 5-(4-(trimethylammonium)phenyl)-
10,15,20-tris(2,4,6-trimethoxyphenyl)porphyrin iodide (ZnP). A
solution of H,P (20 mg, 0.019 mmol) in 7 ml of dichloromethane
was treated with 3 mL of a saturated solution of zinc(i1) acetate
in methanol. The mixture was stirred for 30 min in argon
atmosphere at room temperature. After that, the solution was
treated with water (30 mL) and the organic phase was extracted
with three portions of chloroform (20 mL each). The solvents were
evaporated under reduced pressure. The reaction afforded 18 mg
(85%) of pure ZnP. MS [m/z] 1004 (M* — 1) (1004.3213 calculated
for C5sHy,N5OyZn).

Preparation of palladium (11) 5-(4-(trimethylammonium)phenyl)-
10,15,20-tris(2,4,6-trimethoxyphenyl) porphyrin iodide (PdP). To
a solution of H,P (20 mg, 0.019 mmol) in 10 mL of N,N-
dimethylformamide (DMF) palladium (1) chloride (50 mg,
0.28 mmol) was added. The mixture was stirred for 4 h at reflux
in atmosphere of argon. The product was extracted as described
above for ZnP yielding 28 mg (83%) of PdP. MS m/z 1046
(M* — 1) (1046.2956 calculated for CssHs,N;OoPd).

Preparation of copper (1) 5-(4-(trimethylammonium)phenyl)-
10,15,20-tris(2,4,6-trimethoxyphenyl) porphyrin iodide (CuP). A
solution of H,P (20 mg, 0.019 mmol), copper(l) acetate mono-
hydrate (110 mg, 0.55 mamol) and glacial acetic acid (5 mL) in
3 mL of chloroform was refluxed for 2 h in argon atmosphere. The
product was extracted as described above for ZnP yielding 16 mg
(75%) of pure CuP. MS [m/z] 1003 (M* —I) (1003.3218 calculated
for CssHs,INsO,Cu).

Spectroscopic and photophysical studies

Absorption and fluorescence spectra were recorded at 25.0 +
0.5 °C using 1 cm path length quartz cells. The fluorescence
quantum yield (&) of porphyrins were calculated by comparison
of the area below the corrected emission spectrum in DMF
with that of tetraphenylporphyrin (TPP) as a reference (& =
0.12).% The emission spectra were recorded exciting the samples at
Zee = 550 nm. The energy of the singlet-state was deduced from the
intersection of the normalized absorption and fluorescence curves.
Fluorescence lifetimes (zs) of porphyrins were determined by the
time-correlated singlet photon counting technique (Edinburgh
Instrument OB900).

Sensitization of O,('A,) was measured by using the time-
resolved phosphorescence detection method (TRPD). A Q-
switched Nd:YAG laser (Spectron) was used as the excitation
source operating at 532 nm (20 ns halfwidth) in order to excite the
porphyrins. The emitted radiation (mainly 1270 nm) was detected
at right angles with an amplified Judson J16/8Sp germanium
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detector, after passing through appropriate filters. The output
of the detector was coupled to a digital oscilloscope (Hewlett-
Packard HP-54504 A). About twenty shots were usually needed
for averaging decay times, in order to get a good signal to
noise ratio. No change in the porphyrin absorption spectrum
was observed after these experiments, indicating no significant
photodegradation of the sensitizer. The averaged signals were
analyzed as single exponential decays. The absorbance of the
sample and reference were matched at the irradiation wavelength.
Measurements of these solutions under the same conditions
afforded @, for the studied porphyrins by direct comparison of
the slopes, in the linear region, of the plots of the amplitude
of phosphorescence extrapolated to zero time vs. the laser-total
energy.”? TPP in DMF was used as a reference (&, = 0.62).% The
bimolecular constants of triplet excited state quenching of the
photosensitizers by oxygen were calculated from known oxygen
concentrations® and the measured rate constants of deactivation
of the triplet states for solutions saturated with oxygen, air and
argon. The triplet—triplet absorption spectra of sensitizers were
determined in deoxygenated DMF solutions. Transient absorption
measurements were made using laser flash photolysis equipment
previously described.*

Steady state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 uM) and photo-
sensitizer (Soret band, absorbance 0.1) in DMF (2 mL) in quartz
cuvettes were irradiated with monochromatic light at the Soret
band with light from a 75 W high-pressure Xe lamp through
a high intensity grating monochromator (Photon Technology
Instrument). The fluence rate was determined as 2.3 mW cm™>
(Radiometer Laser Mate-Q, Coherent). The kinetics of DMA
photooxidation were studied by following the decrease of the
absorbance (A4) at 4,,,, = 378 nm. The observed rate constants (k)
were obtained by a linear least-squares fit of the semilogarithmic
plot of In A,/A vs. time. Photooxidation of DMA was also
used as indirect method to determine O,('A,) production by the
photosensitizers.”> Measurements of the sample and reference
under the same conditions afforded @, for porphyrins by direct
comparison of the slopes in the linear region of the plots.
The studies in the presence of GMP (100 uM) were performed
irradiating the samples at Soret band with a fluence rate of
6.1 mW cm™2. All the experiment were performed at 25.0 +
0.5 °C. The pooled standard deviation of the kinetic data, using
different prepared samples, was less than 10%.

Studies in reverse micelles

Studies in reverse micelles were performed using a stock solution of
benzyl-n-hexadecyldimethyl ammonium chloride (BHDC) 0.1 M,
which was prepared by weighing and dilution in benzene. The
addition of water to the corresponding solution was performed
using a calibrated microsyringe. The amount of water present in
the system was expressed as the molar ratio between water and the
BHDC present in the reverse micelle (W, = [H,O]/[BHDC]). In
all experiments, W, = 10 was used. The mixtures were sonicated
for about 10 s to obtain perfectly clear micellar system.'®

The binding constants, K, = [porphyrin,]/[porphyrin;][BHDC]
(where the terms [porphyrin,] and [porphyrin refer to the

concentration of bound and free porphyrin, respectively, and
[BHDC] is the total surfactant concentration) were calculated by
using the Ketelaar’s equation from the spectral changes at the
Soret band upon varying the BHDC concentration:

1 1 1

(&, — &,)[porphyrin] K, [BHDC]

(1
where [porphyrin], is the initial concentration of the porphyrin, 4
is the absorbance at different [BHDC], A4y, is the absorbance in
benzene, ¢, and ¢, are the molar absorptivity for the porphyrin
bound to the interface and in the organic medium, respectively.
Plotting the left-hand side term of eqn (1) vs. 1/[BHDC], the
value of K, is obtained from the intercept to slope ratio.'

= +
A-A, (& —&,)[porphyrin],

Partition coefficient measurements

1-Octanol/water partition coefficients (P) were determined at
25 °C using equal volumes of water (2 mL) and 1-octanol (2 mL).
Typically, a solution of each porphyrin (~10 uM) was stirred in
the thermostat after the equilibrium was reached (8 h). An aliquot
(100 pL) of aqueous and organic phases were dissolved in 2 mL
of DMF and the final porphyrin concentration determined by
absorption spectroscopy.

Studies in human erythrocytes

Human erythrocytes were obtained from healthy donors. After
extraction, the whole blood was taken into anticoagulant EDTA,
centrifuged (3000 rev min~"') to remove plasma and the leukocyte
layer, washed three times with phosphate buffer saline (PBS)
solution (137 mM NacCl, 2.7 mM KCl, 1.5 mM KH,PO, and
8 mM Na,HPO,) and centrifuged again. Erytrocytes were re-
suspended in saline solution (0.9% NaCl) to get a concentration
of ~10° red blood cells mL~"' and maintained at 4 °C until use.'*?*
In all experiments, erythrocytes were used immediately after
isolation. Photohemolysis assays were performed by incubation in
the dark the erythrocyte suspensions (~107 red blood cells mL~!,
2 mL in Pyrex tubes of 20 x 50 mm) in PBS with porphyrins
(1-5 uM) for 30 min at room temperature. Photosensitizers were
added from a 0.5 mM stock solution in DMF. After incubation,
the red blood cell suspension (2 mL) was exposed for different
time periods to visible light. The light source used was a Novamat
130 AF slide projector equipped with a 150 W lamp. The light was
filtered through a 2.5 cm glass cuvette filled with water to absorb
heat. A wavelength range between 350-800 nm was selected by
optical filters. The light fluence rate at the treatment site was
90 mW cm~ (Radiometer Laser Mate-Q, Coherent). Photo-
sensitized hemolysis of erythrocytes was carried out at room
temperature. After irradiation, the samples were kept 24 h at
room temperature in dark. After this time period the tubes were
centrifuged and 100 pL of the supernatants were diluted in 2 mL
of distilled water. The hemoglobin content was determined by
measuring the absorbance at 413 nm. For studies in the absence of
oxygen, the samples were deoxygenated by bubbling the samples
with water-saturated argon for 15 min and then the solid-top
caps were immediately sealed. Results are expressed as percentage
of hemolysis taking 100% as the absorbance obtained from a
sample lysed in distilled water.?? Control experiments were carried
out without illumination in the absence and in the presence of

This journal is © The Royal Society of Chemistry and Owner Societies 2008

Photochem. Photobiol. Sci., 2008, 7, 963-972 | 965



sensitizer as well as by irradiating the red blood cells without
sensitizer. Each experiment was repeated at least three times.

Changes in cell morphology were analyzed under a microscope
(Axiophot, Zeiss, Germany) using a color camera (AxioCam HRc,
Zeiss, Germany) and processed with a AxioVision release 4.3
software.

Results and discussion
Absorption and fluorescence spectroscopic studies

The absorption spectra of porphyrins in DMF are shown
in Fig. 1A. These sensitizers show the typical Soret and Q-
bands, characteristic of a free-base H,P and the corresponding
matalloporphyrins.®*3** The Soret band absorption maximum of
the porphyrins is summarized in Table 1. The spectra were also
taken in benzene, methanol, BHDC reverse micellar system and
PBS. In organic solvents, sharp absorption bands were obtained
for H,P, ZnP and CuP indicating that these porphyrins are mainly
not aggregated in these media. The absorption bands showed
a slight blue shift (~4 nm) upon solubilization in methanol
with respect to a non-hydrogen bond donor, DMF. However,
a low intensity and broadening of Soret band is observed in
aqueous saline solution indicating that aggregation occurs as it
is typical for many porphyrin derivatives.***® On the other hand,
in these media the complex with Pd showed a broadening of
the Soret band (Fig. 1A), indicating that PdP is not completely
dissolved as monomer. The Soret absorption band of PdP in DMF
obeyed the Beer—Lambert’s law at concentrations of <0.2 uM
(Fig. 1A, inset). Thus, aggregation occurs in DMF above certain
PdP concentration.? From the data on the deviation from Beer—
Lamber’s law, an association constant for the dimerization of PdP
of 6.5 x 10° M~" was calculated in DMF.

The steady-state fluorescence emission spectra of these por-
phyrins were analyzed in DMF. As previously found for porphyrin
derivatives forming complexes with Cu(1r), no fluorescence bands
were observed for CuP. In previous studies, a very low emission
intensity was observed from complexes of porphyrins with Pd(1r)
with @ ~ 10741 However, in the present case the emission
of PdP was negligible probably because its aggregation in this
medium. The emission spectra of H,P and ZnP are shown in
Fig. 1B. The two bands are characteristic for free-base porphyrin
(Zmax = 651 and 717 nm) and Zn(11) complex (A, = 600 and
658 nm). These bands have been assigned to Q(0-0) and Q(0-1)
transitions.>* The Stokes shifts were 4 and 6 nm for H,P and ZnP,
respectively. A small Stokes shift is expected for tetraphenylpor-

Table 1 Photophysical properties of porphyrins in DMF

421 nm)

0.84

0.6
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.0 0.1 0.2

0.4 [PdPJuM

normalized absorbance

0.24

0.0+

400 500 600 700
wavelength/nm

0.84
0.64

0.4

normalized intensity/AU

0.24

0.0 T T T T )
550 600 650 700 750 800

wavelength/nm

Fig.1 (A) Absorption spectra of H,P (solid line), ZnP (dashed line), PAP
(dotted line) and CuP (dashed-dotted line), inset: variation of absorbance
at 421 nm with PdP concentration; (B) fluorescence emission spectra of
H,P (solid line, A, = 515 nm) and ZnP (dashed line, 4. = 560 nm) nm in
DMF.

phyrin derivatives indicating that the spectroscopic energy is nearly
identical to the relaxed energy of the singlet state.’* The values of
@ of the porphyrins were calculated by steady state comparative
method using TPP as a reference (Table 1). Absorbances of sample
and reference were matched at the respective excitation wavelength
and the areas of the emission spectra were integrated in the
range 575-850 nm. These results are in agreement with those
previously reported for meso-substituted porphyrins in different
media, such as TMP (@ = 0.14) and ZnTMP (& = 0.049) in
tetrahydrofuran.” These @ are suitable values for quantification
and detection of the sensitizer in biological media. Moreover, a
very low emission of fluorescence was found in PBS evidencing that
these porphyrins are poorly soluble as monomer in this medium.
The values calculated were @ = 0.011 £ 0.002 for H,P and

H,P ZnP PdP CuP
IS /im 422 429 421 418
log &5 /M~' cm™' 5.17 5.13 4.92 5.10
Jom O /) 651 605 — —
E,/eV 1.90 + 0.02 2.04 + 0.04 — —
oy 0.10 + 0.01 0.067 %+ 0.006 — —
¢/n8 11.4+0.1 2.60 + 0.02 — —
I T/0M 450 480 470 —
To/ps 176 £ 18 192 £ 20 44+5 -
@, 0.69 + 0.05 0.59 + 0.04 0.28 + 0.03 —
kO /M s (12.0 £0.7) x 10° (9.5+0.5) x 10° (8.8 £ 0.4) x 10° —
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(6.3 £0.6) x 10~° for ZnP in PBS. These lower values of @ are due
to an incomplete monomerization of porphyrins in the aqueous
saline solution, since only monomer species fluoresce. Taking into
account the porphyrin energy of the 0-0 electronic transitions
the energy levels of the singlet excited stated were calculated
(Table 1) from the intersection of the normalized absorption and
fluorescence spectra.

The lifetimes of the singlet excited state (s, Table 1) of H,P and
ZnP are in agreement with information given in the literature (zs =
10.1 for TPP and 2.7 for ZnTPP).>”*® The lifetime of ZnP excited
singlet state is shorter than for H,P and is significantly affected by
the presence of a transition metal atom.

Triplet state and singlet oxygen production

Nanosecond laser flash photolysis allowed the observation of
transient absorption of H,P, ZnP and PdP in the range of 300-
800 nm. The maximum absorption in the blue spectral region lies
in the range of 440-500 nm for all the complexes. Representative
results for ZnP are shown in Fig. 2. The triplet states of these
compounds are efficiently quenched by oxygen (Table 1). The rate
constant for oxygen quenching k,°2 > 10° M~' s™' is controlled by
the diffusion of oxygen." In contrast, no transient absorption in
the 300-800 nm region is observed for the CuP complex in DMF.

011
<<
< ZnP
—e—5 s
0.1 il o
—A— 85 s
-0.24
300 450 600 750

wavelength/nm

Fig. 2 Differential absorption spectra of ZnP after laser pulse excitation
(Aexe = 532 nm) 5, 20 and 85 ps in oxygen free DMF.

The O,('A,) emission was measured at 1270 nm after laser
excitation of the porphyrin solution. In the presence of air, the
emission signal of O,('A,) formed in DMF showed a first-order
exponential decay. The initial O,('A,) emission intensities (/,) were
calculated from extrapolation to zero time (determined by the
laser shot). These initial signal intensities were plotted vs. laser
total energy (between 0.1-1.0 mJ, Fig. 3). The quantum yield of
0,(*A,) production (®,) was calculated from the slopes of the
plots for the porphyrins compared to the corresponding slope
obtained for the reference (TPP). The results for &, (Table 1)
follow the order H,P ~ ZnP > PdP, while formation of O,('A,)
was not detected when CuP was used as photosensitizer. The value
of @, for H,P is similar to those already reported for analogous
porphyrin derivatives, such as TMP (&, = 0.65)."
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Fig. 3 Initial O,('A,) phosphorescence emission intensities (/y, Aem =
1270 nm) as a function of laser energies (E) of H,P (@), ZnP (M), PdP (a)
and TPP (®) in DMF.

Photosensitized decomposition of substrates in homogeneous
medium

Photooxidation of 9,10-dimethylanthracene (DMA) sensitized
by porphyrins was studied in DMF under aerobic condition
(Fig. 4A). From first-order kinetic plots of the DMA absorption
at 378 nm with time the values of the observed rate constant
(kows) were calculated (Table 2). Free-base porphyrin and its
complex with Zn(11) photodecompose DMA with similar rates.
Under these conditions, a lower value of k., for DMA was
obtained for the reaction sensitized by PdP. This result is expected
since in DMF the cationic sensitizer is partially aggregated. The
aggregates present an efficient non-radiative energy relaxation
pathway, diminishing the triplet-state population and the O,('A,)
quantum yield. Reaction of DMA sensitized by CuP was not
detected.

Taking into account that DMA quenches O,('A,) exclusively by
chemical reaction, it is used as a method to evaluate the ability
of the sensitizers to produce O,('A,) in solution.* The quantum
yield of O,('A,) production (®,) were calculated by comparing
the slope for the porphyrin with that for the reference (TPP,
kos = (11.5 £ 0.1) x 10~* s7' in DMF) from the plots shown
in Fig. 4A. Very close values of &, were obtained for these
porphyrins (Table 1 and Table 2) using both direct determination
of O,('A,) by its phosphorescence at ~1270 nm and by DMA
photodecomposition.

The nucleotide GMP was used as a model substrate for the com-
pounds of biological interest that would be targets of porphyrin
photosensitization.***! Continuous irradiation of porphyrins at
420 nm in air-saturated DMF leads to GMP decomposition
as evidenced by the formation of a broad absorption band
above 300 nm (Fig. 5A). Since under aerobic conditions the
decomposition of GMP occurs predominantly through a type II
photoreaction process, it was used to compare the sensitizing abili-
ties of porphyrins. It is not possible to calculate the decomposition
rate constant of GMP from these absorption data because of the
overlap of the spectra of GMP with its degradations products.*’
However, it can be observed in Fig. 5A that H,P and ZnP sensitize
the decomposition of GMP faster than PdP. These results are in
agreement with those of O,('A,) production.
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Fig. 4 First-order plots for the photooxidation of DMA (35 uM)
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Photodynamic activity in BHDC reverse micelles

The solubilization and interaction of these monocationic por-
phyrins were spectroscopically analyzed in benzene/BHDC
(0.1 M)/water (W, = 10) reverse micelles. When the absorption
spectra of porphyrins were studied at various BHDC concentra-
tions, an increase in the intensity of the Soret band was observed
as the surfactant concentration increased. This effect is attributed
to the interaction between the porphyrin and the micelle. Plotting
the left-hand side term of eqn (1) vs. 1/[BHDC], the value of
the binding constant is calculated from the ratio of slope and the
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Fig. 5 Difference absorption spectra of GMP (100 uM) photooxidation
sensitized by H,P (@), ZnP (), PdP (a) and CuP () at 280 nm in (A)
DMF and (B) benzene/BHDC (0.1 M)/water (W, = 10) reverse micelles;
Air = 420 nm. Values represent the mean + standard deviation of three
separate experiments.

intercept. Representative results are shown in Fig. 6 for H,P. The
large values of K, for the free-base and metalloporphyrins (Table 2)
indicate that in all cases the porphyrin is strongly associated with
the micellar interface.

Moreover, the n-octanol/water partition coefficients of porphy-
rins (P) were evaluated at 25 °C (P = [porphyrin],/[porphyrin],,).
This parameter is used to evaluate the interaction of photosensitiz-
ers with biological systems. It is known that the n-octanol/water
system mimics rather accurately the water/membrane interface.
Thus, log P has been extensively utilized to predict the relative

Table 2 Porphyrin properties and kinetic parameters for the photooxidation of DMA

H,P ZnP pdpP CuP
log P 0.97 £ 0.05 2.67 £ 0.09 0.93 £ 0.05 1.07 + 0.08
K,/Me 4094 + 300 1221 £ 100 1641 £ 150 812+ 70
Ko/ (12.2 + 0.06) x 10* (11.3 £ 0.05) x 10* (5.1£0.2) x 10 —
Kop /51 (3.1£0.1) x 10 (4.5+0.2) x 10 (2.5+0.1) x 10 —
R 0.66 £ 0.05 0.58 £+ 0.04 0.26 £ 0.03 —

“DMEF. * Benzene/BHDC (0.1 M)/H,0 (W, = 10). < Using TPP as reference.
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tendency of compounds to interact with biological membranes.*
The lipophilic character is larger for ZnP (Table 2) than for
free-base H,P, whereas the complexation with Pd(i1) and Cu(ir)
produces only small changes in the lipophilic character of the
macrocycle. Photosensitizers with these log P values have shown
a high intracellular accumulation, mainly determined by passive
diffusion through the membrane.*

Irradiation of the BHDC micelles containing DMA under
aerobic conditions was performed in the presence of porphyrin.
Because DMA is a non-polar compound, it should be mainly
solubilized in the organic phase (benzene) of the micellar system."
In this microenvironment, the substrate reacts with the O,('A,)
photosensitized by porphyrin. From the plots in Fig. 4B, the values
of the observed rate constant (k) were calculated for DMA in
micelles (Table 2). In contrast to the results in DMF, the complex
with Zn(11) is the better photosensitizer to decompose DMA in
micelles. Although the PdP sensitized DMA oxidation is slower
than that sensitized by ZnP, the value of k., in the presence of
PdP is quite similar to that of H,P in micelles.

Under these conditions, photodecomposition of GMP follows
the tendency showed in Fig. 5B. A similar behavior of H,P, ZnP
and PdP was found for the sensitized photooxidation of GMP in
micelles. Even in this medium the complex with Cu(i1) does not
produce significant decomposition of GMP. These results confirm
those obtained with DMA, indicating a higher photodynamic
activity of PdP in the microheterogeneous medium. This effect can
be due to a better solubilization of PdP(11) porphyrin as monomer
in the microenvironment where the sensitizer is localized in the
BHDC micelles. These results indicate that O,('A,) production is
highly dependent on the medium where the sensitizer is localized
and considerably decreases when the sensitizer is aggregated.

Photohemolysis of human erythrocytes cells

Photohemolysis of human erythrocyte cells was used to evaluate
in vitro the photodynamic activity of porphyrins in a biomimetic
membrane model."?* Spectroscopic measurements of hemoglobin
are much easier and faster to carry out than cell staining and
counting. This is an advantage of using red blood cells for this
type of investigation.?

Cell toxicity induced by the photosensitizers was first analyzed
in the dark. The erytrocytes cell suspensions were treated with
1-5 uM of sensitizers for 30 min at room temperature. Under
these experimental conditions, H,P, ZnP and CuP produced no
significant hemolysis. Light alone at the highest fluence rate
used, did not induce photohemolysis. Therefore, the hemolysis
obtained after irradiation of the erythrocytes cells treated with
the porphyrins is due to the photosensitization effect of the
agent produced by visible light. In contrast, PdP is toxic in the
dark producing 36% and 63% of cellular hemolysis when the
erythrocytes are treated with 1 and 5 uM of sensitizer, respectively.

The corresponding cellular photolytic activities for each pho-
tosensitizer are shown in Fig. 7. The hemolysis of red blood cells
irradiated with visible light depended on the light exposure. The
photohemolytic effect is higher with H,P than with ZnP, when
cells are treated with 1 uM sensitizer (Fig. 7A). Even though
PdP produces hemolysis in the dark, the activity increases ~20%
after 30 min of irradiation. Under these conditions, CuP shows
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Fig. 7 Photohemolysis of human red blood cells treated with (A) 1 uM
and (B) 5 uM of H,P (@), ZnP (M), PdP () and CuP (¥) for 30 min in dark
and irradiated with visible light for different irradiation times. Control
culture untreated with sensitizer and irradiated (O). Values represent
mean =+ standard deviation of three separate experiments. The inset in
(A) is a photograph showing the morphology of erythrocytes treated with
1 uM H,P and irradiated for 15 min (100x microscope objective).
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a low photohemolitic efficiency, probably due to its very small
formation of O,('A,). These observations are consistent with the
reported lack of type II activity for a complex with Cu(1r), which is
presumed to undergo a type I photodynamic response.* Removal
of Cu(11) from the macrocycle increases the possibility of a type II
mechanism, which is the case of H,P. These results are in agreement
with those found in solution, in which H,P and ZnP produce
efficiently O,('A,). This behavior is not always expected in cellular
media, where the biological microenvironment of the sensitizer can
induce significant changes in the photophysics of the porphyrin
with respect to those observed in solution.*

The morphology of erythrocytes was observed by microscopy
after incubation with 1 uM of sensitizer and irradiated for 15 min.
Representative results for H,P are shown in Fig. 7A (inset).
The microscopic observations show that the red cells changed
their normal biconcave discoid shape and present a cell surface
characterized by spikes and blebs. This effect was present in all
studied samples with partial photohemolysis. Similar deformation
of membrane has been previously found in oxidative damage of
human erythrocytes.*

When the cells are incubated with 5 uM sensitizer (Fig. 7B), the
hemolysis of erythrocytes considerably increases, reaching a value
of 100% for H,P after 30 min of irradiation. The photodynamic
activity follows the tendency showed above for 1 uM, i.e., H,P >
ZnP. Although, PdP produces 100% of hemolysis after 5 min
of irradiation, it is considerable hemolytic in dark. The main
difference is found with CuP, which is almost as effective as ZnP
using this high concentration.

To evaluate the influence of oxygen atmosphere, the pho-
tohemolysis of erythrocytes cells was analyzed under anoxic
conditions. Irradiation of the cellular suspension treated with
5 uM of sensitizer was performed under argon atmosphere. After
15 min of light, the hemolysis was 34, 20 and 22% for H,P, ZnP
and CuP, respectively. In all cases the hemolytic effect was oxygen
dependent. Cell hemolysis even occurs using these porphyrins as
sensitizer under a low oxygen concentration. Moreover, rather
large amount of damage are still produced when experiments
are performed under argon atmosphere, which are not expected
for a singlet oxygen-driven chemistry. Therefore, alternative type
I photoreaction pathways, which involve a direct interaction
between the excited photosensitizer and the substrate, could be
occurring under reduced oxygen atmosphere. However, these
results can not be used to establish the predominant mechanism
of photoreaction produced by the photosensitizers used in this
study.*

Conclusions

This study provides information on the photophysical and
photodynamic activity of amphiphilic monocationic porphyrin
derivatives in different systems. Porphyrins and metallo porphyrins
readily aggregate in solution even at low concentration. In our
case, this is the main problem that affects the behavior of PdP as a
possible photosensitizer, since the formation of aggregates leads to
adecrease in the lifetime of the triplet excited state.!* This is not the
case of H,P and ZnP, which are mainly solubilized as monomers
in DMF. The value of 7; for PdP is four times lower than that of
the free-base porphyrin under identical conditions. This shorter
triplet lifetime could be due to aggregation. However, the decrease

of the triplet lifetime of the Pd complex may also be due to heavy
atom effect. The effect of aggregation is evidenced in the relatively
low value of @, found for PdP (@, = 0.28) in comparison with
literature data for Pd(11) tetraphenylporphyrin (&, ~ 0.78-0.88).3
On the other hand, CuP is a radiationless metalloporphyrin and
its triplet state was not observed in solution.

In BHDC, all of these porphyrins strongly interact with the
micelles. In this medium, it could be assumed that amphiphilic
porphyrins localize at the interface with the cationic group in the
polar part of the reverse micelle and the porphyrin skeleton near
the apolar phase. In particular, solubilization of PdP in reverse
micelles is apparently accompanied by disruption of the non-
covalent aggregates. Thus, in this microheterogenic medium PdP
has a similar photodynamic effect as found for H,P and ZnP.

Human erythrocytes represent a convenient model for studies
of fundamental principles of PDT. Therefore, these cells were used
to evaluate the capacity of these sensitizers to produce membrane
photodamage. H,P was the most effective photosensitizer to
induce hemolysis of red blood cells. After treatment with 5 uM
sensitizer, the values of the light exposure level required to produce
50% of cell hemolysis were 18 + 2, 48 &+ 5 and 60 & 5 J cm™
for H,P, ZnP and CuP, respectively. A larger difference with the
sensitizer concentration was found for CuP. Cells treated with
1 uM CuP produce <10% of hemolysis, whereas the hemolytic
activity increases up to ~70% in the presence of 5 uM after
30 min of irradiation with visible light. In aerobic conditions it is
accepted that O,('A,) is probably the main species responsible for
photodamage using sensitizers with high @,.*® In the present study,
it was observed that the photohemolytic process considerably
decreases under anoxic conditions. Furthermore, even if an
excited photosensitizer reacts with a given substrate by type I
photoprocess, the final result is also the oxidation of essential
biomolecules.* The main novel result from this studies is that
the formation of metallo complexes with Zn(i1) and Pd(1) is
not accompanied by a significant increase in the photodynamic
activity neither in solution nor in erythrocyte cells.
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