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Abstract

The photodynamic effect of 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl) porphyrin (H2P) and its metal complex with Zn(II),
Pd(II), Cu(II) and Ni(II) has been compared in homogeneous medium and in reverse micelles ofn-heptane/sodium bis(2-ethylhexyl)sulfo-
succinate (AOT)/water bearing urease as biological substrate model. The formation of porphyrin metal complex produces changes mainly
in the free-base porphyrin characteristic absorptionQ-bands and in the fluorescence quantum yields (φF). The singlet molecular oxygen,
O2(

1∆g), production was evaluated using 9,10-dimethylanthracene (DMA) in tetrahydrofuran (THF) yielding values ofΦ∆ ∼0.48, 0.77
and 0.88 for H2P, ZnP and PdP, respectively. DMA decomposition was not observed using CuP and NiP as sensitizer. The addition of
�-carotene (Car) suppresses the O2(

1∆g)-mediated photooxidation of DMA. The photodynamic effect of these porphyrins on the urease
activity was evaluated in water and in AOT reverse micelles. In both media, the enzyme photoinactivation increases with the sensitizer
O2(

1∆g) production. Also, the addition of azide ion photoprotects the urease activity. Therefore, the O2(
1∆g) mediation appears to be

mainly responsible for the enzyme inactivation in these media. The behavior of amphiphilic porphyrins in biomimetic microenvironments
provides evidences about the promissory activity of these agents in photodynamic therapy (PDT).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One of the more recent and promising applications of
porphyrins in medicine is in the detection and cure of tu-
mors [1,2]. Photodynamic therapy (PDT) is an innovative
and attractive modality for the treatment of cancer[3]. Af-
ter administration of a photosensitizer, which is selectively
retained by tumor cells, the subsequent irradiation with vis-
ible light in the presence of oxygen specifically inactivates
neoplastic cells[4,5]. Basically two types of reactions can
occur after photoactivation of the photosensitizer. One in-
volves the generation of free radicals (type I photochem-
ical reaction) and in the other, the production of singlet
molecular oxygen, O2(1∆g), (type II) is the main species
responsible for cell inactivation[3,6,7]. Both reactions can
occur simultaneously and the ratio between two processes
depends of the sensitizer, substrate and the nature of the
medium[1].
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Adequate photosensitizers are deemed to have specific
chemical and biological properties[1]. Two of the photo-
chemical requisites are a high absorption coefficient in the
visible region of the spectrum and a long lifetime of triplet
excited state to produce efficiently O2(

1∆g). The spectro-
scopic properties and quantum yield of O2(

1∆g) production
(Φ∆) of porphyrins can be significantly changed by forming
complexes with metals[8–11].

In several cases, amphiphilic porphyrin derivatives have
shown potential use in the treatment of tumors[12]. The
combination of hydrophobic and hydrophilic substituents in
the sensitizer structure results in an intramolecular polar-
ity axis. This property can produce a better accumulation
in subcellular compartments, which is a prerequisite for an
effective photosensitization[5]. One approach to this sensi-
tizer architecture requires the formation of asymmetrically
meso-substituted porphyrins. A convenient procedure for the
synthesis of porphyrins bearing three identical molecular
structures B and one different A (AB3-porphyrins) was de-
veloped frommeso-(substituted) dipyrromethanes[13–15].
In these cases, the structure A can bear a hydrophilic group,
while B are substituted by groups that allow changing the

1010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/S1010-6030(03)00317-4



106 I. Scalise, E.N. Durantini / Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 105–113

N

NN

N

COOH

CH3

CH3

CH3

M:

H2  H2P
Zn   ZnP
Pd   PdP
Ni   NiP
Cu   CuP

M

Scheme 1.

physical chemistry properties of the tetrapyrrolic macro-
cycle.

In previous studies, we have investigate the photodynamic
activity of 5,10,15,20-tetrakis(4-methoxyphenyl) porphyrin
in different biomimetic and biological media [16–18]. This
synthetic porphyrin and their complex with metals are ef-
fective photosensitizers, which can be used as model com-
pounds to investigate the theoretical and instrumental as-
pects of PDT. Recently, a novel asymmetrically substituted
porphyrin bearing a trifluoromethyl group has been studied
on Hep-2 and Hela cell lines as interesting photosensitizer
[19,20].

In this paper, the photodynamic activity of an amphiphilic
free-base, 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphe-
nyl) porphyrin (H2P), and its metal complex with Zn(II),
Pd(II), Cu(II) and Ni(II) (Scheme 1) has been compared
in homogeneous medium and in a simple biomimetic
model formed by reverse micelles of n-heptane/sodium
bis(2-ethylhexyl)sulfosuccinate (AOT)/water containing
urease as biological substrate. Microheterogeneous systems
such as reverse micelles are frequently used as an interest-
ing model to mimic the water pockets that are often found
in various bioaggregates such as proteins, enzymes and
membranes [11,18–23]. Also, AOT reverse micelles form
suitable and variable reaction media depending on water to
surfactant ratio for the study of different types of organic
and enzymatic reactions [21]. Thus, water-soluble and
water-insoluble compounds can be dissolved simultaneously
in reverse micelles. The results contribute to understand
the photodynamic process induced by these amphiphilic
porphyrins and their potential application as PDT agents.

2. Materials and methods

2.1. General

UV-Vis and fluorescence spectra were recorded on a Shi-
madzu UV-2401PC spectrometer and on a Spex FluoroMax
fluorometer, respectively. Mass Spectra were taken with a

Varian Matt 312 operating in EI mode at 70 eV. Silica gel
thin-layer chromatography (TLC) plates 250 microns from
Aldrich (Milwaukee, WI, USA) were used. All the chem-
icals from Aldrich were used without further purification.
Urease (Wiener lab., Rosario, Argentina) and �-carotene
(Car) (Sigma, St. Louis, MO, USA) was used as received.
Sodium bis(2-ethylhexyl)sulfosuccinate, AOT (Sigma) was
dried under vacuum. Solvents (GR grade) from Merck were
distilled. Ultrapure water was obtained from Labonco equip-
ment model 90900-01.

2.2. Porphyrins

5-(4-Carboxyphenyl)-10,15,20-tris(4-methylphenyl) por-
phyrin (H2P) and its complex with zinc (ZnP) were synthe-
sized as previously described [24]. H2P absorption spectrum
λmax (THF) (nm) (ε, dm3 mol−1 cm−1) 418 (455 000), 515
(19 000), 550 (10 000), 594 (5800), 649 (5300). ZnP absorp-
tion spectrum λmax (THF) (nm) (ε, dm3 mol−1 cm−1) 424
(405 000), 557 (16 500), 597 (6900).

Palladium 5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-
phenyl) porphyrin (PdP): To a solution of H2P (30 mg,
0.043 mmol) in 15 ml of N,N-dimethylformamide (DMF)
was added palladium(II) chloride (75 mg, 0.42 mmol). The
mixture was stirred for 5 h at reflux in atmosphere of ar-
gon. The solvent was removed under reduced pressure and
flash chromatography (silica gel, dichloromethane/methanol
8%) yielded 32 mg (94%) of PdP. TLC (silica gel) Rf
(dichloromethane/methanol 10%) = 0.72. MS m/z804 (M+)
(804.1717 calculated for C48H34N4O2Pd). Anal. Calcd. C
71.60, H 4.26, N 6.96; found C 71.52, H 4.29, N 6.88. Ab-
sorption spectrum λmax (THF) (nm) (ε, dm3 mol−1 cm−1)
416 (198 000), 523 (18 000), 555 (1800).

Copper 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphe-
nyl) porphyrin (CuP): To a solution of H2P (32 mg,
0.046 mmol) in 4 ml of chloroform and 8 ml of acetic
acid was added copper(II) acetate monohydrate (70 mg,
0.35 mmol). The mixture was stirred for 2 h at reflux in atmo-
sphere of argon. Solvents were removed under vacuum and
flash chromatography (silica gel, dichloromethane/methanol
6%) yielded 33 mg (94%) of CuP. TLC (silica gel) Rf
(dichloromethane/methanol 10%) = 0.56. MS m/z761 (M+)
(761.2078 calculated for C48H34N4O2Cu). Anal. Calcd. C
75.62, H 4.50, N 7.35; found C 75.67, H 4.43, N 7.38. Ab-
sorption spectrum λmax (THF) (nm) (ε, dm3 mol−1 cm−1)
416 (380 000), 540 (18 000), 577 (3100).

Nickel 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphe-
nyl) porphyrin (NiP): A solution of H2P (30 mg, 0.043 mmol)
in 10 ml of chloroform was treated with nickel(II) acetate
tetrahydrate (80 mg, 0.32 mmol) in 4 ml of methanol. The
mixture was stirred for 3 h at reflux in atmosphere of ar-
gon. Solvents were evaporated under reduced pressure and
flash chromatography (silica gel, dichloromethane/methanol
10%) yielded 31 mg (95%) of NiP. TLC (silica gel) Rf
(dichloromethane/methanol 10%) = 0.48. MS m/z756 (M+)
(756.2035 calculated for C48H34N4O2Ni). Anal. Calcd. C
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76.11, H 4.52, N 7.40; found C 76.03, H 4.58, N 7.36. Ab-
sorption spectrum λmax (THF) (nm) (ε, dm3 mol−1 cm−1)
416 (260 000), 528 (17 100).

2.3. Spectroscopic studies

Absorption spectra were recorded at 25.0 ± 0.5 ◦C using
1 cm optical path quartz cuvette. The fluorescence quantum
yield (φF) of porphyrins were calculated by comparison of
the area below the corrected emission spectrum in tetrahy-
drofuran (THF) with that of tetraphenylporphyrin (TPP) as
a fluorescence standard, exciting at λexc = 550 nm. A value
of φF = 0.10 for TPP in THF was calculated by comparison
with the fluorescence spectrum in toluene using φF = 0.11
and taking into account the refractive index of the solvents
[25].

2.4. Partition coefficient measurements

1-Octanol/water partition coeffiecients (P) were deter-
mined at 25 ◦C using equal volumes of water (2 ml) and
1-octanol (2 ml). Typically, a solution of each porphyrin
(∼10 �M) was stirred in the thermostat after the equilib-
rium was reached (8 h). An aliquot (100 �l) of aqueous and
organic phases were dissolved in 2 ml of THF and the fi-
nal porphyrin concentration determined by absorption spec-
troscopy [26].

2.5. Steady-state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 �M) and
photosensitizer (λ = 550 nm, absorbance 0.1) in THF (2 ml)
were irradiated in quartz cuvettes with monochromatic light
at λ = 550 nm from a 75 W high-pressure Xe lamp trough
a high intensity grating monochromator (Photon Technol-
ogy Instrument). The light intensity was determined as
1.2 mW/cm2 (Radiometer Laser Mate-Q, Coherent). The
kinetics of DMA photooxidation were studied by follow-
ing the decrease of the absorbance at λmax = 378 nm. The
observed rate constants (kobs) were obtained by a linear
least-squares fit of the semilogarithmic plot of ln A0/A versus
time. Photooxidation of DMA was used to determine singlet
molecular oxygen, O2(

1∆g), production by the photosensi-
tizers [19,27]. TPP was used as the standard (Φ∆ = 0.62)
[28]. Measurements of the sample and reference under the
same conditions afforded Φ∆ for the porphyrins by direct
comparison of the slopes in the linear region of the plots.
The studies in presence of �-carotene were performed using
a [Car] = 14 �M. 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 5%.

2.6. Urease activity essays

A stock solution of urease (0.63 �mol NH3/min) was pre-
pared dissolving 50 �l of commercial urease in 950 �l of
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Fig. 1. Linear repose of urease activity in aqueous solution incubated at
37 ◦C with 0.5 M of urea. Values represent mean ± S.D. of three separated
experiment.

water. The appropriated amounts of urease stock solution
(20–100 �l) were transferred into a 5 ml glass vials and di-
luted to 0.4 ml with phosphate-buffered saline (PBS) so-
lution. After that, 100 �l of urea (0.5 M) was added and
the solutions were incubated at 37 ◦C for 10 min. The en-
zyme activity was determined using the indophenol spec-
trophotometric method [29]. Thus, the samples were treated
with 1 ml of reactant 1 (532 mM of phenol, 0.85 mM of
sodium nitroferricianure and 0.3 mM of manganese(II) di-
ethyldithiocarbamate) and 1 ml of reactant 2 (36.6 mM of
sodium hipochloride, 0.12 mM of p-toluensulfoncloramide
and 0.625 mM of sodium hydroxide). The mixture was in-
cubated for 20 min at 37 ◦C. Then, an aliquot of 100 �l was
dissolved in 2 ml of water and the absorbance was deter-
mined at 630 nm using a quartz cuvette. A linear repose was
obtained (Fig. 1) using enzymatic activities between 0.030
and 0.16 �mol NH3/min. Therefore, urease of 0.11 �mol
NH3/min was used in all sensitized experiments.

2.7. Urease photoinactivation studies

The glass vials containing 0.4 ml of urease (0.11 �mol
NH3/min) and an appropriate amount of the corresponding
porphyrin (∼1 �l from a concentrate porphyrin solution in
DMF, spectral area 300 cm−1) were exposed to visible light
for 1 h at room temperature. The light source used was a
Novamat 130 AF slide projector equipped with a 150 W
lamp. The light was filtered through a 3 cm glass cuvette
filled with water to absorb heat. A wavelength range be-
tween 350 and 800 nm was selected by optical filters [30].
The light intensity at the treatment site was 70 mW/cm2

(Radiometer Laser Mate-Q, Coherent). After irradiation,
the samples were treated as previously described to deter-
mine the enzymatic activity. Every experiment was com-
pared with a control in dark and they were performed by
triplicate.



108 I. Scalise, E.N. Durantini / Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 105–113

2.8. Studies in AOT reverse micelles

A stock solution of AOT 0.1 M was prepared by weigh-
ing and dilution in n-heptane [11]. An appropriate amount
of urease in PBS was added to obtain the same concentra-
tion than that used in aqueous solutions. The amount of wa-
ter present in the system was expressed as the molar ratio
between water and the AOT present in the reverse micelle
(W0 = [H2O]/[AOT]) [31,32]. The addition of PBS saline
solution to obtain the corresponding W0 was performed us-
ing a calibrated microsyringe. The glass vials with 0.4 ml
of AOT micelles bearing urease were treated as described
above for aqueous solutions.

3. Results and discussion

3.1. Spectroscopic studies and porphyrin properties

The absorption spectra of porphyrins in THF show the typ-
ical Soret and Q-bands, characteristic of a free-base H2P and
the corresponding matalloporphyrins [33,34]. Fig. 2 shows
porphyrin Q-bands. The spectra were also analyzed in dif-
ferent media. The Soret band absorption maxima of the por-
phyrin are summarized in Table 1. Sharp absorption bands
were obtained in organic solvents indicating that the por-
phyrin is mainly no aggregated in these media. The solva-
tochromic effect on the location of absorption bands showed
a slight blue shift upon solubilization in water with respect
to organic solvents. Also, a broadening of Soret band infers
that aggregation occurs in aqueous solution, as it is typical
for many porphyrin derivatives [23,35,36].
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Fig. 2. Absorption spectra (Q-bands) of porphyrins in THF: (A) H2P, (B)
ZnP, (C) PdP, (D) CuP, (E) NiP.

Table 1
The Soret band absorbance peak of porphyrins in different media

Medium H2P ZnP PdP CuP NiP

THF 417.5 424.2 416.1 415.9 415.8
DMF 419.3 427.0 418.2 417.3 417.2
n-Heptane 417.3 423.1 416.1 414.4 414.4
Octanol 418.9 426.8 417.6 415.9 415.9
Water 412.5 422.3 415.9 410.3 413.4

The steady-state fluorescence emission spectra of these
porphyrins were analyzed in THF. No detectable fluores-
cence bands were observed for CuP and NiP. The emission
spectra of H2P, ZnP and PdP are shown in Fig. 3A. The
same values of λem were obtained exciting the sample at
the wavelength of maximum absorption of the Soret and the
Q-bands. The fluorescence quantum yields (φF) of the por-
phyrins were calculated by steady-state comparative method
using TPP as a reference (Table 2). Taking in account the
porphyrin energy of the 0–0 electronic transitions, the en-
ergy levels of the singlet excited stated were calculated giv-
ing values of 1.90, 2.07 and 2.12 eV for H2P, ZnP and PdP,
respectively.
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Fig. 3. Fluorescence spectra of porphyrins in THF: (A) emission
(λexc = 550 nm); (B) excitation (λem = 720, 660, 610 nm, respectively
for H2P, ZnP and PdP).
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Table 2
Fluorescence quantum yields (φF) and partition coefficients (P) of por-
phyrins

Porphyrin φF P Log P

H2P 0.11 ± 0.01 4.48 0.65
ZnP 0.054 ± 0.002 50.2 1.70
PdP (1.3 ± 0.2) × 10−4 85.6 1.93
CuP – 31.3 1.50
NiP – 49.1 1.69

The corrected fluorescence excitation spectra of por-
phyrins were recorded in THF (Fig. 3B) monitoring the
emission at 725, 655 and 610 nm for H2P, ZnP and PdP, re-
spectively. In all cases, the spectra resemble the absorption
spectra (Fig. 2), indicating that these porphyrins are mainly
not aggregated in this medium.

The n-octanol/water partition coefficients of porphyrins
(P) were evaluated at 25 ◦C (P= [porphyrin]o/[porphyrin]w)
[1,26]. As can be observed in Table 2, the lipophilic character
increases in these metalloporphyrin with respect to free-base
H2P, being PdP the less soluble porphyrin in water.

3.2. Photooxidation of 9,10-dimethylanthracene (DMA)

The aerobic irradiations with monochromatic light of pho-
tosensitizers in THF were performed in the presence of
9,10-dimethylanthracene. This substrate quenches O2(

1∆g)

by exclusively chemical reaction [37]. A time-dependent de-
crease in the DMA concentration was observed by following
a decrease in its absorbance (Fig. 4). From these plots, the
values of the observed rate constant (kDMA

obs ) were calculate
for DMA (Table 3). The quantum yield of O2(

1∆g) produc-
tion (Φ∆) was calculated from the slopes of the plots for the
porphyrins compared with the corresponding slope obtained
for the reference, TPP, kDMA

obs = (6.2±0.1)×10−4 s−1. The
values of Φ∆ were estimated in 0.48, 0.77 and 0.88 for H2P,
ZnP and PdP, respectively. A considerable increase in Φ∆

was obtained by forming a metal complex of porphyrin with
Zn and Pd, while DMA photodecomposition was negligi-
ble using either CuP or NiP as sensitizer. These results are
quite reasonable values for free-base porphyrin and metal
complexes in this solvent [27].

3.3. Photoprotector effect ofβ-carotene (Car)

The photooxidation reaction of DMA sensitized by these
porphyrins in THF, was studied in the presence of Car

Table 3
Kinetic parameters for the photooxidation of DMA and Car sensitized by porphyrins in THF

Porphyrin kDMA
obs (×10−4, s−1) kDMA+Car

obs (×10−4, s−1) kCar
obs (×10−4, s−1) kCar

r (×107, s−1 M−1) ηq

H2P 4.8 ± 0.1 0.71 ± 0.03 1.8 ± 0.1 1.8 ± 0.2 0.85
ZnP 7.7 ± 0.2 1.10 ± 0.04 2.3 ± 0.1 1.5 ± 0.2 0.86
PdP 8.8 ± 0.2 1.19 ± 0.05 3.1 ± 0.1 1.7 ± 0.2 0.86
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Fig. 4. First-order plots for the photooxidation of DMA (35 �M) photo-
sensitized by TPP (�), H2P (�), ZnP (�) and PdP (�) in THF. Values
represent mean ± S.D. of three separated experiment.

(14 �M). Under these conditions, Car can quench O2(
1∆g)

through energy transfer or chemical reaction [38–41]. From
the semilogarithmic plots of Fig. 5A, the values of the ob-
served rate constant in presence of Car (kDMA+Car

obs ) were
calculated. The results are gathered in Table 3. Under this
conditions, the reaction of DMA was quenched with an ef-
ficiency (ηq = 1 − kDMA+Car

obs /kDMA
obs ) of ∼0.85 for the three

porphyrins used as sensitizers.
On the other hand, the photochemical reaction of

DMA was studied in the presence of different Car con-
centrations (0–14 �M) using TPP as sensitizer (Fig. 6).
From the Stern–Volmer plot (kDMA

obs /kDMA+Car
obs = 1 +

KSV[Car], KSV = τ0kq where kq represents the quench-
ing constant of Car and τ0 the excited state lifetime
of O2(

1∆g) in the absence of Car), a value of KSV =
3.9 ± 0.2 × 105 M−1 was obtained. This result was used to
calculate the ratio of kDMA+Car

obs /kDMA
obs = 0.15 for [Car] =

14 �M, which suggest that O2(
1∆g) is the main species

responsible for DMA photooxidation in THF.
Under these conditions Car also quenches O2(

1∆g) by
chemical reaction. The observed rate constants of Car (kCar

obs )

were calculated from the first-order plot at λ = 490 nm
(Fig. 5B) [41]. The values of kCar

obs are shown in Table 3. The
reaction rate constant of Car photooxidation (kCar

r ) was de-
termined using DMA as actinometer [16,42], giving a value
of ∼1.7 × 107 s−1 M−1 using H2P, ZnP or PdP as sensi-
tizers. On the other hand, considering τ0 = 23 �s in THF
[42], a value of kq = 1.7 × 1010 s−1 M−1 was calculated.
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Therefore, the protective function of Car is highly efficient
because the chemical rate constant (kCar

r ) is several orders
of magnitude lower than the physical quenching [39,40].

3.4. Photosensitized inactivation of urease

The aqueous solutions of urease containing the porphyrins
were irradiated with visible light for 1 h. After that, the en-
zyme activity was determined as showed in Fig. 7A. As can
be observed, the photoinactivation of urease sensitized by
these porphyrins followed the order H2P < ZnP < PdP. In
contrast, enzymatic activity remained high (>95%) for so-
lutions containing either CuP or NiP.

On the other hand, the enzymatic photoinactivation was
analyzed in n-heptane/AOT (0.1 M)/water (W0 = 20) re-
verse micelles. In this system, urease is exclusively solubi-
lized in the polar side of the interface, while the amphiphilic
porphyrins localize assumedly at the interface with the
carboxy group in polar part of the reverse micelle and the
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Fig. 7. Photoinactivation of urease by porphyrins in absence of azide
and in the presence of 0.01 M azide: (A) aqueous solution, (B) AOT
reverse micelles, irradiated with visible light for 1 h. Porphyrin spectral
irradiated area 300 cm−1. Values represent mean ± S.D. of three separate
experiments.
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porphyrin skeleton near the apolar phase [23]. When the
absorption spectra of H2P was studied varying AOT con-
centration, an increase in the intensity of the Soret band
was observed as the [AOT] increases. This effect can be
attributed to the interaction between the porphyrin and the
micelle [31,32]. The strength of the association between
H2P and AOT was determined through the binding con-
stant, Kb = [H2Pb]/[H2Pf ][AOT] (where the terms [H2Pb]
and [H2Pf ] refer to the concentration of bound and free
porphyrin, respectively, and [AOT] is the total surfactant
concentration). Thus, the spectral changes were analyzed
using the Ketelaar Eq. (1) [32]:

1

A − AHp
= 1

(εb − εHp)[P]0
+ 1

(εb − εHp)[P]0Kb[AOT]
(1)

where [P]0 is the total concentration of the porphyrin, A
the absorbance at different [AOT], AHp the absorbance in
n-heptane, and εb and εHp are the molar absorptivity for the
porphyrin bound to the interface and in the organic medium,
respectively.

Plotting the left-hand side term of Eq. (1) versus 1/[AOT],
the value of Kb can be calculated from the slope and the
intercept as it is shown in Fig. 8. From this plot, a value of
Kb = 319 M−1 was calculated for H2P. Similar value was
previously obtained for carotenoid bearing a carboxylic acid
group in AOT reverse micelles [32]. In these systems, the
strong hydrogen bond donors of the acid produces a similarly
large value of Kb. The binding constants of ZnP and PdP
were not possible to estimate using this approached because
the porphyrins is completely bind to the polar heads of AOT.

The aerobic irradiation with visible light of AOT micelles
containing urease and the sensitizer produce enzyme inacti-
vation as showed in Fig. 7B. For the three cases, a smaller
effect of photoinactivation was obtained in AOT micelles
than in homogeneous medium.

0 200 400
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1/
(A
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H

p)

1/[AOT] (M-1)

Fig. 8. Variation of 1/(A − AHp) vs. AOT concentration for H2P in
n-heptane/AOT (0.1 M)/water (W0 = 20). Dotted line: linear regression
fit by Eq. (1). λmax = 417 nm.

In these systems, the ion azide was used as a hydrophilic
photoprotector against type II photoprocess [1,43]. Studies
of the urease in the presence of different azide concentration
(1 × 10−3 to 1 × 10−2 M) indicated that the urease activity
remain unchanged under these conditions. The addition of
1 × 10−2 M azide produced a diminution in the urease pho-
toinactivation and the enzyme is practically not affected by
the photodynamic effect of these porphyrins in both media
(Fig. 7). These results indicate that the O2(

1∆g) mediation
appears to be mainly responsible for the enzyme inactiva-
tion.

4. Conclusions

These studies provide information on the photodynamic
activity of amphiphilic metalloporphyrin derivatives. The
formation of metal complex produces changes mainly in the
porphyrin absorption Q-bands and in the fluorescence quan-
tum yields. No emission was detected for CuP and NiP, and
it was very small for the complex with Pd. This effect can be
disadvantage for detection and quantification of these agents
in biological media. The photodynamic activity of these
porphyrins in the presence of DMA increase in the order:
NiP ∼ CuP 	 H2P < ZnP < PdP. Similar tendency was
observed when the photooxidative reaction was performed
in the presence of Car as a lipophilic O2(

1∆g) quencher.
Also, the quenching effect of Car is in concordance with
a type II photoreaction process in THF. In the presence
of urease, the relative photosensitizing effectiveness of the
porphyrins followed the tendency found for DMA decompo-
sition. Thus, CuP and NiP produced a very small photoinac-
tivation, which is consistent with the lack of type II process
for these metal complexes [27]. In AOT micelles, the high
amphiphilic capability of the sensitizers binds the porphyrin
to the interfacial region of reverse micelles. Also, in this
microheterogeneous system the enzyme activity remained
higher than in homogeneous solution, probably due to the
distribution of O2(

1∆g) mainly in the organic phase than in
the micellar pseudophase [11]. The presence of azide, as a
water-soluble quencher, photoprotected the enzyme in both
systems. Therefore, porphyrins with appreciable Φ∆ appear
to inactive urease mainly with the intermediacy of O2(

1∆g).
Although many other factor can contribute in biological sys-
tems, the results in this simple biomimetic medium indicate
that an increase in the photodamage can be expected for por-
phyrins with high O2(

1∆g) generation, such as ZnP and PdP.

Acknowledgements

Authors thank Consejo Nacional de Investigaciones
Cientı́ficas y Técnicas (CONICET) of Argentina, Agen-
cia Nacional de Promoción Cientı́fica y Técnica, TWAS
and Fundación Antorchas for financial support. E.N.D. is
Scientific Members of CONICET.



112 I. Scalise, E.N. Durantini / Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 105–113

References

[1] R. Bonnett, Chemical Aspects of Photodynamic Therapy, Advanced
Chemistry Texts, Gordon and Breach, Singapore, 2000.

[2] R.W. Boyle, D. Dolphin, Structure and biodistribution relationships
of photodynamic sensitizers, Photochem. Photobiol. 64 (1996) 469–
485.

[3] M. Ochsner, Photophysical and photobiological processes in
photodynamic therapy of tumours, J. Photochem. Photobiol. B: Biol.
39 (1997) 1–18.

[4] B.W. Henderson, T.J. Dougherty, How does photodynamic therapy
work? Photochem. Photobiol. 55 (1992) 145–157.

[5] A. Weitemeyer, H. Kliesch, U. Michelsen, A. Hirth, D. Wöhrle,
Unsymmetrically substituted porphyrazines, in: J.G. Moser (Ed.),
Photodynamic Tumor Therapy: Second and Third Generation
Photosensitizers, Harwood, New Delhi, 1998, pp. 87–99 (Chapter
2.6).

[6] G. Jori, L. Schindl, A. Schindl, L. Polo, Novel approaches towards a
detailed control of the mechanism and efficiency of photosensitized
process in vivo, J. Photochem. Photobiol. A: Chem. 102 (1996)
101–107.

[7] M.C. DeRosa, R.J. Crutchley, Photosensitized singlet oxygen and its
applications, Coordinat. Chem. Rev. 233 (2002) 351–371.

[8] H. Ali, J.E. van Lier, Metal complexes as photo- and radiosensitizers,
Chem. Rev. 99 (1999) 2379–2450.

[9] M. Pineiro, A.L. Carvalho, M.M. Pereira, A.M.d’A. Rocha
Gonsalves, L.G. Arnaut, S.J. Formosinho, Photoacoustic measure-
ments of porphyrin triplet-state quantum yields and singlet-oxygen
efficiencies, Chem. Eur. J. 4 (1998) 2299–2307.

[10] G.M. Garbo, V.H. Fingar, T.J. Wieman, E.B. Noakes III, P.S.
Haydon, P.B. Cerrito, D.H. Kessel, A.R. Morgan, In vivo and in vitro
photodynamic studies with benzochlorin iminium salts delivered by
a lipid emulsion, Photochem. Photobiol. 68 (1998) 561–568.

[11] M.E. Milanesio, M.G. Alvarez, E.I. Yslas, C.D. Borsarelli, J.J.
Silber, V. Rivarola, E.N. Durantini, Photodynamic studies of metallo
5,10,15,20-tetrakis(4-methoxyphenyl) porphyrin: photochemical cha-
racterization and biological consequences in a human carcinoma cell
line, Photochem. Photobiol. 74 (2001) 14–21.

[12] R.W. Boyle, D. Dolphin, Structure and biodistribution relationships
of photodynamic sensitizers, Photochem. Photobiol. 64 (1996) 469–
485.

[13] E.N. Durantini, J.J. Silber, Synthesis of 5-(4-acetamidophenyl)-
10,15,20-tris(4-substituted phenyl) porphyrins using dipyrrometha-
nes, Synth. Commun. 29 (1999) 3353–3368.

[14] E.N. Durantini, Synthesis of meso-nitrophenyl porphyrins covalently
linked to a polyphenylene chain bearing methoxy groups, J.
Porphyrins Phthalocyanines 4 (2000) 233–242.

[15] E.N. Durantini, Synthesis of 5-(4-X-phenyl)-10,15,20-tris(substituted
phenyl) porphyrins using dipyrromethanes, Molecules 6 (2001) 533–
539.

[16] M. La Penna, M.G. Alvarez, E.I. Yslas, V. Rivarola, E.N. Durantini,
Characterization of photodynamic effects of meso-tetrakis(4-meth-
oxyphenyl) porphyrin: biological consequences in a human carcinoma
cell line, Dyad Pigments 49 (2001) 75–82.

[17] I. Yslas, M.G. Alvarez, C. Marty, G. Mori, E.N. Durantini, V.
Rivarola, Expression of Fas antigen and apoptosis caused by
5,10,15,20-tetra(4-methoxyphenyl)porphyrin (TMP) on carcinoma
cells: implication for photodynamic therapy, Toxicology 149 (2000)
69–74.

[18] M. La Penna, M.G. Alvarez, E.I. Yslas, V. Rivarola, E.N. Durantini,
Photodynamic activity of 5,10,15,20-tetrakis(4-methoxyphenyl)por-
phyrin on Hep-2 human carcinoma cell line: effect of light dose and
wavelength range, Bioorg. Chem. 29 (2001) 130–139.

[19] M.E. Milanesio, M.S. Moran, E.I. Yslas, M.G. Alvarez, V. Rivarola,
E.N. Durantini, Synthesis and biological evaluation of methoxyphenyl
porphyrin derivatives as potential photodynamic agents, Bioorg.
Medicinal Chem. 9 (2001) 1943–1949.

[20] A. Villanueva, E.N. Durantini, J.C. Stockert, S. Rello, R. Vidania, M.
Cañete, A. Juarranz, R. Arranz, V. Rivarola, Photokilling of cultured
tumour cells by the porphyrin derivative CF3, Anti-Cancer Drug
Design 16 (2002) 279–290.

[21] S.M.S. Chauhan, P.P. Mohapatra, B. Kalra, T.S. Kohli, S. Satapathy,
Biomimetic oxidation of indole-3-acetic acid and related substrates
with hydrogen peroxide catalysed by 5,10,15,20-tetrakis(2′,6′-
dichloro-3′-sulfonatophenyl)porphyrinatoiron(III) hydrate in aqueous
solution and AOT reverse micelles, J. Mol. Catal. A: Chem. 113
(1996) 239–247.

[22] S.M.S. Chauhan, B.B. Sahoo, Biomimetic oxidation of ibuprofen
with hydrogen peroxide catalysed by horseradish peroxidase (HRP)
and 5,10,15,20-tetrakis(2′,6′-dichloro-3′-sulfonatophenyl)porphyrina-
toiron(III) and manganese (III) hydrates in AOT reverse micelles,
Bioorg. Med. Chem. 7 (1999) 2629–2634.

[23] J.H. Yu, Y.X. Weng, X.S. Wang, L. Zhang, B.W. Zhang, Y. Cao, The
triplet excited state changes of amphiphilic porphyrins with different
side-chain length in AOT reverse micelles, J. Photochem. Photobiol.
A: Chem. 156 (2003) 139–144.

[24] F. Fungo, L.A. Otero, L. Sereno, J.J. Silber, E.N. Durantini, Sı́ntesis
of porphyrin dyads with potential use in solar energy conversion, J.
Mater. Chem. 10 (2000) 645–650.

[25] J.N. Demas, G.A. Crosby, The measurement of photoluminescence
quantum yields, J. Phys. Chem. 75 (1971) 991–1024.

[26] G.L. Indig, G.S. Anderson, M.G. Nichols, J.A. Bartlelett, W.S.
Mellon, F. Sieber, Effect of molecular structure on the performance of
triarylmethane dyes as therapeutic agents for photochemical purging
of autologous bone marrow grafts from residual tumor cells, J.
Pharma. Sci. 89 (2000) 88–99.

[27] R.W. Redmond, J.N. Gamlin, A compilation of singlet yields from
biologically relevant molecules, Photochem. Photobiol. 70 (1999)
391–475.

[28] R. Schmidt, E. Afshari, Effect of solvents on the phosphorescence
rate constant of singlet molecular oxygen (1∆g), J. Phys. Chem. 94
(1990) 4377–4378.

[29] N.C. Price, L. Stevens, Fundamentals of Enzymology, second ed.,
Oxford Science Publications, New York, 1989, pp. 468–469.

[30] M.G. Alvarez, M. La Penna, E.I. Yslas, V. Rivarola, E.N. Durantini,
Photodamaging effects of porphyrin in a human carcinoma cell line,
Chem. Edu. 5 (2000) 24–26.

[31] N.M. Correa, E.N. Durantini, J.J. Silber, Binding of nitrodiphenyl-
amines to reverse micelle of AOT in n-hexane and carbon tetra-
chloride: solvent and substituent effects, J. Colloid Interface Sci. 208
(1998) 96–103.

[32] N.M. Correa, E.N. Durantini, J.J. Silber, Substituent effects on
binding constant of carotenoids to n-heptane/AOT reverse micelles,
J. Colloid Interface Sci. 240 (2001) 573–580.

[33] R. Bonnett, S. Ioannou, A.G. James, C.W. Pitt, M.M.Z. Soe, Synthesis
and film-forming properties of metal complexes of octadecyl ethers
of 5,10,15,20-tetrakis(4-hydroxyphenyl) porphyrin, J. Mater. Chem.
3 (1993) 793–799.

[34] M. Pineiro, A.L. Carvalho, M.M. Pereira, A.M.d’A. Rocha
Gonsalves, L.G. Arnaut, S.J. Formosinho, Photoacoustic measure-
ments of porphyrin triplet-state quantum yields and singlet-oxygen
efficiencies, Chem. Eur. J. 4 (1998) 2299–2307.

[35] D.L. Akins, H.-R. Zhu, C. Guo, Aggregation of tetraaryl-substituted
porphyrins in homogeneous solution, J. Phys. Chem. 100 (1996)
5420–5425.

[36] G. Csı́k, E. Balog, I. Voszka, F. Tölgyesi, D. Oulmi, Ph. Maillard,
M. Momenteau, Glycosylated derivatives of tetraphenyl porphyrin:
photophysical characterization, self-aggregation and membrane
binding, J. Photochem. Photobiol. B: Biol. 44 (1998) 216–224.

[37] C.D. Borsarelli, E.N. Durantini, N.A. Garcı́a, Singlet molecular
oxygen-mediated photooxidation of nitrophenolic compounds in
water-in-oil microemulsions, J. Chem. Soc. Perkin Trans. 2 (1996)
2009–2013.



I. Scalise, E.N. Durantini / Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 105–113 113

[38] D. Gust, T.A. Moore, A.L. Moore, G. Jori, E. Reddi, The photo-
chemistry of carotenoids, some photosynthetic and photomedical
aspects, Ann. N.Y. Acad. Sci. 691 (1993) 32–47.

[39] D. Baltschun, S. Beutner, K. Briviba, H.-D. Martin, J. Paust,
M. Peters, S. Röver, H. Stahl, A. Steigel, F. Stenhorst, Singlet
oxygen quenching abilities of carotenoid, Liebigs Ann. (1997) 1887–
1893.

[40] H.D. Martin, C. Ruck, M. Schumidt, S. Sell, S. Beutner, B. Mayer, R.
Walsh, Chemistry of carotenoid oxidation and free radical reactions,
Pure Appl. Chem. 71 (1999) 2253–2262.

[41] M.A. Montenegro, M.A. Nazareno, E.N. Durantini, C.D. Borsarelli,
Singlet molecular oxygen quenching ability of carotenoids in
reverse-micelle membrane mimetic system, Photochem. Photobiol.
75 (2002) 353–361.

[42] F. Wilkinson, J.G. Brummer, Rate constants for the decay and
reactions of the lowest electronically excited singlet state of molecular
oxygen in solution, J. Phys. Chem. Ref. Data 10 (1981) 809–899.

[43] T.A. Dahl, W.R. Midden, P.E. Hartman, Some prevalent biomolecules
as defenses against singlet oxygen damage, Photochem. Photobiol.
47 (1988) 357–362.


	Photodynamic effect of metallo 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl) porphyrins in biomimetic AOT reverse micelles containing urease
	Introduction
	Materials and methods
	General
	Porphyrins
	Spectroscopic studies
	Partition coefficient measurements
	Steady-state photolysis
	Urease activity essays
	Urease photoinactivation studies
	Studies in AOT reverse micelles

	Results and discussion
	Spectroscopic studies and porphyrin properties
	Photooxidation of 9,10-dimethylanthracene (DMA)
	Photoprotector effect of beta-carotene (Car)
	Photosensitized inactivation of urease

	Conclusions
	Acknowledgements
	References


