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a  b  s  t  r  a  c  t

The  spectroscopic  properties  and  the photodynamic  activity  of  5,10,15,20-tetrakis[4-(3-N,N-
dimethylaminopropoxy)phenyl]porphyrin  (TAPP)  and  its tetracationic  derivative  (TAPP4+)  were  studied
in  homogeneous  media  and  in  microheterogeneous  systems.  The  results  were  compared  with  those  of
5,10,15,20-tetra(4-N,N,N-trimethylammoniumphenyl)porphyrin  (TMAP4+),  which  represents  an  active
tetracationic  photosensitizer.  Absorption  and  fluorescence  studies  indicated  that  the  tetrapyrrolic
macrocycle  retains  its  individual  spectroscopic  properties.  Interaction  with  �-cyclodextrin  (�-CD)  was
found for TAPP4+ by  fluorescence  emission.  Also,  these  porphyrins  interact  with  n-heptane/sodium
bis(2-ethylhexyl)sulfosuccinate  (AOT)/water  reverse  micelles.  Photosensitization  ability  was  evalu-
inglet oxygen
icelles

yclodextrin

ated using  9,10-dimethylanthracene  in  N,N-dimethylformamide  and  AOT  micelles,  while  tetrasodium
2,2′-(anthracene-9,10-diyl)bis(methylmalonate)  was  used  in  aqueous  solutions.  Also,  photosensitized
decomposition  of l-tryptophan  was  investigated  in  these  media.  In  particular,  Trp  was  fast  photoox-
idized  by  TAPP in  a biomimetic  media  formed  by  AOT  reverse  micelles.  Therefore,  this  intrinsically
non-charged porphyrin  represents  an  interesting  photosensitizer  for  the  photodynamic  inactivation  of
microorganisms.
. Introduction

Porphyrins containing cationic substituents have attracted
onsiderable interest because of their notable ability as photother-
peutic agents. In particular, positively charged porphyrins have
een proposed for the eradication of microbial infections by pho-
odynamic inactivation (PDI) [1]. Basically, PDI is based on the
dministration of a photosensitizer, which is preferentially accu-
ulated in microbial cells. Upon aerobic irradiation with visible

ight, highly reactive oxygen species (ROS) are generated in the
ells. These ROS rapidly react with a variety of biomolecules
roducing a loss of biological functionality that lead to cellular inac-
ivation [2]. Therefore, adequate photosensitizers are deemed to
ave specific chemical and biological properties. Two of the photo-
hemical requisites are a high absorption coefficient in the visible
egion of the spectrum and a long lifetime of triplet excited state

o produce efficiently ROS. In general, two photoprocesses can be

ainly involved after activation of the photosensitizer [3]. In the
ype I pathway, the photosensitizer interacts with substrates to

∗ Corresponding author. Tel.: +54 358 4676157; fax: +54 358 4676233.
E-mail address: edurantini@exa.unrc.edu.ar (E.N. Durantini).

010-6030/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2013.07.013
© 2013 Elsevier B.V. All rights reserved.

produce free radicals. These radicals can react with oxygen yielding
a complex mixture of ROS. While in the type II mechanism, singlet
molecular oxygen, O2(1�g), is produced by energy transfer from
the photosensitizer. Thus, the prevailing mechanism can be influ-
enced by the photosensitizer, the presence of substrates and the
microenvironment where the agent is located.

Several porphyrins with intrinsic positive charges have been
successfully tested as photoinactivating agents against microor-
ganisms [1,2]. In particular, the positive charges on the tetrapyrrolic
macrocycle appear to promote a tight electrostatic interaction with
negatively charged sites at the outer surface of the Gram-negative
bacteria, increasing the efficiency of the photoinactivation pro-
cesses [1]. Moreover, the studies have shown that non-cationic
porphyrin conjugated with polylysine oligomer can efficiently pro-
mote the photoinactivation of Gram-negative bacteria [4]. In these
compounds, the cationic charges are present because they are cova-
lently bound to polylysine oligomer, which is positively charged at
physiological pH values.

In previous work, the photodynamic activity of

cationic porphyrin derivatives bearing 4-(3-N,N,N-
trimethylammoniumpropoxy)phenyl substituents were
investigated to inactivate Escherichia coli cells [5,6]. The pho-
tocytotoxic effect induced by 5,10,15,20-tetrakis[4-(3-N,N,

dx.doi.org/10.1016/j.jphotochem.2013.07.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jphotochem.2013.07.013&domain=pdf
mailto:edurantini@exa.unrc.edu.ar
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Scheme 1. Molecular structures of the studied porphyrins.

-trimethylammoniumpropoxy)phenyl] porphyrin iodide
TAPP4+) was quite similar to that produced by 5,10,15,20-
etrakis(4-N,N,N-trimethylammoniumphenyl)porphyrin
TMAP4+), which is a standard active sensitizer established to
radicate E. coli and the yeast Candida albicans [7,8].

In the present work, the spectroscopic and
hotodynamic properties of 5,10,15,20-tetrakis[4-(3-N,N-
imethylammoniumpropoxy)phenyl]porphyrin (TAPP) were
ompared with those of TAPP4+ and TMAP4+ in homogeneous and
icroheterogeneous media (Scheme 1). The mainly deference

etween these porphyrins is the presence of intrinsic cationic
harges in TAPP4+ and TMAP4+ in contrast with TAPP, which is
ubstituted by four aliphatic amine groups. These basis amine
roups in the periphery of TAPP could acquire positive charges
avoring a better interaction with biomembranes, depending on
he medium in which the porphyrin is located [7]. Therefore,
hese studies provide insights into the photodynamic activity of
ationic and non-charged porphyrins in different media especially
n a simple biomimetic media formed by reverse micelles and in
-cyclodextrin.

. Materials and methods

.1. General

All the chemicals from Aldrich (Milwaukee, WI,  USA)
ere used without further purification. Sodium bis(2-

thylhexyl)sulfosuccinate (AOT) from Sigma (St. Louis, MO,
SA) was dried under vacuum. �-Ciclodextrin (�-CD) was  pur-
hased from Aldrich. Solvents (GR grade) from Merck (Darmstadt,
ermany) were distilled. Ultrapure water was obtained from a
abconco (Kansas, MO,  USA) equipment model 90901-01.

.2. Porphyrins

5,10,15,20-Tetrakis(4-N,N,N-trimethylammoniumphenyl)
orphyrin p-tosylate (TMAP4+), 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin sodium salt (TPPS4−)
nd 5,10,15,20-tetrakis(phenyl)porphyrin (TPP) were
urchased from Aldrich. 5,10,15,20-tetrakis[4-(3-N,N-

imethylammoniumpropoxy)phenyl] porphyrin (TAPP) was
ynthesized as previously described and methylated with
imethyl sulfate to obtain 5,10,15,20-tetrakis[4-(3-N,N,N-
rimethylammoniumpropoxy)phenyl]porphyrin (TAPP4+) [6].
otobiology A: Chemistry 270 (2013) 75– 84

2.3. Preparation of tetrasodium
2,2′-(anthracene-9,10-diyl)bis(methylmalonate) (ABMM)

The fluorescent ABMM probe was prepared by treating
2,2′-(anthracene-9,10-diyl)bis(methylmalonic acid) (ABMA, 22 mg,
0.054 mmol), suspended in water (1.5 mL), with NaOH (11 mg,
0.27 mmol), followed by ultrasonication for a period of 5 min  to
give a clear solution. The tetrasodium salt product was  precipitated
upon the addition of ethanol. The solids were washed three times
with ethanol and dried in vacuum to yield ABMM in 80% (21 mg)
[9].

2.4. Spectroscopic studies

Absorption and fluorescence spectra were recorded on a Shi-
madzu UV-2401PC spectrometer (Shimadzu Corporation, Tokyo,
Japan) and on a Spex FluoroMax spectrofluorometer (Horiba Jobin
Yvon Inc, Edison, NJ, USA), respectively. The measurements were
performed at 25.0 ± 0.5 ◦C using 1 cm path length quartz cells. The
fluorescence quantum yield (˚F) of porphyrins were calculated by
comparison of the area below the corrected emission spectrum
in N,N-dimethylformamide (DMF) with that of TMAP4+ as a ref-
erence (˚F = 0.12) [10]. Absorbances of sample and reference were
matched at the excitation wavelength (�exc = 515 nm) and the areas
of the emission spectra were integrated in the range 600–800 nm.
The energy of the singlet-state (Es) was  deduced from the intersec-
tion of the normalized absorption and fluorescence curves. Singlet
excited state deactivation of porphyrin by l-tryptophan (Trp) was
investigated using: Stern-Volmer’s Eq. (1) [11]:

I0
I

= 1 + kq�0[Q] = 1 + KSV[Q] (1)

where I0 and I are the fluorescence intensity of porphyrin in
the absence and in the presence of quencher, kq represents the
biomolecule quenching rate constant, �0 the excited state lifetime
of in the absence of Trp, [Q] is the Trp concentration and KSV is the
Stern-Volmer quenching constants.

2.5. Studies in aqueous ˇ-CD solutions

A stock solution of �-CD (0.025 M)  was prepared by dissolv-
ing appropriate amount of solid material in water by stirring at
40 ◦C. Aliquot of this solution was  transferred into 2 mL  of a solu-
tion of porphyrin in water (0.2 �M)  using a calibrated microsyringe.
The mixed solution was  thoroughly shaken. After allowed to equili-
brate for 5 min, the fluorescence emission spectra were taken with
an excitation wavelength at Soret band. The equilibrium binding
constants (K�-CD) were determined by measuring the fluorescence
intensities of porphyrin at wavelength of maximum emission as a
function of different �-CD concentrations. Because a large excess of
�-CD relative to porphyrin was employed, it was  assumed that [�-
CD] � [porphyrin] and therefore the data were analyzed by curve
fitting method using Eq. (2) [12]:

I = I0 + I∞K�-CD[�-CD]n
0

1 + K�-CD[�-CD]n
0

(2)

where I0 and I denote the fluorescence intensity of porphyrin in
the absence and in the presence of excess of �-CD, respectively;
[�-CD]0 is the analytical concentration of �-CD and n is the stoichio-
metric coefficient of �-CD in the formation of inclusion complexes.
2.6. Studies in AOT reverse micelles

Measurements in reverse micelles were performed using a
stock solution of 0.1 M AOT, which was prepared by weighing and
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ilution in n-heptane. The addition of water to the correspond-
ng solution was performed using a calibrated microsyringe. The
mount of water present in the system was expressed as the molar
atio between water and the AOT present in the reverse micelle
W0 = [H2O]/[AOT]). In all experiments, W0 = 10 was  used. The mix-
ures were sonicated for about 10 s to obtain perfectly clear micellar
ystem [13].

The distribution of porphyrin between the AOT reverse
icelles and the external solvent was treated considering

he two pseudophase model [14]. The distribution constant,
AOT = [porphyrinb]/[porphyrinf][AOT] (where [AOT] is the surfac-
ant concentration and the terms [porphyrinb] and [porphyrinf]
efer to the concentration of bound and free porphyrin, respec-
ively) were determined from the spectral changes at the Soret band
pon varying the AOT concentration. Values of KAOT were calculated
y nonlinear fitting of the experimental data using Eq. (3):

� = [porphyrin]0(εf + εbKAOT[AOT])
(1 + KAOT[AOT])

(3)

here A� is the absorbance at different [AOT], [porphyrin]0 is the
nitial concentration of the porphyrin, εf and εb are the molar
xtinction coefficients for the porphyrin in the n-heptane and
ound to the interface, respectively. This equation applies at a fixed
alue of W0 and when [porphyrin]0 � [AOT].

.7. Steady state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 �M)  in organic
olvents or ABMM (35 �M)  in water were irradiated in 1 cm path
ength quartz cells (2 mL)  containing the porphyrin (absorbance
t Soret band ∼0.3) in the different media. The samples were
rradiated with monochromatic light at the porphyrin Soret band
rom a Novamat 130 AF slide projector (Braun Photo Technik,
ürnberg, Germany) equipped with a 150 W lamp through a high

ntensity grating monochromator (Photon Technology Instrument,
irmingham, NJ, USA). The light fluence rate was determined as
.30 mW/cm2 (Radiometer Laser Mate-Q, Coherent, Santa Clara, CA,
SA). The kinetics of DMA  and ABMM photooxidation were stud-

ed by following the decrease of the absorbance at �max = 378 nm.
he studies in the presence of Trp (25 �M)  were performed irra-
iating the samples with visible light (90 mW/cm2). The light was
ltered through a 2.5 cm glass cuvette filled with water to absorb
eat. A wavelength range between 350 and 800 nm was  selected
y optical filters [15]. The kinetics of Trp decomposition were
tudied by following the decrease of the fluorescence intensity
t � = 350 nm.  The Trp fluorescence was excited by 290 nm light.
he observed rate constants (kobs) were obtained by a linear least-
quares fit of the semilogarithmic plot of ln A0/A vs. time for DMA
nd ABMM,  and ln I0/I vs. time for Trp. All the experiment were
erformed at 25.0 ± 0.5 ◦C. The pooled standard deviation of the
inetic data, using different prepared samples, was  less than 10%.
hotooxidation of DMA  was also used to determine O2(1�g) pro-
uction by the photosensitizers using TMAP4+ (˚� = 0.65 in DMF)
nd TPP (˚� = 0.62 in toluene and tetrahydrofuran, THF) as ref-
rences [5,16]. Measurements of the sample and reference under
he same conditions afforded the ˚� for the porphyrin by direct
omparison of the slopes in the linear region of the plots [17].

. Results and discussion

.1. Absorption and fluorescence spectroscopic properties
The absorption spectra of porphyrins in DMF  are shown in
ig. 1. These photosensitizers showed the typical Soret band at
422 nm and the four Q-bands between 515 and 650 nm,  charac-

eristic of meso-tetraphenylporphyrin derivatives [18]. The Q band
Fig. 1. Absorption spectra (A) TAPP, (B) TAPP4+ and (C) TMAP4+ in different solvents.

of the free base porphyrin consists of four components: Qx(0,0),
Qx(1,0), Qy(0,0) and Qy(1,0), which are associated with D symme-
2h
try [19,20]. The maximum of Soret band of TAPP and TAPP4+ present
a ∼5 nm batochromic shift respect to TMAP4+ due to the aux-
ochromic effect of the four ether groups. Sharp absorption bands
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Fig. 2. Fluorescence emission spectra in DMF  of TAPP (dashed line), TAPP4+ (dot-
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As can be observed, TAPP and TAPP4+ photosensitized the decom-
position of DMA  with similar rates. DMA  photooxidation was used
as a method to evaluate the ability of the sensitizers to produce

Table 1
Kinetic parameters for the photooxidation reaction of DMA  (kDMA

obs
) and Trp (kTrp

obs
),

and  singlet molecular oxygen quantum yield (˚DMF
�

) in DMF.

Porphyrin kDMA
obs

(s−1)a ˚DMF
�

kTrp
obs

(s−1)c

TAPP (1.56 ± 0.05) × 10−4 0.53 ± 0.02 (9.8 ± 0.3) × 10−5

TAPP4+ (1.46 ± 0.05) × 10−4 0.49 ± 0.02 (2.7 ± 0.3) × 10−4

TMAP4+ (1.92 ± 0.06) × 10−4 0.65b (1.4 ± 0.3) × 10−4
ed  line) and TMAP4+ (solid line). Inset: fluorescence emission spectra in water,
exc = 515 nm.

ere obtained in every case indicating that these porphyrins are
ainly dissolved as monomer in DMF.
The spectra were also compared in solvents of different polari-

ies (Fig. 1). In water, the shape of absorption bands is quite similar
etween TAPP and TAPP4+. A small hypsochromic effect of 4 nm in
he maximum of Soret band was produced in water with respect
o DMF. Moreover, it can be observed a small broadening of these
ands with respect to that of TMAP4+ possibly due to some par-
ial aggregation. The spectrum of TAPP in THF was  very similar
o that in DMF, indicting no aggregation. However, in this solvent

 broadening of the Soret band was mainly observed for TAPP4+

nd in a smaller extent for TMAP4+. In toluene, the Soret band of
APP was bathochromically shifted by 6 nm with respect to DMF,
hile the charged porphyrins, TAPP4+ and TMAP4+, were practi-

ally insoluble in this solvent. The results in Fig. 1 indicate that
bsorption of the Soret band is red-shifted with a decrease in
he solvent polarity. Similar behavior was previously found for
ater-soluble cationic porphyrins, such as 5,10,15,20-tetrakis(4-
-methylpyridiniumyl)porphyrin and 5-[4-(5-carboxy-1-butoxy)-
henyl]-10,15,20-tris(4-N-methylpyridiniumyl)porphyrin, in dif-
erent solvents [21,22]. Also, it was observed that the Soret band
f 5,10,15,20-tetrakis(phenyl)porphyrin shifts to shorter wave-
engths in more polar solvents [23]. Thus, it was proposed that
he dielectric properties of the environment, especially the partial
egative charges on solvent molecules, change the mutual distance
f central hydrogen ions. In highly polar solvents, this effect leads
o displacement of central protons closer to each other and out of
he macrocycle plane, producing a shift in the porphyrin spectrum
23,24].

The steady-state fluorescence emission spectra of these por-
hyrins were analyzed in DMF  (Fig. 2). The two bands around 650
nd 725 nm are characteristic for similar meso-substituted por-
hyrin. These bands have been assigned to Qx(0–0) and Qx(0–1)
ransitions [20]. This is a typical behavior for porphyrins with D2h
ymmetry, like the free bases, and indicates that the porphyrin
ibronic structure remains practically unchanged upon excitation
19]. Both TAPP and TAPP4+ showed fluorescence spectra in water
Fig. 2, inset). In aqueous medium, the maximum of the emission of
APP4+ is shifted bathochromically with respect to that of TAPP by
4 nm.  The fluorescence quantum yields (˚F) of these porphyrins

ere calculated in DMF, giving values of 0.15 ± 0.01 and 0.13 ± 0.01

or TAPP and TAPP4+, respectively. These ˚F are very similar to
hat reported previously for TMAP4+ in the same solvent (˚F = 0.12)
Fig. 3. First-order plots for the photooxidation of (A) DMA (35 �M, �irr = 420 nm)
and (B) Trp (20 �M, �irr = 350–800 nm), photosensitized by in DMF. Values represent
mean ± standard deviation of three separate experiments.

and they are suitable values for quantification and detection of the
porphyrin in biological media [10].

3.2. Photosensitized decomposition of substrates in organic
solvents

Photooxidation of DMA  sensitized by these porphyrins was
studied in DMF  under aerobic condition (Fig. 3A). The values of
the observed rate constant (kDMA

obs ) were calculated from first-order
kinetic plots of the DMA  absorption at 378 nm with time (Table 1).
a �irr = 420 nm.
b From Ref. [5].
c �irr = 350–800 nm.
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Fig. 5. Fluorescence intensity of TAPP (�), TAPP4+ (•) and TMAP4+ (�) (�exc = 515 nm)
in  the presence of different Trp concentrations in DMF. Dashed line: curve regres-

T
K

ensitized by TAPP (�), TAPP4+ (•), TMAP4+ (�) and TPP (�) in (A) THF and (B) toluene.
alues represent mean ± standard deviation of three separate experiments.

2(1�g) in solution because it quenches O2(1�g) exclusively by
hemical reaction [25]. Thus, the quantum yield of O2(1�g) produc-
ion (˚�) were calculated by comparing the slope for the porphyrin
ith that for the reference (TMAP4+) from the plots shown in

ig. 3A. Comparable values of ˚� were obtained for TAPP and
APP4+ in DMF  (Table 1), which are quite reasonable values for free
ase porphyrins dissolved as monomers [26]. A similar ˚� value
0.51) was previously reported for TAPP4+ in DMF  using 5,10,15,20-
etraphenylporphyrin (TPP) as a reference [5].

Also, photodecomposition of DMA  was studied in THF and

oluene (Fig. 4). In both solvents, TPP was used as a reference
ecause this porphyrin is dissolved in monomeric form [27,28].
he results of kDMA

obs are summarized in Table 2. As can be seen,

able 2
inetic parameters for the photooxidation reaction of DMA  (kDMA

obs
) and singlet molecular 

Porphyrin kDMA
obs

(s−1)a ˚THF
�

TAPP (4.73 ± 0.06) × 10−5 0.49 ± 0.02
TAPP4+ (3.69 ± 0.07) × 10−7 (4.0 ± 0.5) ×
TMAP4+ (1.24 ± 0.04) × 10−5 0.13 ± 0.01
TPP  (5.94 ± 0.07) × 10−5 0.62b

a THF, �irr = 420 nm.
b From Ref. [16].
c Toluene, �irr = 420 nm.
sion fit by Eq. (1). Values represent mean ± standard deviation of three separate
experiments.

the photodynamic activity of uncharged porphyrins, TAPP and
TPP, remained high in both solvents. However, the ability to pro-
duce O2(1�g) decreased in presence of cationic porphyrins. This
effect is mainly remarkable for TAPP4+, which was not dissolved
as monomer in THF. Moreover, the production of O2(1�g) was
negligible for TAPP4+ and TMAP4+ in toluene, according with their
insolubilities in this apolar solvent.

On the other hand, photosensitized decomposition of Trp was
investigated in DMF. This amino acid can be a potential target of
the photodynamic activity induced by porphyrins in cells. More-
over, Trp can be efficiently photooxidized by both type I and type
II reaction mechanisms [27]. As shown in Fig. 3B, the photooxida-
tion followed first-order kinetics with respect to Trp concentration.
From the plots in Fig. 3B, the values of the kTrp

obs were calculated
for Trp decomposition. The results shown in Table 1 indicate a
higher value of kobs for the reaction photosensitized by cationic
porphyrins. These results are not in agreement with the O2(1�g)
production observed using photooxidation of DMA. Possibly, inter-
actions between these porphyrins and Trp can be favoring an
electron transfer process in the decomposition of Trp [29]. Thus,
the interaction of the porphyrin singlet excited state with Trp was
studied by steady-state fluorescence. Fig. 5 shows the Stern-Volmer
plots of porphyrins at different Trp concentration in DMF. From
Eq. (1), KSV values of 10.0 ± 0.5, 19.2 ± 0.7, 25.7 ± 0.7 M−1 were
obtained for TAPP, TAPP4+ and TMAP4+, respectively. Taking into
account a �0 = 11.6 ns for TMAP4+ in DMF  [13], kq was calculated
given a value of 2.2 × 109 s−1. Thus, the quenching rate constant by

Trp of the singlet state of TMAP4+ is near the diffusion limit in DMF.
Considering a �0 ∼ 10 ns for free-base porphyrin in DMF  [17], the
same order of magnitude of kq is expected for TAPP and TAPP4+.

oxygen quantum yield (˚DMF
�

) in THF and toluene.

kDMA
obs

(s−1)c ˚toluene
�

 (5.74 ± 0.07) × 10−5 0.51 ± 0.02
 10−3 – –

 – –
(6.97 ± 0.08) × 10−5 0.62b
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Table  3
Kinetic parameters for the photooxidation reaction of ABMM (kABMM

obs
) and Trp (kTrp

obs
),

and singlet molecular oxygen quantum yield (˚water
�

) in water.

Porphyrin kABMM
obs

(s−1)a kTrp
obs

(s−1)b

TAPP (4.4 ± 0.2) × 10−5 (1.5 ± 0.3) × 10−5

TAPP4+ (5.4 ± 0.2) × 10−5 (4.0 ± 0.3) × 10−5

TMAP4+ (1.8 ± 0.1) × 10−5 (2.3 ± 0.3) × 10−4
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Fig. 6. First-order plots for the photooxidation of (A) ABMM (35 �M, �irr = 423 nm)
and  (B) Trp (20 �M,  � = 350–800 nm), photosensitized by TAPP (�), TAPP4+ (•) and
a �irr = 423 nm.
b �irr = 350–800 nm.

owever, the deactivation of porphyrins by an energy transfer
echanism can be ruled out on energetics grounds (Es = 1.89, 1.90

nd 1.91 eV for TAPP, TAPP4+ and TMAP4+, respectively; Es = 3.51 eV
or Trp [11]) and due to the lack of appropriate spectral properties
30]. Therefore photoinduced electron transfer must be considered.
t was possible to estimate the driving force of electron transfer
rom Rehm-Weller expressions as previously described in water
30]. Taking into account a value of 0.43 V for the first reduction
otential of TMAP4+ [31] and of 1.02 V for the oxidation potential
f Trp [32] in water vs. the normal hydrogen electrode, the detected
uenching should be attributed to electron transfer from Trp to the
orphyrin.

.3. Photodynamic activity in water

Anthracene derivatives with hydrophilic substituents can serve
s O2(1�g) traps in aqueous solution [33]. The addition of car-
oxylic groups to DMA  is an interesting option. Thus, ABMA was
rst used for the detection of O2(1�g) formation in water. However,
BMA contains four carboxylic acid groups that at a concentra-

ion of 35 �M was sufficient to partially protonate the tetrapyrrolic
acrocycle. Under this condition, the absorption spectra of the por-

hyrins showed bands at 450 nm and 670 nm,  which are typical
f protonated meso-substituted porphyrin [34]. Therefore, the salt
erivative ABMM was synthetized and used as a molecular probe
or the detection of O2(1�g) in water. The chemical trapping of
2(1�g) ABMM leads to the formation of 9,10-endoperoxide prod-
ct ABMM-O2. The conversion allows follow the loss of absorption
t 378 nm for its correlation to the proportional quantity of O2(1�g)
roduced due to the high kinetic rate constant of the trapping
eaction in aqueous media [35]. In the presence of porphyrin, a
ast loss of ABMM absorption at 378 nm was observed in water
Fig. 6A). Even though the lifetime of O2(1�g) in water is known
o be as short as 4 �s, which is 6-fold less than in DMF  [36], the
se of ABMM as the O2(1�g) acceptor was proven to be effec-
ive for the determination of quantum efficiency in water. This
s due to its extremely high water-solubility with four carboxyl-
te salts per anthracene molecule that enables intervening in the
apid trapping reaction [9]. As shown in Table 3, similar values
f reaction rates were found for ABMM decomposition photosen-
itized by TAPP and TAPP4+. In contrast, a lower value of kABMM

obs
as obtained using TMAP4+. A disadvantage of ABMM anionic trap

s the interaction with cationic photosensitizers mainly when the
ationic groups are directly linked to the tetrapyrrolic macrocycle,
uch as TMAP4+. The interaction of ABMM with this photosensi-
izer can significantly interfere in the O2(1�g) generation [33].
herefore, we compared the results in Table 3 with that using
PPS4− as an anionic photosensitizer. Furthermore, it is known
hat the TPPS4− presents an efficient photodynamic activity in
ater (˚� = 0.74 [37]) similar to that of TMAP4+ (˚� = 0.77 [38]).

he photooxidation of ABMM induced by TPPS4− gave a value of
ABMM −4 −1

obs = (1.0 ± 0.1) × 10 s , which was faster than those found
sing cationic porphyrins (Table 3). This anionic porphyrin repels
BMM avoiding interactions with the tetrapyrrolic macrocycle and
eeping its O2(1�g) production. As can be observed in Table 3, the
irr

TMAP4+ (�) in water. Values represent mean ± standard deviation of three separate
experiments.

photodynamic activity of TAPP and TAPP4+ were less affected than
TMAP4+ by the presence ABMM.  In these porphyrins, the cationic
centers are isolated from the tetrapyrrolic macrocycle by a propoxy
bridge. Thus, the charges have minimal influence on the electronic
density of the porphyrin macrocycle. Furthermore, photooxidation
of Trp sensitized by these porphyrins was studied in water (Fig. 6B).
The results are shown in Table 3. A higher value of kTrp

obs was  found
using TMAP4+ as photosensitizer. This value is even higher than
that found in DMF  (Table 1). In contrast, values of kTrp

obs photosensi-
tized by TAPP and TAPP4+ decreased ∼7 times with respect to those
in DMF. In water, these porphyrins are not completely dissolved
as monomers, as shown by a small broadening of the Soret band
(Fig. 1), and this partial aggregation precluded the photodynamic
activity.

3.4. Interaction with ˇ-CD and sensitized oxidation of substrates

The presence of cyclodextrin forming supramolecular assem-

blies with porphyrin can be used to provide a microscopically
apolar environment around the center of a porphyrin ring and these
inclusion complexes can be used to deliver the photosensitizer in
different media [39]. Therefore, the effects of the addition of �-CD
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Fig. 7. Fluorescence intensity of TAPP4+ (�exc = 422 nm, �em = 465 nm)  in the pres-
ence of different �-CD concentrations. Dashed line: curve regression fit by Eq.
( 4+
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were spectroscopically analyzed in n-heptane/AOT (0.1 M)/water
(W0 = 10) reverse micelles. This microheterogeneous medias have
been frequently used as an interesting model to mimic the water
pockets often found in various bioaggregates such as proteins,
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2), n = 1. Inset: emission spectra of TAPP at different �-CD concentrations
0.025–2.8 mM).  Values represent mean ± standard deviation of three separate
xperiments.

n the fluorescence properties of porphyrins were investigated in
ater. Addition of �-CD to an aqueous solution of TAPP4+ produces

n increase in the overall emission intensity of porphyrin fluores-
ence compared to that observed in bulk water (Fig. 7, inset). These
hanges suggest an interaction of �-CD with TAPP4+. As shown,
he increase of the �-CD concentrations produced an important
nhancement of the complex fluorescence intensity. At higher �-
D concentrations, only small intensity variation was observed.
he experimental data were fitted by Eq. (2), which provides the
asic for the determination of stoichiometric ratio and binding con-
tant (K�-CD). The result shows in Fig. 7 indicates that the curve
t by Eq. (2) with n = 1 was the best one to represent the exper-

mental data. This result indicates a 1:1 complex ratio of �-CD
nly to TAPP4+ in aqueous solution. The value of K�-CD calculated
as 3500 ± 500 M−1. The interaction of TAPP4+ with �-CD can be

nhanced by the aliphatic spacer between the cationic groups and
he tetrapyrrole macrocycle [39]. In contrast, no significant changes
ere observed for TAPP and TMAP4+, possibly because the inter-

ction with �-CD is smaller and it can not be detected by this
ethodology. Also, it was previously found that TMAP4+, whose

ationic peripheries are attached directly to the porphyrin ring,
ormed very unstable complexes with any cyclodextrin [39].

The O2(1�g) trap ABMM was used to evaluate the photody-
amic activity by these porphyrins in aqueous media containing
-CD (Fig. 8A). The results in Table 4 show that the value of kABMM

obs
ensitized by TMAP4+ was similar in presence of �-CD with that in

ure water. The complex of TMAP4+ with �-CD is very weak and, as
reviously found in water, this cationic porphyrin interact strongly
ith ABMM. Therefore, the addition of �-CD does not affect the

able 4
inetic parameters for the photooxidation reaction of ABMM (kABMM

obs
) and Trp (kTrp

obs
)

n  �-CD (0.0025 M)  aqueous solution.

Porphyrin kABMM
obs

(s−1)a kTrp
obs

(s−1)b

TAPP (1.7 ± 0.3) × 10−5 (1.8 ± 0.3) × 10−5

TAPP4+ (2.6 ± 0.3) × 10−5 (4.1 ± 0.3) × 10−5

TMAP4+ (2.1 ± 0.3) × 10−5 (2.5 ± 0.3) × 10−4

a �irr = 423 nm.
b �irr = 350–800 nm.
otobiology A: Chemistry 270 (2013) 75– 84 81

value of kABMM
obs found in water. Photodecomposition rate of ABMM

induced by TAPP and TAPP4+ were lower in presence of �-CD than
in water (Table 3). It was shown by spectroscopic studies that �-
CD forms inclusion complexes with anthracene derivatives [40].
In water, the photodynamic activity of TAPP and TAPP4+ were less
affected by ABMM than for TMAP4+. Therefore, �-CD could be pre-
venting ABMM decomposition by O2(1�g) in presence of TAPP and
TAPP4+.

Photooxidation of Trp was  investigated in �-CD aqueous solu-
tion (Fig. 8B). A can be observed in Table 4, similar values for kTrp

obs
were found in solution of �-CD and in water. Thus, the presence of
�-CD is not affecting the photodynamic activity of these porphyrins
to produce Trp photooxidation. These results were expected for
TAPP and TMAP4+ since these porphyrins not interact with �-CD
and apparently the complex with TAPP4+ does not affect its photo-
dynamic properties to photooxidize Trp.

3.5. Solubilization and photodynamic activity in AOT reverse
micelles

The solubilization and interaction of these cationic porphyrins
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Fig. 8. First-order plots for the photooxidation of (A) ABMM (35 �M, �irr = 423 nm)
and (B) Trp (20 �M,  �irr = 350–800 nm), photosensitized by TAPP (�), TAPP4+ (•) and
TMAP4+ (�) in �-CD (0.025 M)  aqueous solution. Values represent mean ± standard
deviation of three separate experiments.
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Fig. 9. Variation of absorption as a function of [AOT] in n-heptane/AOT/water
(W0 = 10) reverse micelles (�max = 422 nm)  of (A) TAPP and (B) TAPP4+. Dashed line:
no  linear regression fit by Eq. (3). Inset: absorption spectra of TAPP4+ at different
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Fig. 10. First-order plots for the photooxidation of (A) DMA (35 �M,  �irr = 420 nm)
and  (B) Trp (20 �M,  �irr = 350–800 nm), photosensitized by TAPP (�), TAPP4+ (•)
and TMAP4+ (�) in n-heptane/AOT (0.1 M)/water (W0 = 10) reverse micelles. Values

was previously observed in AOT reverse micelles using porphyrins
as photosensitizers [43]. In the AOT micellar system, O2(1�g) is
partitioned between the internal and external pseudophases with

Table 5
Kinetic parameters for the photooxidation reaction of DMA  (kDMA

obs
) and Trp (kTrp

obs
) in

n-heptane/AOT (0.1 M)/H2O (W0 = 10).

Porphyrin kDMA
obs

(s−1)a kTrp
obs

(s−1)b

TAPP (2.2 ± 0.1) × 10−5 (3.6 ± 0.3) × 10−5

4+ −5 −5
OT concentrations (0.2–2.0 mM).  Values represent mean ± standard deviation of
hree separate experiments.

nzymes and membranes [41]. In micellar systems, a solute can
e located in a variety of microenvironments, namely the organic
urrounded solvent, the water pool or at the micellar interface [14].

hen the absorption spectra of porphyrins were studied at vari-
us AOT concentrations, an increase in the intensity of the Soret
and was observed for TAPP and TAPP4+ as the surfactant concen-
ration increased. Representative results for TAPP and TAPP4+ are
hown in Fig. 9 inset. This effect was attributed to the interaction
etween the porphyrin and the AOT micelles. Plotting the Soret
and absorption vs. AOT concentration, the value of the distribu-
ion constant (KAOT) was calculated by fitting Eq. (3) (Fig. 9). Values
f KAOT = 77 ± 8 M−1 for the TAPP and KAOT = 307 ± 25 M−1 for the
APP4+ indicate that these photosensitizers are associated with
he micellar interface. The presence of intrinsic positive charges
n the macrocycle of TAPP4+ produces a higher interaction with
OT reverse micelles in comparison with its homologue containing
mino groups. Also, spectroscopic changes for TMAP4+ showed that
nteract significantly with the micellar interface [13].

Photooxidation of DMA  sensitized by these porphyrins was  per-

ormed in n-heptane/AOT (0.1 M)/water (W0 = 10) under aerobic
onditions. Because DMA  is a non-polar compound, it is assumed
hat this substrate is mainly solubilized in the organic pseudophase
represent mean ± standard deviation of three separate experiments.

(n-heptane) of the micellar system [42]. In this biomimetic
microenvironment, the substrate reacts with the O2(1�g) photo-
sensitized by porphyrin. From the plots in Fig. 10A, the values of
the kDMA

obs were calculated for DMA  reaction in micellar system. As
can be observed in Table 5, the decomposition of DMA  sensitized
by these porphyrins follow the tendency found in DMF. Thus, TAPP
and TAPP4+ were efficient photosensitizers to generate O2(1�g) in
this microheterogeneous medium. However, the reaction rates of
DMA in the AOT micellar system (Table 5) were ∼6 times slower
than those found in DMF  (Table 1) by a factor of 6. Similar behavior
TAPP (2.4 ± 0.1) × 10 (2.5 ± 0.3) × 10
TMAP4+ (2.9 ± 0.1) × 10−5 (2.3 ± 0.3) × 10−5

a �irr = 420 nm.
b �irr = 350–800 nm.
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 partition constant of 0.11 [42]. Therefore, the photooxidation
ate of DMA  was diminished in the organic pseudophase.

When Trp photooxidation was studied in AOT reverse micelles,
he disappearance of the amino acid following the behavior showed
n Fig. 10B. A value of kTrp

obs higher was obtained for the reaction
ensitized by TAPP with respect to cationic porphyrins (Table 5).
he value kTrp

obs induced by TMAP4+ diminished in AOT micelles
ith respect to that in water. This effect was also observed
sing a tetracationic zinc(II)tetramethyltetrapyridino[2,3-b:2′,3′-
:2′ ′,3′ ′-l:2′ ′ ′,3′ ′ ′-q]porphyrazinium as photosensitizer [44]. In AOT
icellar system, porphyrins can be located in different microenvi-

onments depending on their structure. Since TMAP4+ has opposite
harges of the surfactant forming the micelle, it is effectively bound
o the AOT anionic micelles head groups [13]. Likewise in the case
f TAPP4+, intrinsic cationic charges could promote electrostatic
ttraction of this cationic porphyrin with the AOT head groups,
voiding direct interaction with the amino acid. However, the
on-charged photosensitizer TAPP can be located in a different
icroenvironment of the micellar interface, which allowed to TAPP

emains a similar photodynamic activity to decompose Trp than
hat obtained in DMF.

. Conclusions

This study provides information on the photodynamic activity of
APP and TAPP4+ in different media. The O2(1�g) production is effi-
iently photosensitized by both porphyrins with ˚� ∼ 0.5 in DMF.
owever, the values of ˚� can significantly change in a different
edium, diminishing mainly when the photosensitizer is partially

ggregated. Decomposition of ABMM,  as O2(1�g) molecule trap,
iminished in water due to the interaction with TAPP and TAPP4+.
his decrease was not as pronounced as that found for TMAP4+,
ue to the presence of an aliphatic spacer between the cationic
roups and the porphyrin ring in TAPP and TAPP4+. In �-CD solu-
ion, photooxidation of ABMM by TAPP and TAPP4+ diminished with
espect to water, probably due to an interaction between ABMM
nd �-CD. In AOT system, all of these porphyrins strongly inter-
ct with the reverse micelles. In this microheterogenic medium,
APP and TAPP4+ have similar photodynamic effect as found for
MAP4+. Photooxidation of Trp sensitized by TAPP4+ was  higher
han TAPP in homogenic media and in �-CD solution. However, the
ehavior was inverted in AOT reverse micelles. In this media, Trp

s dissolved in the water pool avoiding interaction with cationic
orphyrins, which are bound to the AOT anionic micelles head
roups. These results indicate that O2(1�g) production is highly
ependent on the medium where the sensitizer is localized and
ecreases when the sensitizer is aggregated. Thus, photodynamic
roperties of the porphyrins established in solution can be sig-
ificantly modified in the biological microenvironment where the
ensitizer is localized. However, it is expected that of all media
tudied in this work, AOT reverse micelles are best represents a
iological membrane and in this system is where TAPP showed

 higher photodynamic activity in comparison with the cationic
orphyrins. Therefore, TAPP can be a good candidate, even with-
ut intrinsic cationic charges, for the photodynamic inactivation of
icroorganisms.
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