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a b s t r a c t

Photophysical and singlet oxygen (1O2) sensitization processes of Mg-tetrabenzoporphyrin (MgTBP) were
studied upon complexation of the central Mg ion with pyridine. The addition of pyridine affected the
absorption spectrum of MgTBP due to complexation, shifting the Soret absorption peak by as much as
13 nm. Principal component analysis (PCA) was employed to resolve the spectrum of MgTBP from the
mono-ligand and bi-ligand complexes, MgTBP(pyr)1 and MgTBP(pyr)2, respectively. We found that the
quantum yield of singlet oxygen production (˚�) by MgTBP was also affected by complexation of pyri-
dine. In chloroform, toluene, water and SDS micelles the bi-ligand complexes had a higher quantum
yield than MgTBP, by as much as 70%. In those solvents in which the mono-liganded complex was iso-
igand
iposomes
icelles

hotosensitization
rincipal component analysis
yridine

lated, we found that its singlet oxygen quantum yield was higher than that of MgTBP by up to 20%. This
enhancement can be explained by a relatively more efficient intersystem crossing of the complexes. We
also found that MgTBP is capable of intercalating into a non-polar microenvironment of SDS micelles or
lecithin liposomes. The axial pyridine ligands were, however, shed-off when the molecule entered the
lipid bilayer of liposomes while they remained complexed when entering the micelle environment. This
probably arises from the tight and ordered liposomal lipid phase as compared with the more fluid micellar

environment.

. Introduction

Metalloporphyrins have been extensively studied for many years
ecause of their biological, catalytic and photophysical properties
1–3]. Magnesium porphyrins represent a particularly important
lass of metalloporphyrin compounds because of their relevance to
he structure of chlorophyll1 [4]. Numerous metalloporphyrins and

etallophthalocyanines have been studied in the last two decades,
ainly for their photosensitizing capability, based on their efficient

roduction of molecular singlet oxygen (1�g).
One of the earliest metalloporphyrins to be studied was tetra-

enzoporphyrin (TBP) and its Mg and Zn complexes, shown in Fig. 1
omplexed with pyridine. Their complete synthesis was done by
instead almost 70 years ago [5,6]. These molecules possess very
trong and sharp absorption bands, which closely overlap common

aser lines. Therefore they were considered as potential photosensi-
izers for biological and clinical applications [7]. The spectroscopic,
hotophysical, photochemical and photobiological attributes of the
BPs were studied and reported [8–11]. The axial coordination of

∗ Corresponding author at: Department of Physics, Bar Ilan University, Ramat Gan
2900, Israel. Tel.: +972 3 5318427; fax: +972 3 7384054.
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010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2008.11.026
© 2009 Elsevier B.V. All rights reserved.

nucleophilic ligands on the central ion is a typical and characteris-
tic property of metal complexes of porphyrins with planar structure
[12,13]. Mg-tetrabenzoporphyrin (MgTBP) is known to be capable
of binding pyridine molecules as ligands and form such complexes
[8,14]. Cromer et al. have investigated the reaction of pyridine with
a series of metallo-tetrabenzoporphyrins (MTBP, where M = Cd(II),
Zn(II), VO(IV), Cu(II), Mg(II), and Ni(II)). They discovered that
only NiTBP in DMF and MgTBP in benzene bound two pyridine
ligands with apparently different equilibrium constants [15]. A sim-
ilar molecule, bis(pyridine)-(5,10,15,20-tetraphenylporphyrinato)
magnesium(II), was studied by solid state 25Mg NMR, X-ray
crystallography and quantum mechanical calculation [16]. This
study reported that the central Mg ion in this molecule is
coordinated to four pyrrole nitrogen atoms and two nitrogen
atoms from the axial pyridine ligands, forming a regular octahe-
dron.

In this manuscript we report our studies on the binding of pyri-
dine to MgTBP and the stoichiometry of the complexation. We
employed principal component analysis (PCA) to resolve, globally,
the spectra of the various species. We describe the effect of pyri-

dine complexation on the absorption and fluorescence spectra and
on the efficiency of photosensitized generation of singlet oxygen.
We also describe a major difference in the entry of the pyridine
complex of MgTBP into non-polar microenvironments, namely SDS
micelles and lecithin liposomes.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ehren@mail.biu.ac.il
dx.doi.org/10.1016/j.jphotochem.2008.11.026
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ig. 1. Chemical structure of Mg(II)-tetrabenzoporphyrin bipyridine complex,
gTBP(pyr)2.

. Experimental

.1. Materials

Mg2+-tetrabenzoporphyrin (MgTBP) was prepared according to
arrett and Linstead [5,6]. To ensure its purity, the final step in the
rganic synthesis was sublimation of the compound at 450–500 ◦C.
he chemical formula C36H20MgN4, was confirmed by high reso-
ution mass spectrometry. Acetone, dioxane, dimethyl formamide
DMF), ethanol, tetrahydrofuran (THF) and toluene were obtained
rom Bio Lab Ltd. (Jerusalem, Israel). Benzene, dimethyl sulfox-
de (DMSO), pyridine (spectroscopic grade), and sodium dodecyl
ulfate (SDS) were from Merck Chemicals Ltd. (Darmstadt, Ger-
any). Chloroform and diethyl ether were obtained from Frutarom

td. (Haifa, Israel). 9,10-Dimethylanthracene (DMA), formamide,
ethylene blue (MB), l-�-phosphtidylcholine (PC, l-�-lecithin)

ype XIII-E from egg yolk (99%, 100 mg per ml ethanol) and
,10,15,20-tetraphenyl 21H, 23H-porphine (99%) (TPP) were from
ldrich Chemical Company Inc. (St. Louis, MO, USA). Organic sol-
ents were of analytical purity. Water was doubly distilled. Stock
olutions of MgTBP and DMA were prepared in DMSO, at 1 mM,
nd in DMF, at 2 mM, respectively. The spectroscopic measurements
ere carried out at a concentration of 1–3 �M MgTBP and 3–5 �M
MA.

.2. Preparation of liposomes

The lipid was layered at the bottom of a vial by evaporating
he ethanol under a stream of nitrogen. Diethyl ether was added
nd the solution was thoroughly re-evaporated to complete dry-
ess. Water was added to the dried lipid to form lipid concentration
f, usually, 5 mg/ml. The sample was vortexed for 3 min and then
onicated for 20 min, at 4 ◦C, by a probe sonicator (Sanyo-MSE,
rawley, UK) until a clear sample was obtained. This was the stock
uspension of unilamellar liposomes, as confirmed by electron
icroscopy.

.3. General analytical and instrumental techniques
Absorption spectra were measured on a Shimadzu (Kyoto, Japan)
V-2501PC UV–vis spectrophotometer. Fluorescence spectra and

ime-drive traces of fluorescence intensity were recorded on a
erkin Elmer (Norwalk, CT) LS-50B fluorimeter, controlled by FL-
inLab software.
Photobiology A: Chemistry 203 (2009) 7–12

2.4. Evaluation of coordination constants of pyridine to MgTBP

The binding constants for the two steps of pyridine coordination
to TBP, K1 and K2, were evaluated from spectroscopic measurement
of MgTBP in various solvents (at 1–1.5 �M), while it was titrated
with pyridine. At the end of titration the pyridine volume fraction
did not exceed 5%.

Since the absorption spectrum of MgTBP partially overlaps the
spectrum of the molecule with pyridine complexation, we had to
resolve the absorption spectra of the different species. This was
done on a large set of spectra acquired along the titration, by global
analysis, using PCA [17]. PCA involves a mathematical procedure
that transforms a set of correlated variables into a smaller set
of uncorrelated variables called principal components, which are
ordered by reducing variability. The uncorrelated variables are lin-
ear combinations of the original variables. The main use of PCA
is to reduce the dimensionality of a data set while retaining as
much information as is possible. The first principal component
accounts for as much of the variability in the data as possible, and
each succeeding component accounts for as much of the remaining
variability as possible. All principal components are independent
of each other. PCA is carried out under MATLAB (The MathWorks,
Natick, MA, USA) environment. The procedure thus results, in our
studied cases, in three eigen spectra, namely the spectrum of
MgTBP, MgTBP(pyr)1 and MgTBP(pyr)2 as well as the contribution
of each of them to every one of the spectra that were measured and
analyzed. These contributions are the relative fractions of the three
components that were in equilibrium at every pyridine concentra-
tion. We thus obtain the true concentrations of MgTBP, MgTBP(pyr)1
and MgTBP(pyr)2 in each of the measured spectra. These concen-
trations were used to calculate K1 and K2, the association constants
of the first and second pyridine ligand, respectively.

2.5. Singlet oxygen quantum yield (˚�) measurements

The ˚� values were determined in four solvents: chloroform,
toluene, water and SDS micelles, all without and with certain
concentrations of pyridine. The 632.8 nm HeNe laser line was
used for the illumination of MgTBP and its pyridine complexes,
MgTBP(Pyr)n. The laser beam transversed the sample cuvette along
its long axis, at 90◦ to the direction of the excitation and emission
channels of the fluorimeter, in which the cuvette was placed. The
intensity of the beam near the sample’s surface (∼15 mW) was mea-
sured with a laser power meter (model PD2-A, Ophir, Jerusalem,
Israel), before and after the measurements, to ensure that the power
remained constant during the measurement. The sample was air-
saturated and stirred magnetically to obtain uniform illumination
of the whole sample.

The attributes of the samples for the photophysical measure-
ments were as follows. The volume of the illuminated sample was
3 ml. The singlet-oxygen target DMA (at 3 �M) was employed, since
it reacts selectively and rapidly with singlet oxygen (1O2) to form
an endoperoxide (DMAO2) and because it can be followed easily by
its fluorescence, which is not affected by spectral properties of the
sensitizers [18]. The fluorescence of DMA was excited near 360 nm,
at a wavelength where the absorbance was <0.05 optical density
units. Under such conditions the fluorescence intensity, which is
monitored at 455 nm, is proportional to DMA concentration. DMA’s
diminishing fluorescence intensity, which is monitored in a time-
drive mode, can thus be considered to reflect its disappearance
as a result of the photosensitization reaction. The fluorimeter has

a pulsed light source with phase-sensitive detection electronics.
These properties are important as they serve to reject any stray light
from the illuminating laser beam. Its presence, even at high inten-
sity, does not interfere with the measurement of the fluorescence
of DMA.
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The production rate of excited photosensitizer molecules, in
olar concentration units per second, kpho, is given by the following

quation [19]:

pho = 0.98 P(1 − 10(−abs L))
EV

(1)

here P is the laser power (in mW), abs is the optical density per
m of the photosensitizer at the laser’s wavelength, L is the length
f the laser beam path along the sample (in cm), E is the number of
instein units (1 Einstein = 6.023 × 1023 photons) of light energy per
econd per watt of light at the illumination wavelength and V is the
ample’s volume (in ml). The factor 0.98 corrects for light reflection
t the air/sample interface.

The time-drive traces of diminishing fluorescence intensity of
MA were fitted to exponential decays (Eq. (2)) by least-squares
tting (Origin, Microcal Software, Northampton, MA).

MAflu = Ae−kDMA time (2)

here kDMA is the rate constant for the disappearance of DMA’s
uorescence intensity, DMAflu. ˚�,MgTBP(pyr)n

is proportional to
he singlet oxygen quantum yield of MgTBP(pyr)n. (MgTBP(pyr)0 =

gTBP) and is expressed by Eq. (3).

�,MgTBP(pyr)n
∝

(
kDMA

kpho

)
MgTBP(pyr)n

(3)

he singlet oxygen quantum yield, ˚�, of MgTBP(Pyr)n was mea-
ured and calculated by Eq. (4). The destruction of DMA by
hotosensitization with the studied MgTBP species was carried out

n the same solvents as with a standard sensitizer. As standards
or measurements in chloroform and toluene we used TPP, and for
ater and micelles we used MB. The reported singlet oxygen yields
f TPP in chloroform and in toluene are 0.52 and 0.79, respectively
nd for MB in water and micelles are 0.50 and 0.37, respectively
20].

˚�,MgTBP(pyr)n

˚�,ref
=

(kDMA/kpho)MgTBP(pyr)n

(kDMA/kpho)ref
(4)

.6. Estimates of the mean and error for ˚� and for the
oordination constants K1 and K2

The values of ˚� and K were determined by a statistical average
f two or three independent, repeated measurements, based on the
quations below. The average, �, of several measurements, each

ielding a result xi and a measurement error �i, is calculated by Eq.
5) [21]:

∼=
∑

(xi/�2
i

)∑
(1/�2

i
)

, �2
�

∼= 1∑
(1/�2

i
)

(5)

able 1
ocation of the Soret and Q bands of MgTBP before and after coordination with pyridine. n =
f coordination of 2 pyridine molecules, while a shift of 1–3 nm indicates coordination of

olvent MgTBP absorption peaks (nm)
(extinction coefficients × 104) (M−1 cm−1)

cetone 424(32) 627 (9.1)
enzene 429(32) 630(10)
hloroform 428(30) 630 (8.4)
iethyl ether 423(51) 626(14)
imethylformamide 434(26) 628 (0.8)
ioxane 430(29) 627 (6.4)
thanol 431(28) 627 (7.5)
ormamide 430(38) 633 (6.6)
DS micelles 425(13) 630 (3.3)
etrahydrofuran 432(43) 627 (9.3)
oluene 429(35) 627(11)
ater 429 (0.8) 630 (0.6)
Photobiology A: Chemistry 203 (2009) 7–12 9

The uncertainty of this calculated average, ��, is also given in
Eq. (5) [21].

3. Results and discussion

3.1. Absorption and fluorescence spectra

The symmetric structure of MgTBP possesses D4h symmetry
and therefore has full in-plane symmetry, which degenerates the
X and Y electronic transitions [22,23]. The effect of pyridine coor-
dination with MgTBP on its absorption spectrum was investigated
in 11 solvents. The locations of the main Soret bands of MgTBP,
before and after coordination with pyridine, are listed in Table 1. In
some solvents (dimethylformamide, dioxane, ethanol, formamide
and tetrahydrofuran) the location of the Soret band of MgTBP was
at 431–435 nm, and it exhibited a small red-shift, by only 1–3 nm,
upon addition of pyridine. In contrast, in acetone, benzene, chlo-
roform, diethylether, SDS micelles, toluene and water, the location
of the Soret band red-shifted significantly after full complexation
with pyridine, by 12–13 nm, from 423–429 nm to 436–441 nm.

It is important to notice that since the maximum pyridine con-
tent in all the solvents was 5% (v/v), the spectral shifts reflect the
effect of coordination of pyridine rather than its solvatochromic
effect. Such solvatochromic effect is revealed only upon increas-
ing the pyridine content to almost neat pyridine, in which the
Soret band is shifted further to 442 nm, reflecting the absorption
spectrum of MgTBP(pyr)2 in pyridine (see later). As with other por-
phyrins, the location of the Q bands is much less sensitive to the
nature of the solvent or to complexation of pyridine. As can be seen
in Table 1, the location of the Q band differs by only 3 nm between
the abovementioned solvents (627–630 nm) and the addition of
pyridine broadens the band slightly and red shifts it by only 1–3 nm,
as can be seen in Fig. 2.

3.2. Coordination constants of MgTBP with pyridine

The coordination state of MgTBP with pyridine affects the
absorption spectrum, namely the number, location and intensity
of the bands. The changes in the Soret region in a set of absorption
spectra of MgTBP in chloroform and toluene, that was titrated
stepwise with pyridine, was inspected and the results were ana-
lyzed as was done previously by Cromer et al. in benzene [15]
and by Ehrenberg and Johnson in benzene, decane and ethanol
[8]. However, in those studies the absorbance at a single specific

wavelength in the Soret region was traced, while in the present
study we monitored the whole Soret spectral region, using PCA
[17,24]. We have employed this methodology in a previous study
of fluorinated phthalocyanines [19]. PCA provides the minimal
number and the shape of the basic spectra, which comprise, by

1 or 2 is based on the assumption that a large spectral shift, >10 nm, is an indication
one molecule.

MgTBP(pyr)n absorption peaks (nm) (n = 1 or 2)

436 630 (2)
440 632 (2)
440 632 (2)
436 629 (2)
436 629 (2)
433 628 (1)
433 628 (1)
433 633 (1)
439 632 (2)
433 628 (1)
441 630 (2)
439 631 (2)
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ig. 2. Absorption spectra of 1 �M MgTBP (solid line) and MgTBP(pyr)2 (dashed line)
n diethylether and spectra of 1 �M MgTBP (dotted line) and MgTBP(pyr)2 (dashed
otted line) in chloroform.

heir linear combinations, all the measured spectra. It also yields
he concentration fractions of these basic species in each case.
hus, PCA of a whole set of absorption spectra of MgTBP with
ncreasing concentrations of pyridine deconvolutes the spec-
ra of MgTBP, MgTBP(pyr)1 and MgTBP(pyr)2 and provides the
ssociation constants of pyridine to MgTBP, given in Eq. (6):

MgTBP + pyridine
K1�MgTBP(pry)1

MgTBP(pry)1 + pyridine
K2�MgTBP(pry)2

(6)

e chose to study the complexation constants of pyridine to MgTBP
y PCA, in chloroform and toluene, in which this complexation
eads to a large spectral change as a model to other solvents that
howed a similar phenomenon, namely red shifted by 10–14 nm.
gTBP (1 �M) was titrated in these two solvents with pyridine, up

o pyridine concentration of 0.5 M (∼5% by volume). As an example,

ome of the spectra that were measured in toluene are shown in
ig. 3A (solid lines). As can be seen, the Soret band shifted to longer
avelength upon titration with pyridine, as was explained above.
esolution of the spectra by PCA revealed, however, that besides
he basic component spectra with peaks at 428 nm, of MgTBP, and

ig. 3. (A) Absorption spectra of 1 �M MgTBP in toluene at increasing pyridine concen
gTBP(pyr)1 (dotted line) and MgTBP(pyr)2 (dashed dotted line) that were resolved by

yridine concentration. MgTBP (filled black squares), MgTBP(pyr)1 (empty circles) and M

able 2
he location of the Soret band peaks of the three MgTBP species and equilibrium constan

olvent MgTBP Soret band (nm) K1 (M−1) MgTBP(py

hloroform 428 38000 ± 259 430
oluene 429 76000 ± 2880 438
Photobiology A: Chemistry 203 (2009) 7–12

at 441 nm, of MgTBP(pyr)2, another band is observed at 438 nm
(Fig. 3A). The existence of a third species can be anticipated from
the lack of a clear isosbestic point, which would have implied
two components only. Fig. 3B shows the calculated fractions of
the three resolved components, at different concentrations of
added pyridine. As can be seen in this graph, the concentration
of MgTBP vanishes already at a pyridine concentration of 3 mM
while the concentration of the species with the 438 nm band
increases concomitantly. This indicates that this band belongs to
MgTBP(pyr)1. Further increase in pyridine’s concentration leads
to a gradual, slow, decrease in this species’ concentration with
a concurrent increase in the concentration of MgTBP(pyr)2. As
can be seen in Fig. 3B, at 0.14 M pyridine, MgTBP(pyr)2 is almost
the only species that exists. Its extinction coefficient in toluene is
3.50 × 105 M−1 cm−1 at 441 nm and 0.76 × 105 M−1 cm−1 at 630 nm.

A similar two-step process was observed on titration of MgTBP
with pyridine in chloroform. The spectrum is only slightly red
shifted from 428 nm for MgTBP to 430 nm for MgTBP(pyr)1 and
then further to 440 nm, for MgTBP(pyr)2. Its extinction coef-
ficients in chloroform are 5.37 × 105 M−1 cm−1 at 440 nm and
1.02 × 105 M−1 cm−1 at 632 nm. It is possible that the small initial
red shift (2 nm) upon formation of the MgTBP(pyr)1 complex in
chloroform, vs. the larger shift (10 nm) in toluene, arises from sol-
vatochromic effects [25]. Polar chloroform apparently stabilizes, by
solvation, the ground state of the polar MgTBP(pyr)1 species bet-
ter than does non-polar toluene. Therefore the excitation energy
that is required in chloroform is larger than in toluene. It is worth
noticing that molecular orbital calculations have shown that in Mg-
porphyrins that are mono-liganded by pyridine, the Mg atom seems
to come off the plane of the porphyrin ring, while in six coordinated
molecules, with two axial pyridines the Mg atom appears to be back
in the center of the planar porphyrin ring [26].

The concentrations of the three basic components were used to
calculate the equilibrium constants of the pyridine binding reac-
tions, shown in Eq. (6). The constants are given in Table 2. As can
be seen in this Table, the complexation of the first pyridine axial

ligand is strongly favored, having a very high binding constant. The
high constant in toluene means, for example, that already at 100 �M
pyridine about 90% of MgTBP exists as the MgTBP(pyr)1 species.

Our calculated coordination constants of MgTBP, K1 and K2, dif-
fer from each other by ∼3 orders of magnitude, in toluene and in

trations up to 0.5 M (solid lines) and normalized spectra of MgTBP (dashed line),
PCA. (B) Calculated fractions of the three species at equilibrium, as a function of

gTBP(pyr)2 (empty triangles).

ts for the coordination reactions of pyridine, in chloroform and toluene.

r)1 Soret band (nm) K2 (M−1) MgTBP(pyr)2 Soret band (nm)

6.0 ± 0.2 440
145.0 ± 2.5 441
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Table 3
Singlet oxygen quantum yield, ˚� , of MgTBP, MgTBP(pyr)1 and MgTBP(pyr)2 in chloroform, toluene, water and SDS micelles.

Solvent ˚�,MgTBP ˚�,MgTBP(pyr)1

˚�,MgTBP(pyr)1
˚�,MgTBP

˚�,MgTBP(pyr)2

˚�,MgTBP(pyr)2
˚�,MgTBP

C
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h
t
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s
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a
M

hloroform 0.47 ± 0.01 0.58 ± 0.01
oluene 0.15 ± 0.01 0.17 ± 0.01
ater 0.69 ± 0.10

DS micelles 0.19 ± 0.01

hloroform. These results are consistent with the results of Ehren-
erg and Johnson in benzene [8]. Interestingly, an early study
as reported that the magnesium complexes of similar molecules,
etraphenylporphine and tetraphenylchlorin, form dipyridinate
omplexes, while other metal cations form only monopyridine
omplexes [27]. This report has also estimated the first binding con-
tant, K1, to be 2000–4000 M−1 and K2 as 0.5–0.9 M−1, both about
0 times lower that our measured binding constants for MgTBP.
amauchi et al. have demonstrated for one of the abovementioned
olecules, MgTPP, that the binding constant of the second pyridine

igand, K2, is much higher in the S1 excited state than in the ground
tate, 8.5 M−1 vs. 0.65 M−1 [28].

Satake and Kobuke showed in their review that the solvent has a
ramatic effect on the binding constant of a pyridine to ZnTPP [29].
e assume that in the solvents in which the red shift by pyridine
as 12–13 nm (acetone, benzene, diethyl ether and SDS micelles)

here are also 2 coordination states similar to those in chloroform
nd toluene. Similarly, we assume that in the solvents in which
he red shift was only 1–3 nm, namely DMF, dioxane, ethanol, for-

amide and THF, only mono-coordination with pyridine exists, as
as shown previously in ethanol [8]. In such solvents there is a
ossibility of mixed complexes, namely pyridine-Mg-solvent. Such
pecies have been shown to exist in some porphyrin iron(II) com-
lexes [30]. This can explain the fact that only one-step of pyridine
oordination is observed in these solvents and, as a result, the small
pectral shift.

.3. Singlet oxygen quantum yield of MgTBP(pyr)n species

There is a growing interest in developing photosensitizers which
re more efficient than the known first- and second-generation
ensitizers. MgTBP has the advantage of possessing very strong
bsorption bands and was indeed found to photosensitize the pho-
odamaging of bacterial and animal cells [7]. In the present study
e were interested in the effect of pyridine complexation on the
roduction efficiency of singlet oxygen as a model to other bio-

ogical systems. We measured the singlet oxygen yields of MgTBP,
gTBP(pyr)1 and MgTBP(pyr)2 in a few solvents. The yield of inter-
ediate MgTBP(pyr)1 was evaluated after adding 0.003 M and

.008 M pyridine in toluene and chloroform, respectively. At these
oncentrations PCA analysis has indicated that the composition of
he three species in equilibrium, namely MgTBP, MgTBP(pyr)1 and

gTBP(pyr)2 was 1:87:12 in chloroform and in toluene, thus the
onocomplex MgTBP(pyr)1 was at optimal concentration. To mea-

ure the yield of MgTBP(pyr)2 we added 0.5 M pyridine (∼5%, v/v
yridine/solvent). At this concentration the major species is (more
han 98%) MgTBP(pyr)2. As can be seen from the quantum yields in
able 3, coordination with pyridine increases significantly the sin-
let oxygen quantum yield of the complex in comparison to that
f bare MgTBP, in the same solvents. The relative enhancement of
inglet oxygen quantum yield by MgTBP(pyr)n is between 10%, in
oluene for MgTBP(pyr)1, up to 70% in chloroform for MgTBP(pyr)2.

n these two solvents it is evident that MgTBP(pyr)1 is also a better
roducer of singlet oxygen than ligand-free MgTBP.

This study appears to be the first indication that the axial lig-
nd affects the photosensitizing capacity of a sensitizer molecule.
gTBP(pyr)2 can be a potential photosensitizer for PDT, based on its
1.24 ± 0.05 0.80 ± 0.01 1.7 ± 0.3
1.10 ± 0.10 0.21 ± 0.02 1.4 ± 0.1

1.10 ± 0.20 1.6 ± 0.4
0.24 ± 0.01 1.3 ± 0.1

good efficiency. This complex can serve as a model for other metal-
loporphyrins that could be chelated by coordination with an organic
base, such as the amino acid histidine. The effect of such complexa-
tion should be tested as a means of enhancing the photosensitized
killing of cancer and bacterial cells.

3.4. Partitioning of MgTBP and its pyridine complex into
microenvironments

We studied the binding of MgTBP and MgTBP(pyr)2 to unilamel-
lar liposomes. A sample of 1.3 �M MgTBP in water, and another
sample that contained 1.3 �M MgTBP and 0.9 mM pyridine in water,
conditions that favor the formation of MgTBP(pyr)2, were dis-
persed in a suspension of lipid, at a relatively high concentration of
1 mg/ml. At these low concentrations, the absorbance of MgTBP was
linear with concentration, thus showing no signs of aggregation.
The sample was left over night on a shaker. Both samples exhibited
at the end identical absorption spectra, with the major bands at 429
and 629 nm. The spectrum differed from the original spectrum in
water in the intensity and width of the ∼429 nm band and in the rel-
ative intensity and location of the band around 410 nm. In addition,
when pyridine was added (up to 5% volume) to the sample con-
taining MgTBP in liposomes, no spectral change was observed. We
conclude that MgTBP enters the lipid phase, but MgTBP(pyr)2 does
not penetrate into it and it does not form in the lipid phase. In order
to clarify the reason for MgTBP shedding off its axial pyridine lig-
ands when partitioning into lipid bilayer we studied its partitioning
into micelles. Micelles composed of sodium dodecyl sulphate (SDS)
are used extensively as a model to investigate the effect of hetero-
geneous environments and microenvironment on photophysical
properties of photosensitizers. We measured the absorption spec-
tra of MgTBP and MgTBP(pyr)n in water solution containing SDS at
a concentration of 20 mM, higher than the critical micelles concen-
tration in water, 8 mM [31,32]. The absorption spectrum of MgTBP
shifts, from 429 nm, its peak location in water, to 425 nm, when SDS
micelles are added. When SDS is added into an aqueous solution of
MgTBP(pyr)2, or when pyridine is added to MgTBP in SDS micelles,
the Soret spectral peak red-shifts to 439 nm. Thus, the pyridine
complex of MgTBP does partition into the micellar microenviron-
ment. We attribute its lack of solubility in a lipid bilayer membrane
of liposomes to a steric hindrance which precludes proper inter-
calation of this bulky molecule in the tight, highly ordered, lipid
bilayer. The equilibrium that exists between the pyridine complex
and pyridine-free MgTBP thus shifts the equilibrium, in the pres-
ence of liposomes, to the formation of free MgTBP, which is taken
up by the lipid phase.

4. Conclusion

We report the strong effects of complexation of pyridine to
MgTBP on the electronic absorption spectrum, on singlet oxygen
quantum yield and on partitioning into amphiphilic microenviron-

ments. A significant enhancement of singlet oxygen quantum yields
of MgTBP(pyr)2 and MgTBP(pyr)1, in comparison to MgTBP, was
observed. We also show that the coordination constant of the first
pyridine is approximately three orders of magnitude higher than
for the second pyridine coordination, in chloroform and toluene.
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