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Introduction

There has been a growing interest in the use of porphyrins
and related compounds as therapeutic drugs in important
areas such as cancer detection, as photosensitizers in photo-
dynamic therapy,[1] or as catalysts in oxidation processes.[2]

Biological effects of porphyrins largely depend on their
physicochemical properties and may involve mechanisms of
membrane penetration or plasma–protein binding.[3] Howev-
er, porphyrins are usually introduced into the blood as rela-
tively concentrated solutions the activity of which may di-
minish, or that may cause adverse effects due to spontane-
ous aggregation processes.[4] In this context, water-soluble

porphyrins are interesting because their self-aggregation can
lead to defined ordered structures if the selective noncova-
lent interactions are carefully controlled.[5] A variety of such
self-assembled organizates gives a structure that can be clas-
sified as J- and H-type aggregates corresponding to the lim-
iting cases of parallel monomeric units stacked edge-to-edge
or face-to-face, respectively. In particular, the anionic por-
phyrin meso-tetrakis(p-sulfonatophenyl)porphyrin sodium
salt (TSPP) was reported to self-aggregate under certain
conditions of concentration, low pH, and/or high ionic
strength.[6] The structure consists of in-line homoassociated
arrays and it is stabilized through a hydrogen bond network
acting between the anionic sulfonate groups and the charged
protonated nitrogen atoms.[7]

The size and shape of the J-aggregate structures have
been estimated from light scattering experiments (small-
angle X-ray scattering (SAXS);[8] dynamic light scattering
(DLS);[9] resonance light scattering (RLS)[10]). Evidence for
rod-like aggregates with ~104 molecules along the principal
axis and 20 molecules across the diameter was given along
with a structure described in terms of fractal geometry.[11]
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AFM images of TSPP J-aggregates coated on silicon sub-
strates also showed that stripe-like clusters located on the
surface have lengths similar to those estimated by DLS.[12]

The aggregation numbers (N) compare relatively well with
those reported using spectroscopic techniques N=11–
26.[6a,13] The kinetics of the aggregation process can also be
deduced by using absorption spectroscopy that can differen-
tiate clearly between monomeric and aggregated species.[14]

Recently, it was reported that these aggregates could be
promoted in the presence of template agents such as surfac-
tants,[13, 15] proteins,[16] and dendrimers.[17] In the present
study, we aimed to extend our earlier work on protein–por-
phyrin complexation and induced self-aggregation of por-
phyrins in aqueous solution (see Results) to reverse mi-
celles, that represent a useful alternative microheterogene-
ous medium.

Reverse micelles (RM) are stable dispersions of water in
nonpolar solvents and have been used extensively as biologi-
cal membrane models to aid in the understanding of mem-
brane chemistry.[18] By far, the most common system used in
RM studies is the ternary mixture consisting of the anionic
surfactant sodium bis(2-ethylhexyl)sulfosuccinate (AOT)/
nonpolar-solvent/water, formed at concentrations above
1 mm.[19] These RM have the ability to solubilize large
amounts of water and form spherical monodisperse droplets
that do not vary with dispersed-phase volume fraction and
temperature.[20] The entrapped water influences RM radius,
shape, and polar headgroup packing.[21] Therefore, the pa-
rameter w0, w0= [water]/[AOT], has been used to describe
these systems and was shown to be directly proportional to
the micellar radius.[19a] FTIR and NMR spectroscopy indi-
cate that water molecules solubilized inside small micelles
(w0�7) are in contact with and bound to the polar head-
groups of AOT, thus inhibiting their ability to form hydro-
gen bonds as found in bulk water.[22] Solvation dynamics
also showed that water inside the smallest micelles is immo-
bilized, but a bulk-like component appears as water is
added and a water core forms.[23]

The role of water-in-oil (w/o), RM, or microemulsions as
nanoreactors and the interactions with several water-soluble
porphyrins and cyanines was explored[15b,24] and could be a
means to control the size of nanoparticles. In this context,
we studied the role of spatial confinement and size of the
AOT RM on the aggregation pattern of TSPP and on
TSPP–protein interaction at two different pH conditions, at
porphyrin concentrations where aggregation in water does
not occur. We discuss the complex spectroscopic variation
found upon changing the water amount in terms of J- and
H-type aggregates and correlate this with time-resolved
fluorescence data. Data are further compared with that ob-
tained with the positively charged meso-tetrakis(N-methyl-
pyridinium-4-yl)porphyrin (TMpyP). In contrast to TSPP,
we do not detect aggregation of the TMpyP porphyrin
either by the protein or encapsulation in AOT RM.

Results

TSPP–protein interaction in aqueous solution

We have shown in previous studies that drug-carrier pro-
teins such as HSA (submicromolar amounts) and bLG (mi-
cromolar amounts) could act as templates for the formation
of TSPP J-aggregates in acidic solutions (pH 2, where TSPP
has a zwitterionic nature (I), see Scheme 1), but not under

neutral pH conditions (tetraanionic free-base porphyrin (II),
see Scheme 1).[16b] These were characterized spectroscopical-
ly by the appearance of two new absorption bands (see
Table 1) at 490 nm (B-band) and at 705 nm (Q-band), as
well as by the induction of a circular dichroism (CD) signal
at those wavelengths, and a dependence on the excitation
and emission wavelengths. Increasing amounts of both pro-
teins leads to a new spectroscopic pattern attributed to the
formation of a complex porphyrin–protein with relatively
high binding constants, KB~3–5O106m�1 and where electro-
static interactions prevail. The interaction with HSA result-
ed in a Soret band at 420 nm independent of solution pH,
that is, blue-shifted compared with the diprotonated mono-
mer (from 434 to 420 nm) and red-shifted compared with
the free-base TSPP (from 413 to 420 nm), whereas in the
presence of bLG the peak shifts (~3 nm) to lower energy
relative to the free-base TSPP. Fluorescence quenching of
Trp residues of these proteins indicated different locations
for TSPP and suggested a mechanism of efficient energy
transfer from Trp amino acids to the porphyrin. The type of
energy transfer may be derived from the value of R0, that is,
the critical distance at which energy transfer to the acceptor
and spontaneous decay of the excited donor are equally
probable.[25] The value obtained, R0~56 P, suggests a long-
distance Forster-type resonance energy transfer (FRET) and
stresses the importance of FRET as a tool to determine the
spatial distribution of interacting molecules.

TSPP in AOT reverse micelles at variable water content, w0

“pHext”=2 : Solubilization of TSPP in AOT reverse micelles
in the absence of water was not possible. At very low w0,
w0=3, a substantial blue-shift was detected for the Soret

Scheme 1. Acid–base equilibrium of TSPP in aqueous solution.
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band to 402 nm compared with free aqueous solution, Fig-
ure 1A.

The deconvolution of the Soret band using a sum of
Gaussian functions shows the contribution of two bands
with maxima at 405 and 419 nm. The latter resembles that

obtained for TSPP in DMSO indicating the existence of por-
phyrin monomers in a hydrophobic environment, most
likely the AOT RM interfacial region. As the amount of
water increases, a new band at around 490 nm appears that
increases monotonically. This is followed by a concomitant
red-shift of the Soret band that at the highest water content
studied (w0=50) approaches that found for the absorption
in water, which suggests that the probe is located near the
water pools. Nevertheless, the Soret band shows a much
broader band with two maxima at ~420 and 434 nm, that to-
gether with an ill-defined isosbestic point, indicates the exis-
tence of multiple species.

We see significant changes in the fluorescence emission
spectra at the different w0 values studied, Figure 1B. At low
water content (w0<10), TSPP fluorescence spectra (lexc=
420 nm) show two well-defined vibronic bands, similar to
those found in organic solvents.

Since TSPP is insoluble in AOT/isooctane at the concen-
tration used, the spectra should reveal information about
the aqueous interior of the RM but the bands were red-
shifted comparatively to free aqueous solution. As the water
was increased up to w0=10 an important fluorescence
quenching occurred (~80%), see Figure 2A, with a small
plateau between w0=6–7 that corresponds to the appear-
ance of free water molecules. At higher water contents,
global fluorescence quantum yields increased again (~65%),
but to values (�f~0.05) below that obtained in acidic aque-
ous solution (�H2O

f ~0.14). This was followed by changes in
the emission spectra which became less-structured with the
main band appearing at ~672 nm at w0=50 (approaching
the value obtained in water).

Emission spectra were not dependent on excitation wave-
length (420 or 495 nm) up to w0=10. As we increased the
w0 value a prominent wavelength-dependent band centered
at 718 nm developed that we might attribute to TSPP J-ag-
gregates. Excitation spectra data (not shown) indicated that

Table 1. Absorption and fluorescence emission maxima [nm] of TSPP (1 mm) in some of the studied systems together with data from the literature.

w0 Absorption maxima Emission maxima
Soret J-agg Qy Qx J-agg

3–6 402 493[b] 518 555 594 653 703[b] 660 723
7–9 405 (415)[a] 491.5 – – – – 705 658 716.5

pHext=2 10 420 491 – – – – 705 657 713
20–50 423.5 490 – – – – 706 672 (718)[c] 716
water 433.5 – – – 593 644 – 674 –

3–10 405 – 520 557.5 591.5 651.5 – 658 721
15 408 – 520 558 590 649.5 – 658 718.5

pHext=7 15+HSA 420 (405)[a] – 519 553.5 591.5 649 – 653.5 719.5
40 412.5 – 519 556 582.5 646 – 655 710

water 412.5 – 515.5 552.5 579 633 – 648 708

DMSO[d] 419 – 514.5 550 591 645.5 – 652 718
HSA, R=0.1[e] 420 489 515 550 591 648 704 655 718
TTAB[f] 416.5 490 512 546 587 642 705 652 719
Triton X-100[g] 417.5 – 513 548 588 644 – 651 717
PAMAM[h] 408 – 521.5 558 595.5 651.5 – 667 728

[a] Shoulder. [b] For w0=5. [c] lexc=495 nm. [d] [TSPP]=4 mm. [e] R= [HSA]/[TSPP]. [f] TTAB/heptane–chloroform w0=15, “pHext”=2. [g] Triton X-
100/cyclohexane–hexanol/water, w0=16, “pHext”=2. [h] PAMAM dendrimers generation 4, [dendrimer]/[porphyrin]=0.075, “pHext”=7.[17a]

Figure 1. A) Absorption and B) fluorescence emission spectra of TSPP (~
1 mm) encapsulated in AOT RM at different w0 : a) 3; b) 5; c) 9; d) 20;
e) 30; f) 40; and g) in free aqueous solution (multiplied by 0.6); pH 2;
[AOT]=0.1m ; lexc=420 nm; optical density values are multiplied by 10.
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fluorescence emission at both 640 and 720 nm at w0=10
comes almost exclusively from the monomeric species in the
less-hydrophilic region.

Fluorescence lifetimes were obtained upon excitation at
420 nm and read at 650 nm. Under these conditions the
decays could only be analyzed by using a sum of two expo-
nentials. We attempted global fitting and determined two
quite distinct lifetimes: t1=3.58 ns and t2=12.54 ns, Fig-
ure 2B.

Under similar experimental conditions, a single exponen-
tial of t=3.83 ns[16b] was obtained for TSPP in aqueous
acidic solution. The lifetime associated with J-aggregates
was reported to be in the picosecond range (50 ps)[13] and
lies outside our equipment detection range. The shorter
component can be assigned to the monomer in acidic
medium; the contribution increases with w0 in agreement
with the spectroscopic data presented. The long lifetime has
already been obtained for TSPP in solvents such as
DMSO[16b] when interacting with human serum albumin, in
Triton X-100 surfactant aqueous micelles,[13] and in the pres-
ence of PAMAM higher-generation dendrimers.[17b] A
common interpretation of this lifetime was given suggesting
a more hydrophobic environment for TSPP.

“pHext”=7: The global charge on the TSPP changes from a
dianion at pH 2 to a tetraanion at pH 7 (pKwater

a �4.8). At
this pH, the TSPP absorption spectrum showed the common

characteristics of other free-base porphyrins, exhibiting fea-
tures of D2h symmetry, with the Soret band centered at
413 nm and four quasiallowed Q-bands. By contrast with the
single-band emission spectrum obtained in acidic medium,
we found two well-defined emission bands with maxima 648
and 708 nm, see Table 1.

The incorporation of TSPP in AOT reverse micelles was
only achieved at w0=3 (the hydrodynamic radius of the
AOT RM is approximately twice that of the porphyrin) and
at the lower w0 (w0<7) the absorption and emission spectra
resemble those obtained at pHext=2, that is, no longer de-
pendent on pH, Figure 3A.

The increase in water content led to an increase in ab-
sorbance in the Soret band region followed by a concomi-
tant red-shift and band narrowing. At the highest studied
w0, w0=40, the spectrum showed a similar Soret maximum
around 412 nm although with a broader band (fwhm ~
1250 cm�1) than in aqueous solution (fwhm ~850 cm�1).

Furthermore, the absence of an isosbestic point indicated
the presence of more than two species in the micellar
system, and possibly a distribution. The fluorescence ob-
tained upon excitation at 425 nm, Figure 3B, shows two
well-defined bands whose intensity gradually increases as

Figure 2. A) Global fluorescence quantum yield of TSPP encapsulated in
AOT RM (*) and fluorescence intensity ratio of the two band maxima
(~) at different w0 ; B) Preexponentials associated to the shorter compo-
nent of TSPP fluorescence lifetimes A1 (*) and fluorescence mean life-
time, hti (D) obtained by global analysis fitting. lexc=420 nm and lem=

650 nm; (pH 2; [AOT]=0.1m).

Figure 3. A) Absorption and B) fluorescence spectra of TSPP encapsulat-
ed in AOT RM at different water content, w0=3 (bold black); w0 = 40
(bold grey), and water (dotted line); pH 7, [TSPP]=1 mm ; lexc=425 nm).
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they shift to the blue with peaks changing from ~658 and
722 nm to 655 and 710 nm, respectively, still red-shifted rela-
tively to those obtained in free water.

The fluorescence decay of the monomer in aqueous solu-
tion at pH 7 is monoexponential with tf=9.80 ns (lexc=
420 nm and lem=650 nm).[16b] Higher values were reported
in nonbuffered solutions (10.3 ns),[17b] as well as lower values
(9.3 ns)[13] but at higher concentrations of the porphyrin (10–
50 mm). The decay curves obtained for TSPP in this study
upon encapsulation at all studied w0 were fitted globally: a
major component with a decay time of 12.8 ns (t1) similar to
that already obtained at pH 2, and another with 7.93 ns (t2)
were found. The pre-exponential factor ai, that gives the
population of fluorophores with the correspondent lifetime
ti, indicates that major changes occur at w0�10, where a1
drops from ~97 to ~50% with the reciprocal increase in a2.
Further increase in water amount leads to an a2 increase up
to ~70%. Based on the spectroscopic data one would be
tempted to assign the longer and major component at lower
w0 to the H-aggregate responsible for absorption ~400 nm.
A biexponential decay with lifetimes of 9.20 ns (90%) and
of 1.5 ns was reported for TSPP H-aggregate in CTAB/
water systems and a lifetime value of 9.26 ns for the mono-
mer in solution given.

Protein–TSPP in AOT reverse micelles

pHext=7: Protein (HSA or bLG) addition to a solution con-
taining TSPP in AOT RM at a fixed value of w0 (w0=15)
causes a bathochromic effect in the absorption Soret band
with a maximum at 408 nm and the appearance of a should-
er around 420 nm that becomes the new band maximum at
high protein concentrations, Figure 4A, similar to the spec-
tra obtained for TSPP–HSA complex in water.[16b] No iso-
sbestic points were found upon protein addition. By con-
trast, in fluorescence spectra two isoemissive points were de-
tected, Figure 4B, which enable the assignment of two spe-
cies in equilibrium. A blue-shift in the first vibronic band
occurs accompanied by an increase in intensity and spectral
narrowing that suggest a deaggregation process induced by
the presence of the protein, although somewhat weaker (Kb

�0.5�0.2O106m�1) than in free aqueous solution.

pHext=2 : We tested for the presence of protein in solutions
of TSPP/RM at two extreme water contents, w0=5 and 30
(see Figure 5). Since in AOT RM both aggregation types
are promoted a priori by the encapsulation, the protein
effect is less notorious than in aqueous solution. At the
lower water concentration, the absorbance of the Soret
band (together with a 3 nm red-shift) and of that concerning
J-aggregates increased (Figure 5A). Upon excitation at
400 nm, TSPP fluorescence increases greatly with no appar-
ent shift (max ~657 and 721 nm) but with a slight spectral
narrowing, Figure 5B. The presence of protein promotes J-
aggregation at the expense of H-aggregates.

At w0=30, J-aggregation already prevailed in the absence
of the protein and increased with the protein addition up to

0.05 mm, Figure 5C. Further addition of protein leads to
deaggregation as implied by the decrease in the fluorescence
intensity ratio collected for the monomer diacid TSPP peak
and at the J-aggregate fluorescence peak (Figure 5D). A
weaker binding (Kb�0.1�0.1O106m�1 at w0=5 and Kb�1�
1O106m�1 at w0=30) is obtained in AOT RM than in aque-
ous solution that may arise from changes in the protein con-
formation;[26] this affects the binding site for TSPP (more
important at low w0) and/or to competition with aggregation
promoted by the AOT RM. The high concentration of elec-
tric charges within these RM may also contribute to a
weaker binding.

CD data : Similarly to water, in the absence of the protein
no CD signal was obtained in the visible region (350–
550 nm) for TSPP at pHext=7 in AOT RM. At pHext=2 the
CD signal intensity depended on w0 : for w0�5 there was no
apparent signal in this spectral region, and we only detected
signals for w0>8 that increased in intensity upon water addi-
tion (an exciton couplet centered at 491 nm and another
centered at 420.5 nm). Bisignate CD signals obtained both
at ~490 and ~420 nm show that both transitions are degen-
erate. While in the presence of bLG in water (inset Fig-
ure 6A) both signals (491 and 420.5 nm) are of comparable
intensity, in the case of AOT RM at w0=30, the signal in
the red region is approximately five times greater as com-

Figure 4. Protein effect on the A) absorption and B) fluorescence of
TSPP in AOT RM at w0=15 and pH 7 ([TSPP]=1 mm ; [HSA]=0 (black
bold), [HSA]=4.5 mm (grey); lexc=425 nm).
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pared to that in the blue spectral region. This could mean
that different chiral environments are provided by AOT
RM and proteins or that the J-aggregate arrangement in-
duced by both systems is geometrically distinct. The order
of the bands, namely positive at long wavelength and nega-
tive at short wavelength, is indicative of a right-handed ori-
entation of the adjacent units.

Similar experiments were performed at w0=30 in the
presence of increasing amounts of protein (HSA or bLG),
Figure 6B. The signal was more intense for bLG compared
with HSA and it increased until [bLG]=0.2 mm (or until
[HSA]=0.1 mm) above which a steep decrease occurs in the
presence of bLG whereas for HSA a smooth one was de-
tected. We also saw differences between each protein in the
blue region (positive band at 428 nm and negative band at
417 nm): the signal followed a similar pattern to that in the
red region in the case of bLG while a concomitant increase
was always observed for HSA. Moreover, in an aqueous so-
lution of free-base TSPP (pH 7) containing HSA, no signal
was detected in the 490 nm region, as expected, but a weak
signal (=�1 mdeg) was induced at ~420 nm that we as-
signed to TSPP in a chiral binding site of the protein.

TMpyP–protein interaction

The electrostatic nature of these interactions was also inves-
tigated by using a free-base porphyrin positively charged in
water and in AOT RM.

In water : Absorption and fluorescence spectra of TMpyP in
the presence of different concentrations of bLG in water,
Figure 7, resulted in considerable changes; this indicates
that the environment of TMpyP alters upon protein binding.
A systematic red-shift of the Soret absorption band clearly
implied binding of the dye. In general, excited states arising
from p–p* transitions such as the Soret transition are ex-
pected to decrease in energy as the solvent becomes increas-
ingly hydrophobic, as a consequence of the large dipole
moment associated with the p–p* excited state. It has been
proposed that even in the presence of concentrated inorgan-
ic salts, TMpyP exists as a monomer due to delocalization of
the positive charges at the periphery onto the porphyrin
ring resulting in electrostatic repulsive forces.[27]

Figure 7B shows that the fluorescence spectrum of
TMpyP in water changed from a nonstructured emission
band (lmax~720 nm) to two vibrational resolved emission
bands (lmax~660 and ~720 nm) on increasing the bLG con-
centration in a similar manner to those obtained in nonprot-

Figure 5. A, C) Absorption and B, D) fluorescence spectra of TSPP in AOT RM in the presence of increasing amounts of protein (A, B) bLG at pH 2
and w0=5; (C, D) [HSA]=0.01–0.24 mm at pH 2 and w0=30 (lexc=420 nm, [TSPP]~2 mm). Inset: Figure 5D: Dependence of the fluorescence intensity
ratio in the monomer/aggregate maxima of TSPP on protein concentration.
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ic or apolar solvents.[27, 28] These bands are consistent with p–
p complex formation between bLG local residues and the
porphyrin since complexation is expected to exclude water
molecules from the solvation shell of the porphyrin, thus re-
sulting in effective dielectric changes, similar to those re-
ported for interaction with CT-DNA and DNA nucleoti-
des.[29]

Fluorescence decay of TMpyP in water could only be
fitted to biexponential functions. We detected a third com-
ponent upon addition of bLG that increases in weight at the
expense of the other two components and seems to confirm
the presence of a TMpyP–bLG complex. The origin of the
other two components is controversial according to the liter-
ature concerning the possibility of TMpyP aggregation.[30]

Recent data related these two components with the high af-
finity of this porphyrin for surfaces.[27] In the presence of
methanol, surfactants, or upon increase of temperature, or
dilution of aqueous solutions below 10�7

m, the single almost
structureless fluorescence band resolves into the usual two
well-resolved vibrational bands. These changes were attrib-
uted to an intramolecular mechanism involving mixing be-
tween the S1 excited state and a nearby higher CT state,[27]

the amount of mixing being greatly influenced by solvent

polarity thus disproving the TMpyP self-aggregation hypoth-
esis.

From both absorption and fluorescence data, a binding
constant K~ (2.30�0.05)O104 can be deduced from Equa-
tion (1):

½porphyrin�b ¼ ½porphyrin�max
ðK½porphyrin�fÞn

1þðK½porphyrin�fÞn
ð1Þ

where b and f refer to the bound and free porphyrin, K is
the equilibrium binding constant, and if there is cooperativi-
ty in the binding process n expresses the system heterogene-
ity, (n varied between 0.89�20; for n=1 we apply the usual
ScatchardSs equation). The binding constant for the cationic
porphyrin is weaker than for the anionic one (K~3O106)
and is independent of pH. While the total charge of TMpyP
is 4+ at all pH values tested, the TSPP macrocycle ring de-
protonates at pH~4.8 (changing the TSPP global charge
from 2� at pH 2.0 to 4� at pH 7.0, see Scheme 1). The bind-
ing depends on the conformational structure of the sites and
their accessibility that in turn may be affected by the pro-
tonation of local residues (like aspartate and glutamate).
TMpyP binding seems to be unaffected by these conforma-
tional changes that on the one hand suggests that TMpyP is
located on an external binding site such as TSPP but on the
other points to a more important role of hydrophobic inter-

Figure 6. A) Induced CD spectra of TSPP 1) in the absence of protein
and in the presence of 2) HSA 0.1 mm ; and 3) bLG 0.1 mm, in AOT RM
(“pHext”=2 and w0=30) in the absorption region of the complex and J-
aggregate. Inset: CD spectra of TSPP in aqueous solution (pH 2) contain-
ing 0.1 mm bLG (black line) and 0.05 mm HSA (grey line). B) Dependence
of the TSPP CD signal at 486 nm on protein concentration (&) HSA/
water; (*) HSA/AOT; (^) bLG/water; (~) bLG/AOT RM. [TSPP]=
2 mm.

Figure 7. A) Absorption and B) fluorescence emission spectra of TMpyP
(2 mm) in aqueous solution (pH 6) in the presence of increasing concen-
trations of bLG = 0 (black bold); bLG = 20 mm (grey bold); exc=
518 nm; optical density values are multiplied by 10.
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actions in the case of TMpyP while electrostatic interactions
dominate for TSPP.

Binding of substrates to proteins can often cause quench-
ing of the intrinsic Trp fluorescence.[16b,31] Addition of
TMpyP (2–10 mm) to bLG in water resulted in saturable,
concentration-dependent quenching of the Trp fluorescence
and an increase in the TMpyP fluorescence at 715 nm. We
were able to estimate the intrinsic dissociation constant for
binding, Kd and the maximum quenching reached at satura-
tion, DFmax, by fitting the quenching data to Equation (2)
representing different binding sites with some degree of in-
teraction, where n is the Hill coefficient (the measure of co-
operativity of the interaction).[32]

DF
F0

¼ ðDFmax=F0Þ½porphyrin�n
Kdþ½porphyrin�n ð2Þ

The errors and statistical significance were determined as
described elsewhere.[16b] The value of Kd~40 mm (K~2.5O
104) for a DFmax~103%, inset Figure 8, is similar to that ob-

tained using the absorption or fluorescence of TMpyP in the
presence of bLG. Thus, Trp residues within bLG are sensi-
tive to TMpyP binding and, in contrast to TSPP binding at
pH 2, quenching data quantitatively suggests such binding
affinity is probably due to the fact that some TSPP is aggre-
gated while aggregation does not seem to occur with
TMpyP. Fluorescence lifetime measurements were also per-
formed confirming the existence of both static and dynamic
quenching.

In AOT microemulsions : TMpyP exhibits vibrational well-
resolved fluorescence spectra in AOT microemulsions at dif-
ferent w0. Comparing TMpyP fluorescence in pure sol-
vents[27] one may infer that TMpyP partitions between the
interface and the water-pool showing evidence of only a
small increase in intensity upon w0 increase. Addition of
bLG induces a decrease in the intensity ratio Iblue/Ired of the

other two bands that can be related to the porphyrin being
located in a less-polar environment.

Fluorescence quenching of Trp was also detected at both
w0=5 and w0=30 after addition of TMpyP. By using Equa-
tion (2) once again it was possible to obtain the dissociation
constant and DFmax under those conditions. The quenching
process is, thus, more efficient at w0=30 although less than
for that in pure water, but the binding seems to be stronger
at this w0. The cooperativity of the process differs at w0=30
(n=1.9) in comparison to w0=5 or water (n~0.83) that
could be linked to changes in the nature of prevailing elec-
trostatic/hydrophobic interactions.

Quenching could arise by a direct interaction (static) or by
FRET, due to the extensive overlap between the porphyrin
absorption and Trp emission spectra. However, FRET leads
to shorter Trp lifetime residues. Fluorescence lifetime mea-
surements of bLG in the presence of TMpyP showed only a
minor decrease in both tF at the two studied w0. At first, these
results suggest that quenching by TMpyP may take place by a
direct static binding mechanism. However, given the signifi-
cant quenching obtained, it seems more reasonable to propose
that direct binding is only possible for one of the Trp residues
and that the other Trp is close enough to TMpyP that effec-
tive energy transfer may occur. Thus, this residue would be
completely quenched by FRETwhile the other would contrib-
ute to the fluorescence with an almost unchanged lifetime.
The R0 value calculated[25] for the Trp–TMpyP complex was
40 P and a �20 P center-to-center distance and does not
allow us to select a certain preferential binding site for
TMpyP on bLG. Nevertheless, the R0 value is comparable to
that in free water and seems to confirm an heterogeneity in
binding with possible interchange among binding sites.

Discussion

TSPP H- and J-type aggregation in RM : These results sug-
gest the existence of different aggregates of TSPP in AOT
reverse micelles which depend on the amount of solubilized
water and local pH. As mentioned before[18c,22c,33] the water
in these RM has peculiar solvent properties which are quite
different from those of free water (higher viscosity, lower di-
electric constant) and therefore the water activity must be
such that the usual concept of pH is no longer valid. More-
over, the size of the water-pools (or even the shape for
some RM)[18c,34] depends on w0. The charge of the surfactant
headgroup and the lipophylic balance between the head-
group and the alkyl chain also condition the local environ-
ment and contribute to geometrical constraints.

At very low water concentration (w0=3–4) there are two
TSPP species that are independent of pHext: a monomer in a
more hydrophobic environment and an aggregated porphy-
rin. Spectral deconvolution using Gaussian curves indicates
the presence of monomers absorbing at ~419 nm, in a simi-
lar way to TSPP in solvents such as DMSO. The aggregated
species clearly prevail, probably as dimers due to micellar
size constraints, and are responsible for the large blue-shift-

Figure 8. Effect of TMpyP binding on Trp intrinsic fluorescence of bLG
(lexc=295 nm, lem=338 nm) in different systems, pH 6: 1) water; 2) AOT
(w0=5); 3) AOT (w0=30). Parameters (see inset) were obtained by
using Equation (2) from the text, where analytical concentrations were
used in water whilst local concentrations were used in RM.
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ed Soret band (~402 nm). According to molecular exciton
theory, in the H-type configuration the dipolar coupling be-
tween monomers leads to the transition where the higher
energy becomes allowed and hence absorption is hypso-
chromically shifted. If electronic states interact with vibronic
states, radiative decay from the lower forbidden state will be
possible leading to weak emission with a broad red-shifted
band. This agrees well with fluorescence data at low w0, that
essentially show the contribution from the monomer in a
less-hydrophilic environment, due to the low fluorescence
quantum yield and spectral similarity shown by the H-aggre-
gates (emitting more to the red ~680 nm). This picture is
supported by fluorescence decay rates dominated by the
long component tf�12.5 ns (=75% at w0=8) that may be
assigned to the micellized monomer that is also dominant in
aprotic solvents such as DMSO or acetonitrile.[16b]

On the basis of spectral evidence it was stated that the di-
anionic TSPP could form both J- and H-aggregates by just
increasing the porphyrin concentration (above 5O10�5 and
10�4

m, respectively).[7a] On the other hand, an H-aggregate
structure is clearly not favored in ionized-TSPP forms due
to Coulombic repulsion between the positive macrocycle or
the negative sulfonate groups. However, H-type association
would be more facilitated in the case of the tetranionic
TSPP due to the absence of charges in the macrocycle and if
there were free positive charges capable of spacing and
shielding the repulsion between sulfonate adjacent groups.
Therefore, the presence of Na+ counterions in AOT RM, in
great excess relative to the porphyrin, could contribute to
H-aggregate formation, similar to what is observed for the
interaction of TSPP with polylysine,[35] dendrimers, potassi-
um ions, and crown ethers. In the micellar systems, as well
as in dendrimers, it is reasonable to assume a relatively even
distribution of charge in a spherical geometry. So, aggrega-
tion could occur near the charged headgroups (or terminal-
charged groups in PAMAM dendrimers) with the porphyrin
plane in the H-aggregate in a nearly orthogonal position to
the micelle surface probably assuming a “picket-fence” ge-
ometry. In the AOT RM at low w0, TSPP cannot solubilize
in the continuous organic phase nor is there a well defined
water-pool. The existing water, mainly hydrating the head-
groups at least up to w0=6, and the Na+ counterions do not
have high mobility. An ordered aggregation is then facilitat-
ed by the presence of such less-mobile positive charges and
the hydrophobic clustering of the medium. Increasing the
amount of water gives another solubilization site for TSPP
and the concentration in H+ also shifts the pKa to higher
values (close to that in free aqueous solution). This is re-
flected by the dissociation of H-aggregates to form different
arrangements, J-aggregates (“deck-of-cards” spread and/or
zig-zag, corresponding to a head-to-tail alignment of transi-
tion dipole moments),[36] and monomers, at pH 2, or essen-
tially monomers at pH 7, that are also facilitated by the in-
crease in the hydrodynamic radius of the RM and the de-
crease in the number of micelles. In fact, on increasing the
number of micelles we detect a clear pattern of aggregate
dissociation and monomers are obtained.

The exciton theory allows for a calculation of the spectro-
scopic aggregation number N, from the spectral width of the
absorption band of the J-aggregate, this being proportional
to N�1/2. We observe a spectral narrowing of the J-aggregate
absorption band with increasing w0. A spectral deconvolu-
tion of the Soret band by using a sum of Gaussian curves
enables the identification of the absorption band of the
monomeric species (lmax=434 nm) that is detected only for
w020. The value of the fwhm obtained (866 cm�1) is very
similar to the monomer in acidic aqueous solution
(875 cm�1). Calculations indicate an increase of the aggrega-
tion number (N=6.4–10.7 molecules at 20�w0�50) with
the water-pool radius increase (Figure 9).

Recent reports showed that the spectra obtained from the
spectrophotometer “extinction spectra” are subject to ap-
preciative scattering and are therefore, different from the
“true spectra”. These can be corrected by removing the scat-
tering contribution given by the RLS spectra.[15b,37,38] Hence,
the “corrected” values of N lie in the range of 7.1–17.4.
These are lower than those reported for TSPP in AOT/
decane/water RM[15b] where N values are of the order of 23–
33. Due to the longer alkyl chain of the organic solvent
(decane) one would expect that larger RM could be formed
and the percolation phenomena would be important for the
higher w0 at room temperature allowing a further growth of
the aggregates. But, hydrodynamic radii reported are equiv-
alent to those obtained when the organic phase is isooctane.
On the other hand, that investigation used a citrate buffer
with a similar concentration to the one we used but our

Figure 9. A) Extinction spectrum of 1) TSPP ([TSPP]=2 mm) in the J-
band region, in AOT RM (w0=40, “pHext”=2) and the contributions
from the 2) absorption and 3) scattering components. B) Spectroscopic
aggregation number (N) dependence on the amount of water in the
system: without scattering correction (*); and with scattering correction
(~); (&). The latter were taken from ref. [15b].
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buffer also contained phosphate. Also, the porphyrin con-
centrations used in that study are approximately 20 times
higher which could justify the differences obtained in the N
values. A comparable value is reported for TSPP (10 mm,
pH 3.0) J-aggregates in the presence of high salt concentra-
tions (NH4Cl ~0.1m), N=12.9 that showed also that the co-
herence length was about 25% of the aggregate hydrody-
namic radius.[37a] Although exciton theory is generally ac-
cepted to explain spectral shifts and narrowing of bands due
to J-aggregates, N values are calculated assuming only the
motional/exchange narrowing mechanism. If we consider
other effects (temperature and static/dynamic disorder) we
could obtain a closer coherence value and physical size of
the aggregate. In AOT/decane/water RM values of 100 and
35% for w0=32 and w0=65, respectively, were obtained
pointing to a high exciton delocalization very close to an
ideal J-aggregate structure.

There is some controversy in the literature concerning the
origin of the 420 nm band and TSPP aggregation. The band
has been assigned to an H-aggregate of TSPP based on
Raman data.[6c] The synchronous variation of the CD signal
and the intensity of both the 490 and 420 nm band led
others to attribute both bands to the J-aggregate.[6a] The cal-
culated value for the blue-shift of the B-band (taking into
account the face-to-face packing in the H-aggregate) is
much larger than the experimental one at 420 nm. Thus, it
seemed more plausible to attribute bands 490 and 420 nm to
the splitting of the TSPP B-band as a consequence of the
lowering of the symmetry of the porphyrin macrocycle in
the aggregates.[39] On the other hand, based on the fact that
these colloidal structures are CD-active due to the spontane-
ous symmetry break-down as shown in Figure 6, it was pos-
sible to infer the presence of two exciton orthogonal chirali-
ty axes corresponding to the J- and H-aggregation in the
supramolecular structure due to the folding of the one-di-
mensional aggregates.[40] A comparison of our data (absorp-
tion and CD spectra) of TSPP in acidic conditions in AOT
(w0=50) and in an aqueous solution of HSA, clearly shows
that with TSPP/AOT only two Q-bands are detected (be-
sides those corresponding to J-aggregates) while for TSPP/
HSA four Q-bands are observed with maxima similar to
those detected in DMSO. The Soret band maximum is at ~
420 nm in both cases. In conclusion, the spectroscopic spe-
cies of TSPP responsible for the ~420 nm maximum ob-
tained in the presence of HSA cannot be the same as that
obtained in AOT w010. The spectroscopic aggregation
number (N) calculated from the spectral width of the ab-
sorption band of the J-aggregate is very different for TSPP
in the presence of protein (N~6–7 units) to that calculated
for AOT reverse micelle systems (7–17 units). Moreover, we
did not detect J-aggregates at pH 7 but the B-band due to
monomer shifted to 420 nm and gave a low-intensity CD
signal in that region (=�1 mdeg), as mentioned before. In
addition, the full-width-at-half-height of the 420 nm absorp-
tion band is ~850 cm�1 in the case of TSPP/HSA at both
pH 2 or 7, while a much broader band is obtained from
spectral deconvolution for TSPP/AOT (w0=30).

Comparison with other micellar systems : To test the impor-
tance of the surfactant headgroup charge we performed ex-
periments involving other RM formed with the cationic
TTAB and the neutral Triton X-100 surfactant. We observed
no significant spectral changes (see data in Table 1) in the
neutral system apart from a small blue-shift as the water
amount was increased reflecting the environment polarity/
polarizability. In the cationic system, TSPP is mainly at the
interface as a monomer that may diffuse to the hydrophilic
interfacial region at high water concentrations where a small
contribution of the diacid species is noted together with
some J-type aggregation. Therefore, TSPP shows a major
tendency to aggregate in anionic RM systems. A schematic
view of the aggregation pattern in these AOT RM is given
in Scheme 2. By contrast, in the aqueous micellar system we

only observed aggregation with the cationic species. Never-
theless, electrostatic interactions may not be the exclusive
driving-force for the process since shorter-chain surfactants
are only able to induce aggregation at higher concentra-
tions.[13]

Comparison with a positively charged porphyrin, TMpyP :
TMpyP does not seem to aggregate either in the presence of
the protein in water or in AOT RM. By contrast, for a
metal-derivative PdIITMpyP in AOT RM, when there are
only a few water molecules available for adsorption at the
interface (w0=0.13) porphyrin molecules may strongly inter-
act with the surfactant headgroups leading to ion-pair for-
mation, and this has also been confirmed in the case of
ZnIITMpyP.[24c] Similar steady-state absorption spectra were
obtained for TMpyP, but only in aqueous AOT at pre-micel-
lar surfactant concentrations. The aggregation is facilitated
by either Coulombic attraction between the ionic surfactant
and the oppositely charged aromatic molecule, and by the
hydrophobic clustering of the surfactant alkyl chains. Curi-
ously, this aggregate is spectroscopically different from that
reported[13] in SDS pre-micellar concentrations. The effect of
protonation of the pyrrole nitrogen atoms on the aggrega-
tion condition of TMpyP cannot be followed in the RM
system since that would require the use of HCl (1m, pKa~
0.9) and produce an unstable system.

Another important difference between the two porphyrins
in the presence of proteins is the observed fluorescence
quenching of TMpyP by bLG, that occurred both in water

Scheme 2. Schematic diagram representing the influence of water uptake
on the TSPP aggregation pattern and location inside AOT RM in the ab-
sence of protein.
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and in AOT RM. A Stern–Volmer plot of the fluorescence
intensity ratio of TMpyP in the absence and presence of
quencher as a function of the quencher concentration
([bLG]), does not show a linear dependence but a down-
ward curvature. Moreover, the quenching rate constant is
higher in water than in AOT RM (w0=30) while no appar-
ent quenching could be detected at w0=5. The process may
involve electron transfer from certain residues in the protein
(probably lysine and/or arginine residues which have a terti-
ary amine side chain).

Conclusion

The results described in the present study point to both sim-
ilarities and differences in the interaction of TSPP and
TMpyP porphyrins with drug-carrier proteins in water and
in AOT RM.

We detected complex TSPP aggregation that is dependent
on change of water-content and pH when the TSPP is en-
capsulated in AOT RM. We may infer that higher water-
contents are more suitable to J-aggregation whereas a de-
crease in w0 leads to aggregate distortion and formation of a
wide distribution of aggregates with various structures,
namely an H-aggregate for very low w0. The presence of
protein contributes to H-deaggregation but promotes J-ag-
gregation at least up until a ratio of the relative concentra-
tion is reached, above which, complexation competes.

From point dipole exciton theory, the spectral features of
Soret bands indicate a growth in the aggregation number of
J-aggregates upon increase in the size of the water-pools.

The confinement effect created by the AOT water-pool
enables the tuning of photophysical properties of the nano-
aggregates formed, and opens up new ways for exploiting
them for nonlinear optics.

Coulombic interactions between TMpyP and AOT pre-
vented porphyrin aggregation and led to weaker affinity to
the transport protein. A different binding site is possible for
TMpyP complexation to the proteins studied which leads to
a weak but effective fluorescence quenching of the porphy-
rin by some amino acid residues in the protein.

Experimental Section

Sample preparation : HSA fraction V, 96–99% purity (catalogue no. A-
1653), bovine bLG chromatographically purified and lyophilized 90%
purity (catalogue no. L-3908), TMpyP (catalog no. T-0644), AOT (cata-
logue no. D-4422) 99% purity, and TTAB (catalogue no. T-4762) 99%
purity, were purchased from Sigma (St. Louis, MO) and were used with-
out further purification. TSPP was obtained from Fluka 98% purity
(catalogue no. 88074). Triton X-100 was purchased from Riedel-de-HUen
and purified as mentioned elsewhere.[41] Buffer solutions were made up
with bidistilled water, following the recommended procedures. In the
pH 2–7 range, a citrate/phosphate buffer (25 mm) was employed. All sol-
vents were spectroscopic grade. In all experiments we used fresh stock
solutions of proteins.

A stock solution of AOT/isooctane (0.1m) was prepared and checked for
fluorescence emission that was negligible under the experimental condi-

tions used. Reverse micelle solutions were then prepared by direct addi-
tion of bidistilled water into the surfactant/hydrocarbon mixture (volume
fraction of dispersed phase fv=0.1). The protein was also added by the
injection method. All the volume injected was considered to be water
and was used to calculate w0 (w0= [H2O]/[AOT]). A transparent solution
was always obtained after shaking for a few seconds. We used the the
Karl–Fischer method to determine the amount of water in the dry mi-
celle solution (w0=0.15).[42] The probe concentrations were determined
spectrophotometrically considering the molar extinction coefficient
eHSA
280 nm=42864m�1 cm�1;[43] e bLG

280nm=17600m�1 cm�1 for the protein mono-
mer;[44] eTSPP

413 nm=5.1O105m�1 cm�1 at pH 6,[45] and eTMpyP
422 nm =2.26O

105m�1 cm�1.[46]

Apparatus : A Jasco V-560 spectrophotometer was employed in UV-visi-
ble absorption measurements. Fluorescence measurements were recorded
with a Perkin–Elmer LS 50B spectrofluorimeter. Band-pass slits of
7.5 nm were used for both fluorescence excitation and emission monitor-
ing of TSPP. The instrumental response at each wavelength was corrected
by means of a curve obtained using appropriate fluorescence standards
together with the one provided with the instrument. RLS spectra were
obtained by using synchronous excitation and emission scanning in a
right-angle geometry and were corrected by subtracting the correspond-
ing blank sample. The “true” absorption spectra, Aabs(l), were derived
from those obtained directly from the spectrophotometer, Aem(l), for
samples where RLS spectra showed a relevant signal, IRLS(l), by using
Aem(l)=Aabs(l)+aIRLS(l)+b.[37b] The empirical parameters a and b, ac-
count for the monochromator features, detector and system geometry,
and were determined by linear fitting of Aem(l) versus IRLS(l) in the
(520–560 nm) region where Aabs(l)=0.

Fluorescence quantum yields of aerated solutions of TSPP and TMpyP
were determined relative to that of TPP in toluene (f�0.11)[47] with ap-
propriate corrections for the refractive index of the solvent. Fluorescence
decay profiles were obtained by using the time-correlated single-photon
counting method[48] with a Photon Technology International (PTI) instru-
ment. Excitation was induced with the use of a lamp filled with H2

(lPorphyrinexc =420 nm) and sample emission measurements (lPorphyrinem =

650 nm) were performed upto a maximum of 104 counts. Data analysis
was performed by a deconvolution method using a nonlinear least-
squares fitting program based on the Marquardt algorithm. The good-
ness-of-fit was evaluated by statistical parameters (reduced c2 and
Durbin–Watson (DW)) and graphical methods (autocorrelation function
and weighted residuals).

CD spectra were obtained by using a Jasco J-720 spectropolarimeter (Ha-
chioji City, Tokyo). An average of 4–8 scans was recorded and corrected
by subtracting the baseline spectrum of unfilled RM with the same com-
position as the sample. The studies were performed at a constant porphy-
rin concentration (2 mm) in the visible range and water or protein concen-
tration was varied. We used 1 cm path-length quartz cells and the temper-
ature was maintained at 24.0�0.5 8C.
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