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Abstract

Two amphiphilic porphyrins terminated with carboxyl were studied in AOT/iso-octane/water reverse micelles, intending to mimic the
relationship between microenvironments in organism and the amphiphilic properties of porphyrins for photodynamic therapy (PDT) drugs.
The quenching of porphyrins by methyl viologen chloride and the laser flash photolysis experiments show that the longer side-chain length
would promote the firm embedding of porphyrin molecules in the interfacial region of reverse micelles. Such an embedding may shift
porphyrins from aggregated to monomeric form in reverse micelles and, accordingly, the slower excited state decay may increase the
efficiency of the photosensitizer in PDT. The effect of amphiphilic properties on the status of porphyrins in microenvironments provides a
light on the synthesis of other amphiphilic porphyrins for PDT drugs.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Porphyrin derivatives are potentially photodynamic ther-
apy (PDT) drugs known for their high triplet quantum yields
and long lifetimes of excited triplet state, which are re-
garded as the prerequisites to initiate efficient PDT process
[1]. The photosensitizers in their excited states may react
directly (type I mechanism) or indirectly (type II mecha-
nism) with abnormal cells, resulting in their destruction[2].
In either type, the photoreaction proceeds via the lowest ex-
cited triplet state of the sensitizer[3], which consequently
influences the efficiency of the photosensitizing action.The
lifetime of the excited triplet state of a sensitizer is very
sensitive to the environments that the sensitizer locates and
the status of the sensitizer presents per se[4–8]. The diverse
chemical and photophysical properties of porphyrins result
partly from the various circumstances in which they are. In
micro-heterogeneous environments such as cells and tissues,
structural (such as conformation) and functional parameters
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(such as lifetime and quantum yield of an excited state)
of a sensitizer, which are affected by microenvironment,
determine the overall efficiency of the photosensitization
process.

Porphyrins for PDT applications are usually classified
into three major groups: hydrophobic, hydrophilic and
amphiphilic sensitizers, and the amphiphilic is especially
regarded as the most important type among those por-
phyrinic compounds[9]; one of its unique properties is it
may associate strongly with plasma lipoproteins and may
be incorporated into tumor cells through receptor-mediated
endocytosis of low-density lipoproteins[10]. The synthesis
and pharmacokinetics on amphiphilic porphyrins have been
investigated extensively[11–13].

In this study, we attempted to elucidate the relation-
ship between the microenviroments and the properties of
amphiphilic porphyrin. Considering the ability to control
the size and properties of the water pool, the reverse mi-
celle is an interesting model candidate to mimic the water
pockets that are often found in various bioaggregates such
as proteins, membranes, and mitochondria. Here, we use
bis(2-ethylhexyl)sodium sulfosuccinate (AOT) as surfac-
tant to probe the triplet state lifetime of the porphyrins in
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AOT/iso-octane/water reverse micelle with different molar
ratio of water:AOT,wo (wo = [water]/[AOT]).

2. Materials and methods

2.1. Materials

The amphiphilic porphyrins1 and2 (as shown inFig. 1)
were prepared according to literature procedures[14]. Chlo-
roform, tetrahydrofuran (THF), cyclohexane,iso-octane
(IOA) and acetone were purchased from Beijing Chemical
Company (Beijing) and were used after the general purifi-
cation [15]. Bis(2-ethylhexyl)sodium sulfosuccinate were
purchased from Acros and purified as described in the lit-
erature[16]. Methyl viologen chloride was purchased from
TCI (Japan) and used as received.

2.2. Preparation of samples

The reverse micelles were prepared by dissolving AOT in
IOA and then adding the necessary volume of water to ob-
tain the desired value ofwo, with a concentration of AOT
in iso-octane being 0.1 mol l−1 throughout this paper. The
porphyrin and methyl viologen chloride solutions were pre-
pared by adding a chloroform solution of the porphyrin or
methyl viologen chloride to a volumetric flask. The solvent
was evaporated and the AOT stock solution at the desiredwo
added to the flask. It was then sonicated for at least 30 min
until the absorbance of the solution maintained.

Monolayers were prepared on a Model 622 NIMA
Langmuir–Blodgett trough. Solutions of porphyrins in chlo-
roform were applied dropwise on the clean water subphase
by syringe at a subphase temperature of 20± 1◦C. Chloro-
form was allowed to evaporate for 15 min, and the floating
film was then compressed at a rate of 40 cm2 min−1.

2.3. Photophysical measurements

The absorption spectra were measured with Shimadzu
UV-1601PC UV-Vis spectrophotometer and the fluores-

Fig. 1. Structures of compounds1 and 2.

cence spectra with Hitachi F-4500 fluorescence spectropho-
tometer. The fluorescence quantum yield (ΦF) of a porphyrin
was determined by comparing its integrated fluorescence in-
tensity per absorbed photon to that of free base tetraphenyl-
porphyrin (TPP) using the following relationship[17]:

ΦF(s) = ΦF(r)
F(s)n

2
(s)A(r)

F(r)n
2
(r)A(s)

where the subscripts (s) refers to the sample and (r) to
the reference;F represents the integrated area under the
emission band;A denotes the absorbance of the solution at
416 nm, where the excitation wavelength was set; andn is
the index of refraction of the solvent at the sodium D line at
20◦C. TheΦF(r) of TPP is 0.11 in air saturated benzene[18].

The flash photolysis set-up employed the 532 nm second
harmonic generation of Nd3+:YAG laser as the excitation
source (Quanta Ray DCR) with a pulse width (FWHM)
of 8 ns and an energy of 0.64 mJ per pulse (10 Hz). The
probe beam source was a 500 W cw Xe lamp. The tran-
sient signal was detected by a six-stage R456 (Hamamatsu)
photo-multiplier tube, amplified by a 300 MHz dc ampli-
fier and was finally fed into a 500 MHz digital oscilloscope
(Tektronix) interfaced to a PC by GPIB board for data han-
dling and processing. The system gives a resolution of 0.1%
absorbance difference and a temporal resolution of 50 ns for
a non-scattering sample. The transient difference absorption
spectra were recorded point by point at intervals in the range
between 420 and 680 nm after pulsed laser excitation of an
Ar-saturated reverse micelle solution of porphyrin.

3. Results and discussion

3.1. Steady-state UV-Vis absorption and fluorescence
measurements

Considering that tumor necrosis can only occur when the
number of absorbed photons exceeds a damage threshold
[19], we choose a relatively high concentration of 2.3 ×
10−5 mol l−1 for porphyrin in reverse micelle solutions.

The absorption spectra of each compound at a fixed con-
centration in AOT/IOA/water reverse micelles have little
change upon the variation ofwo, from wo 4 to 12, while at a
fixed value ofwo, a new strong absorption (411 nm) abutting
against the original band (425 nm) appears upon increasing
the concentration of porphyrins studied from 1.8 × 10−7 to
2.3 × 10−5 mol l−1 (as shown inFig. 2). This means that
porphyrins in reverse micelles tend to form H-aggregates,
while the expansion of water pool does not give any distin-
guished influence on absorption change. The compounds,1
and2 can form H-aggregate as well as in chloroform at the
concentration of 2.3 × 10−5 mol l−1 and exhibit similar ab-
sorption spectra as in reverse micelle solutions (see the in-
set ofFig. 2), but the B-band FWHMs of compounds1 and
2 in chloroform are 34.5 and 37 nm, respectively, broader
than that in reverse micelle solutions (both 34 nm). Such a
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Fig. 2. Absorption spectra of compound1 in reverse micelle solutions
with the concentrations at: (i) 2.3×10−5, (ii) 4.6×10−6, (iii) 9 .2×10−7,
and (iv) 1.8×10−7 mol l−1. The inset shows the absorption of compound
1 in reverse micelles at (—)wo = 12 and (-·-) in chloroform at the
concentrations of 2.3 × 10−5 mol l−1.

broadening of B-band in chloroform might be ascribed to
more kinds of aggregates formed than that in reverse micelle
solutions.

The formation of aggregates can also be envisaged from
fluorescence excitation spectrum. The excitation spectra of
compound1 are shown inFig. 3, at varying concentration
in reverse micelle solutions. The splitting of the peaks from
420 to 410 nm and 425 nm may result from the aggregate
formation as the concentration of porphyrin increases. Such
a splitting is in-line with the data from UV-Vis absorption
spectra. At the same time, the fluorescence intensity excited
from Q band increases degressively. Such a tendency may
also be ascribed to the aggregating of porphyrins[20].

Accurate fluorescence quantum yields of the free
monomers and aggregates in an aggregating system are
difficult to calculate, as the exact concentration of emitting
species is unknown. So, the overall fluorescence quantum
yields (ΦF, contributed by both monomers and aggregates)
of porphyrin solutions in reverse micelles or chloroform are
measured and shown inTable 1. All the porphyrins only
have very small change inΦF as wo is increased from 4
to 12, indicating that water content of the reverse micelles
has little influence on the excited singlet state of porphyrin,
based on static fluorescence spectra.

Fig. 3. Fluorescence excitation spectra of compound2 at varying con-
centration in reverse micelle solutions (wo = 12). The concentrations of
porphyrin are: (i) 1.8×10−7, (ii) 9.0×10−7, and (iii) 4.6×10−6 mol l−1.
The fluorescence is probed at 658 nm.

Table 1
Fluorescence quantum yields of compounds1 and 2 in AOT/IOA/water
reverse micelles and chloroform

Solvent ΦF
a

1 2

Reverse micelles at varyingwo

4 0.059 0.037
6 0.056 0.034
8 0.058 0.035
12 0.058 0.035

CHCl3 0.052 0.001

a The concentration of compounds1 and 2 was 2.3 × 10−5 mol l−1,
and at such a concentration aggregates formed in both reverse micelle and
chloroform solutions as indicated in the text. The excitation wavelength
was 416 nm.

The ΦF of compounds1 and 2 in chloroform is even
smaller than that in reverse micelles. Considering that
H-aggregates of porphyrins have lower fluorescence quan-
tum yield than their monomers[21], the higher fluorescence
quantum yield in reverse micelle solutions can be ascribed
to the monomeric dispersion of porphyrin inside the re-
verse micelles. Since the water pool radius,Rw, follows the
relation[22]:

Rw (Å) = 1.5wo

and the apparent molar volume of solubilized water in
AOT/IOA/water reverse micellar solution is 17.6 ml mol−1

at 24◦C [23], the reverse micelle concentration in the solu-
tion is ca. 3.22×10−3 mol l−1 atwo = 8, nearly two orders
of magnitude higher than the concentration of porphyrins
in solution (2.3 × 10−5 mol l−1), which may disfavor the
aggregation of porphyrins greatly because in such case the
probability of two porphyrin molecules in one micelle will
be not more than 1× 10−4 according to Poisson population
[24]. This more or less diminish the possibility of aggregat-
ing though it is shown that the probability for aggregating
is zero if the [sensitizer]/[lipid] ratio is at least 1/1000[25].

It is worthy noting that the fluorescence quantum yield in
chloroform of the compound2 is less than that of the com-
pound1 by nearly 50-fold. This may be because the com-
pound2 has higher amphiphilicity than1 and, as a result,
readily form aggregates in CHCl3 just as a surfactant does
in solution. Consequently, aggregates dominate the chloro-
form solution of2 and a remarkably diminished fluorescence
quantum yield is exhibited. Once the compound2 is dis-
solved into reverse micelle solutions, they disperse in dis-
crete micelles so that aggregation is restricted and enhanced
fluorescence quantum yield can be obtained.

3.2. Amphiphilic properties

Fig. 4 shows the surface pressure–area isotherms of the
compounds1 and 2. Although no other surfactants were
added, the films show relatively high collapse of pressures,
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Fig. 4. Surface pressure–area (π–A) isotherms of compounds1 and 2 at
the air–water interface (20± 1◦C).

indicating that the porphyrins possess certain amphiphilic
properties. Compound1 gives a higher collapse of pressure,
but its limiting area per molecule (111 Å) is larger than that
of 2 (91 Å). The difference in limiting areas per molecule
suggests that the films collocate more tightly as the length
of side chains increases. As there is so far no theory cor-
relating the amphiphilicity and the collapse pressures, we
can only consider that the one containing smaller area per
molecule but longer side-chain length is more likely to act
as a surfactant, i.e. it has the self-assembling ability which
usually results from the amphiphilicity of compound. This
assumption accords with the conclusion, deduced from the
fact of the much lower fluorescence quantum yield of2 with
respect to1 in chloroform, that2 is more amphiphilic.

3.3. Laser flash photolysis

3.3.1. Triplet state lifetime in reverse micelles
The lifetimes of triplet excited state of compounds1

and 2 in reverse micelles are much longer than that in
homogeneous solution. Take compound2 as an example:
the lifetimes are 212 ns in cyclohexane and 514 ns in THF,
respectively, while 24.8�s in reverse micelles (wo = 6).
Two reasons may account for the extended lifetimes of
compounds1 and2 in reverse micelles: (i) the enwrapping
of the porphyrin molecules by the inert materials, i.e. the
detergent molecules, restricts the aggregating of porphyrins
which is expected to self-quench the excited state[26]; and
(ii) increased microviscosity in reverse micelles slows down
the radiationless decay rates.

The comparison of triplet state lifetimes as well as flu-
orescence quantum yields between in reverse micelles and
in organic solutions indicates that the aggregating of com-
pounds1 and2 is more or less restricted in reverse micelle
solutions.

3.3.2. Location of porphyrins in reverse micelles
Porphyrins in reverse micelles locate assumedly at the in-

terface with the carboxy inserted in polar part of the reverse
micelle and the porphyrin skeleton near the apolar phase.
Here, we use a water-soluble quencher, methyl viologen

Fig. 5. Transient absorption spectra of compound1 (2.3 × 10−5 mol l−1)
in reverse micelles (wo = 4), measured after flashing at 532 nm. The
signals between 540 and 670 nm are amplified by a factor of five.

chloride, to detect the location of porphyrins. The results
show that the triplet state lifetime of compound1 decreases
from 87.2�s to 92.4 ns, corresponding to a quenching con-
stant of 1.1× 107 s−1, after the addition of methyl viologen
chloride (3× 10−3 mol l−1) to the reverse micelles (wo =
10), while that of compound2 only from 757 to 132�s,
corresponding to a quenching constant of 6.3 × 103 s−1, in
the same condition. As quenching occurring need a close
contact between the chromophore and the quenching com-
pound[27], the higher quenching efficiency of compound
1 by methyl viologen chloride means it locates closer than
compound2 to the water pool, i.e. the porphyrin skeleton
of 2 is remote to the methyl viologen due to its longer side
chain, implying the curling of the side chains of porphyrins
in the interface can be excluded.

3.3.3. Transient absorption spectrum
Fig. 5 shows the transient absorption spectrum of com-

pound1 in reverse micelle solution atwo = 4, measured
by laser flash photolysis at 532 nm. Measurements between
515 and 545 nm were skipped to avoid the interference from
the excitation. The spectrum exhibits a major peak around
440 nm which results from the triplet–triplet absorption[28],
and its absorbance is 30 times larger than that above 570 nm.
The bleaches at 550 and 650 nm result from the steady-state
absorption of porphyrin, but there is only a base at 590 nm
where exists a steady-state absorption.

Poor fitting parameters are obtained when fitting the de-
cays at 440 nm to a mono-exponential law except the decay
of compound2 at wo = 6, but the quality of the fitting was
improved when a bi-exponential law was used. These pro-
files at 440 nm can be successfully approximated by a sum
of two exponential decay components (seeTable 2): one in
the order of microsecond and the other in millisecond.

The bi-exponential decay may be explained in terms of the
co-existence of different state for porphyrins in reverse mi-
celle solutions. As mentioned earlier, the triplet state lifetime
in reverse micelle solutions is much longer than that in THF,
i.e. detergent molecules retard the aggregation of porphyrin
and consequently the fast decay induced by aggregation is
restrained. If we assume there exists an equilibrium between
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Table 2
Parameters of triplet lifetime decays recorded at 440 nm for compounds
1 and 2 in reverse micelle solutions with differentwo

wo Lifetime (τ)a and
pre-exponential factors (a)a

Average
lifetime

τ1 (�s) a1 τ2 (�s) a2 τa (�s)

Compound1
4 233 0.48 1960 0.52 1789
6 141 0.82 1280 0.18 899
8 119 0.46 1230 0.54 1145

12 164 0.81 2210 0.19 895

Compound2
4 278 0.46 1970 0.54 2606
6 24.8 – – – 24.8
8 229 0.48 1660 0.52 1498

12 83.7 0.49 1300 0.51 1229

a Derived from the fittings of lifetime decays by the equation:I(t) =
a1 exp(−t/τ1) + a2 exp(−t/τ2).

monomers and aggregates, it can be reasonably concluded
that the slow decay represents the monomer-dominating part
and the fast one may result from the aggregate-dominating
part. The higher the fraction of monomer in all porphyrin, the
longer the excited lifetime will be. Thus, the bi-exponential
decay may indicate there are at least two status of the por-
phyrin molecules in reverse micelles.

The decay of compound2 at wo = 6 is mono-exponetial
and its lifetime is only 24.8�s, rarely short compared to the
others. This single and short lifetime reflects the porphyrin
molecules locate in only one mode, for example, in the inner
or the outer part of the interface, and collocate too close than
the aggregating dominates in this case.

3.3.4. Effect of amphiphilic property on the triplet state
lifetime

The amphiphilic property of porphyrins resulting from
different side-chain length highly influences the lifetime of
excited triplet state of porphyrins, an important parameter
in their PDT application. The average lifetimes of porphyrin
in reverse micelle solutions atwo, τa (defined as

τa =
∑N

i=1aiτ
2
i

∑N
i=1aiτi

whereai is the pre-exponential factor of anith component,
τi its lifetime, andN the number of component of the fit),
can give some information about the effect of amphiphilic
properties on the triplet state lifetime. As shown inTable 2,
the average lifetimes of compound2 are generally longer
than those of1 at the samewo. For example, the lifetime
of compound1 is 1145�s at wo = 8, while that of2 is
1498�s.The difference in lifetime of excited triplet state
may be explained in terms of the status in which the com-
pounds1 and 2 exist in the reverse micelles. The status
of porphyrin in reverse micelle solution can be partly de-
termined by two factors: the driving force for aggregation
of porphyrins, and the dispersion ability of porphyrins in

detergent resulting from the amphiphilic property. As the
amphiphilic property improved, porphyrin would be easier
to set its hydrophilic part in the water phase and correspond-
ingly the hydrophobic part in the apolar phase. In another
words, the more amphiphilic, the much easier the compound
disperses in surfactant layer in reverse micellar solution. The
intervention of detergents prevents porphyrins from aggre-
gation and, therefore, lengthens the average lifetime of the
triplet excited state of porphyrins. Based on the analysis ear-
lier and the conjecture inSections 3.1 and 3.2, compound2,
a more amphiphilic porphyrin than1, is expected to possess
longer triplet state lifetime, a fact what was really observed
experimentally.

3.3.5. Relation between triplet state lifetime andwo

The effect ofwo on the triplet state lifetimes of por-
phyrins seems to correlate very well with the concentra-
tion of micelles. The concentrations of reverse micelles in
solution varies from 1.29 × 10−2 mol l−1 for wo = 4 to
1.43× 10−3 mol l−1 for wo = 12, thus the local concentra-
tion of porphyrins in reverse micelles will also have such
a concentration difference. The reverse micelle solution at
low wo would have low local concentration of porphyrins
and the compound would consequently show the longer life-
time of excited triplet state. This is in-line with our finding
that both the compounds have the longest average lifetimes
at wo = 4 during the variation ofwo.

It is very interesting that exceptions occurs again atwo =
6. For compound1, the shortest triplet state lifetime appeared
at wo = 6 rather thanwo = 12, while for compound2, the
lifetime is not only the shortest among thewo employed, but
also mono-exponential. The reason for this finding is still
unclear at present.

4. Conclusions

Two amphiphilic porphyrins were studied in AOT/iso-
octane/water reverse micelles at varyingwo, intending to
mimic the relationship between microenvironments in the
organism and the amphiphilic properties of porphyrins for
PDT drugs. The high amphiphilic capability would promote
the firm embedding of porphyrin molecules in the interfacial
region of reverse micelles. Such an embedding may shift
porphyrins from aggregated to monomeric form in reverse
micelles and, accordingly, the slower excited state decay may
increase the efficiency of the photosensitizer in PDT. The
effect of amphiphilic properties on the states of porphyrins
in microenvironments provides a light on the synthesis of
other amphiphilic porphyrins for PDT drugs.
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