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Time-resolved fluorescence studies of hematoporphyrin in aqueous solution and in different
organic solvents are presented. The observation of two exponential components in the fluores-
cence decay in aqueous solution reveals the presence of a monomeric and aggregated (probably
dimeric) form of the molecule, as confirmed by absorption and fluorescence measurements. The
slow component (~ 15 ns in aqueous solution) and the fast one (~ 3.8 ns in aqueous solution) are
attributed to monomers and dimers, respectively. Higher aggregated species of hematoporphyrin
are also present, which are essentially devoid of fluorescence properties.

Introduction

Hematoporphyrin (HP) is largely used in photo-
dynamic systems for its high photosensitizing activ-
ity [1] and for its effectiveness in inducing the
regression of different kinds of tumors both in vitro
[2] and in vivo [3]. Recent investigations pointed out
that the photosensitizing efficiency of HP is con-
trolled by various parameters, of which the polarity
of the surrounding medium [4—6] and the aggrega-
tion state of HP [7] play a major role.

The molecular events underlying such effects are
largely unknown. Thus, it has been suggested that
aggregation appreciably shortens the lifetime of
triplet protoporphyrin IX [8], whereas only minor
difference in triplet lifetime have been detected
between aggregated and monomeric HP (Spikes and
Jori, unpublished results). Therefore, it appears of
interest to perform detailed photophysical investi-
gations about the influence of the above mentioned
factors on the properties of the electronically ex-
cited states of HP.

In this paper, results of time-resolved fluores-
cence spectroscopy of the excited singlet state S; of
HP are reported. The dependence of the fluores-
cence decay time on the solvent is studied. An
aggregated form, whose relative amount increases
with the HP concentration, is shown to exist in

Reprint requests to Dr. A. Andreoni.
0341-0382/83/0100-0083 $01.30/0

aqueous solution and its excited-state lifetime turns
out to be shorther than that of the monomeric
molecule.

Materials and Methods

Chemicals

Hematoporphyrin, free base, was a product of
Sigma Chemical Co., and it was characterized as
described elsewhere [9]. Our sample, when dissolved
in 1M H;SO4, gave an absorbance value Ey=
7.19 x 10% in agreement with literature values [10].
Sodium dodecylsulphate (SDS) and cetyltrimethyl-
ammonium bromide (CTAB) were obtained from
Aldrich Chemical Co., Triton X-100 (alkylphenyl-
polyethylene glycol) was obtained from Merck. The
organic solvents used were spectroscopic grade sam-
ples obtained from Merck. All other chemicals were
commercially available reagent-grade products.

Preparations of solutions

All samples used for the fluorescence measure-
ments were prepared by suitable dilution of a stock
HP solution (1 mM) in either phosphate-buffered
aqueous solution at pH 7.4 or absolute methanol
and ethanol. Typically, a 2 uM HP solution in 10%
aqueous methanol was obtained by adding 20 pl of
either aqueous or methanolic stock solution to 10 ml
of 10% methanol; control experiments showed that
the fluorescence results were independent of the
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nature of the original stock solution. The aqueous
dispersion of HP-containing surfactants were pre-
pared by adding suitable aliquots of a 1 mm HP
solution in 0.1 M Tris at pH 10 to 10 ml of the same
solvent containing 20 mg of surfactant per ml.

Unless otherwise stated, all solutions were air-
equilibrated. Anaerobic samples were prepared by
thorough bubbling with prepurified nitrogen.

Spectroscopic studies

Absorption spectra were monitored by a Perkin-
Elmer 576 spectrophotometer using matched quartz
cuvettes of 0.1 cm or 1 cm optical path. Difference
absorption spectra were recorded at room tempera-
ture; the baseline was obtained by reading equi-
molar HP solutions in CTAB-containing systems in
both the sample and reference beams.

Fluorescence emission spectra were recorded at
20° = 1 °C by a Perkin-Elmer MPF 4 spectrophoto-
fluorimeter. The emission was observed at 90° to
the incident beam using 7 nm- and 8 nm-slits for the
excitation and emission light, respectively. All mea-
surements were obtained with 405 nm-excitation;
when necessary, the solutions of HP were placed in
quartz capillary tubes of 0.1 cm optical path to
minimize optical artifacts. The emission was regis-
tered at wavelengths above 580 nm. Fluorescence
quantum yields of HP in different media were
estimated by using a value of 0.15 for the emission
quantum yield of HP in acetic acid as a standard
[1]. The experimental data were corrected for inner
filter effects [11].

Time-resolved fluorescence measurements

A nitrogen-pumped dye laser of special design
[12], was used as excitation source for the time-
resolved fluorescence measurements. The dye laser
provides pulses of 150 ps duration (FWHM, full
width at half-maximum) with peak power of
~ 50 kW at a repetition rate of up to 100 Hz. Dif-
ferent dye solutions (a-NPO, [2-(1-Naphthyl)-5
phenyloxazole] 107*M in ethanol, Coumarin 500
(Exciton Chemical Co.) 2x1073M in ethanol and
Fluorescein Disodium Salt (Eastman number 735)
3x 1073 M in ethanol were used as lasing media to
generate the wavelengths 405, 494, and 544 nm,
respectively. The laser beam was passed through the
sample cell, consisting of a quartz cuvette with
windows as the Brewster angle. The fluorescence

was observed at 90 °C through either a Jarrel Ash
mod. 82-410 spectrograph with 250 pm slits or
Corion interference filters of 5nm bandwidth or
Kodak-Wratten cut-off filters. The fluorescence sig-
nal was detected by a Varian 154 M photomultiplier
(400 ps FWHM response) and averaged over many
repetitions of the excitation pulse by a home-made
digital signal averager with ~ 100 ps resolution [13].
The averaged data were then transferred to a
Tektronix 4051 Graphic System for processing and
plotting.

Results

Time-resolved fluorescence of HP in aqueous solution

The fluorescence decay of HP was measured at
several porphyrin concentrations (0.1—100 uM) in
aqueous solutions buffered at pH 7.4. The fluores-
cence was excited at three different wavelengths in
the visible region of the absorption spectrum of the
porphyrin, namely 405, 494 and 544 nm, and ob-
served at 610 and 675 nm, ie. in each of the two
emission peaks of HP, or through a cut-off filter
(2> 570 nm). A typical decay observed through the
cut-off filter for 2puM HP upon excitation with
405 nm light is shown in Fig. 1. Statistical analysis of
the experimental curves by the least-square method
yielded exponential components with time-constants
394 and 15.40ns and relative initial amplitudes
6.5% and 93.5%, respectively (TableI). The data
collected after 405 nm — excitation were found to be
independent of the observation wavelength. The 494
and 544 nm excitations gave results similar to those
obtained at 405 nm.

Upon increasing the HP concentration, the rela-
tive amplitude of the fast component was found to
be enhanced. Table I shows the relative amplitudes
and the corresponding decay constants of the two
exponential components at different HP concentra-
tions after excitation at 405 nm. It must be noted
that no appreciable changes of the shape of the cw
emission spectrum have been observed as a function
of both HP concentration and excitation wavelength.

Fluorescence lifetimes in different solvent systems

For 2 puM HP in water-organic solvent mixtures,
excited at 405 nm, only one exponential component
was observed in the fluorescence decay. Changing
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the medium by using different solvent mixtures had
slight effect on the fluorescence decay time, as
shown in Table II. This behaviour was tested with
solvents of dielectric constants both lower (methanol
and ethanol) and higher (formamide) than that of
water. In particular, a decrease of the fluorescence
lifetime was observed in absolute methanol and
ethanol solutions as compared with water-organic
solvent mixtures. Such a decrease was no longer

Table I. Fluorescence decay time constants (7, and 7,) and
relative initial amplitudes (4, and 4,) for different HP con-
centrations in phosphate buffer at pH 7.4. /.= 405 nm,
Jobs aboOve 570 nm.

HP T A] T AZ

concen-

tration

(um] [ns] [%] [ns] (%]

2 15.40 93.5 3.94 6.5

10 15.44 89.4 3.65 10.6
25 15.04 89.0 3.54 11.0
50 15.33 78.8 3.64 21.2
75 14.95 78.5 3.80 21.5

100 15.52 70.3 4.07 29.7

Fig. 1. Experimental fluorescence decay curve
of 2uM HP in buffer pH 7.4 (dots) and two-
exponential component fit (t; = 1540 ns, 7, =
3.94 ns) (unbroken line). The weighted resid-
uals (bottom) and their autocorrelation func-
tion (top) are shown to evidence the quality of
the fit.

188

detected if the solutions were deaerated prior to
measurements: e.g., the fluorescence lifetime of 2 pm
HP in deaerated absolute ethanol was found to be
17.8 ns. Thus, quenching by oxygen, which has a
greater solubility in ethanol and methanol, is re-
sponsible for this decrease.

For 100 pm HP, the fluorescence decay could be
fitted by a single exponential component only in
absolute organic solvents. The fast component could
be detected (Table II) when a significant amount of
water was present in the solvent mixtures.

It is to be remarked that HP, which exists as a
stacked aggregated in predominantly aqueous media,
is converted to a monomeric species by addition of
organic solvents; for 83 um HP the deaggregation
process is virtually complete in 30% methanol or
formamide [7].

Fluorescence lifetime and absorption spectra in
aqueous micellar dispersions

Hp is known to be incorporated in a monomeric
form into SDS, CTAB and Triton X-100 micelles
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Table II. Fluorescence decay time constants (7; and 7,) and relative initial amplitudes (4,
and 4,) for different HP concentrations in various air-equilibrated solvent mixtures.

Jexe = 405 nm, /., above 570 nm.

HP concen- Organic Percentage 1 A 7 A,
tration solvent of organic
[uM] solvent [ns] [%] [ns] [%]

2 methanol 10 16.24 100 — —

2 methanol 30 16.79 100 — -

2 methanol 90 14.28 100 — =

2 methanol 100 12.33 100 — =

2 ethanol 100 12.95 100 - -

2 formamide 10 16.39 100 — =

2 formamide 90 17.14 100 - -
100 methanol 10 15.73 83.0 4.18 17.0
100 methanol 30 16.66 88.4 4.06 11.6
100 methanol 90 14.28 91.2 4.06 8.8
100 methanol 100 11.95 100 = =
100 ethanol 100 12.61 100 - -
100 formamide 20 16.47 85.3 3.80 14.7
100 formamide 90 16.41 100 = =

[6]. In one set of experiments the surfactant con-
centrations were such that about 5% of the micelles
contained one HP molecule. Also in these systems,
excitation of 2 um HP with 405 nm-light resulted in
a single exponential decay of the fluorescence; the
measured time-constants (Table III) were slightly
different for each micellar type, possibly owing to
the influence of the polar head-group at the micellar
surface on the n-electron cloud of the micelle-
solubilized HP [14]. In another set of experiments,
the HP concentration was increased up to 50 uM in
SDS dispersions. No change in the fluorescence
decay was observed (Table III).

The incorporation into a micelle induces signifi-
cant alterations in the HP absorption spectrum [6].
Such changes can be evidenced by difference ab-
sorption spectroscopy. Thus, when 2 uM HP in 0.1 M
Tris aqueous solution was read against equimolar

Table III. Fluorescence decay time constant of HP at dif-
ferent concentrations in various micellar systems. Ae.
=405 nm, Zyp, above 570 nm.

HP Micellar T

concentration  system

(] [ns]
2 CTAB 13.09
2 TRITON 18.46
2 SDS 16.61
10 SDS 16.81

25 SDS 16.78

50 SDS 17.02

CTAB-solubilized HP, hypochromicity in the Soret
absorption region was observed, with a pronounced
negative maximum laying at 408 nm (Fig.2). A
closely similar difference spectrum was obtained by
readings SDS-solubilized versus equimolar CTAB-
solubilized HP (Fig. 2), although the extent of
spectral changes was appreciably smaller. No dif-
ference spectrum was detected by comparing Triton-
solubilized versus CTAB-solubilized HP.

0.4 T T T

-01 1 , *

400 450

A (nm)

Fig. 2. Difference absorption spectra (4A) obtained by
reading a 2 pM HP solution in 0.1 M Tris pH 10 (unbroken
line) or in 20 mg/ml SDS aqueous dispersion pH 10
(broken line) against equimolar HP in an aqueous
dispersion of 20 mg/ml CTAB. Optical pathlength: I cm.
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Fluorescence quantum yield studies

The fluorescence emission maxima and quantum
yield of HP at different concentrations in aqueous
solution, in absolute methanol and in aqueous
dispersion of SDS micelles are shown in Table IV.
HP concentrations higher than 50 pM in SDS-con-
taining media were not tested, owing to the possi-
bility of non-uniform distribution of HP inside the
micelles. Clearly, the quantum yield of HP strongly
decreased in the 2—50 uM concentration range in
phosphate-buffered aqueous solutions. Moreover, a
decrease of the quantum yield was observed upon
excitation in a spectral region where aggregated
species predominantly absorb (e.g. 360 nm). On the
contrary, no significant change of the quantum yield
was observed over the same concentration range
in aqueous SDS dispersion and up to 100 pm HP in
absolute methanol.

The fluorescence intensity of 2 uMm HP for a given
excitation power in both anhydrous and 90% metha-
nol solutions was found to decrease monotonically,
if the temperature was gradually raised from 5 to
35°C (Fig. 3). On the contrary, in aqueous solution
buffered at pH 7.4, the emission intensity of HP was
enhanced by a gradual increase in the temperature
(Fig. 3). Only at temperature higher than about
35°C, a flattening and a subsequent decrease of the
plot was observed.

The behaviour of HP in aqueous solutions is
clearly abnormal, since increasing the temperature
is expected to reduce the emission quantum yield of
a fluorescent species as a consequence of the en-
hanced probability of non-radiative decay from the
excited singlet state [15].

Table IV. Fluorescence properties of HP in different sol-
vents (Aexe = 405 nm).

Medium HP concen- Emission 4,  Emission
tration quantum
[uM] [nm] yield?
Phosphate 2 0.32
buffer 50 613, 674 0.13
pH=174 100 0.11
100% 2 0.27
Methanol 50 625, 689 0.26
100 0.26
SDS 2 0.43
20 mg/ml 50 620, 684 0.41

2 Estimated by using Q.Y.=0.15 as a reference standard
for HP in acetic acid solution [1].
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Fig. 3. The effect of temperature on the HP fluorescence
emission yield in absolute methanol (A—A), 90% methanol
(*—»), and 0.05M phosphate buffer at pH 7.4 (@—@).
The spectra were excited at 440 nm, using 7 nm and § nm
spectral bandwiths for the excitation and emission light,
respectively. Each sample was kept at the desired tempera-
ture for at least 10 min prior to measurement in order to
ensure the attainment of thermal equilibrium.

Discussion

The two exponential components observed in the
fluorescence decay of HP in aqueous solution for a
wide range of porphyrin concentrations can be
ascribed to the presence of a monomeric form,
which is responsible for the slow component, and of
an aggragated (probably dimeric) form, which is
responsible for the fast one. The attribution of the
slow component to the monomeric form is based on
the fact that it is observed under all our experi-
mental condition: in particular, it is the only com-
ponent of the fluorescence decay up to 50 uM HP
concentration (Table III) in the micellar systems,
where HP is known to exist exclusively in the mono-
meric form [14]. Moreover, in phosphate-buffered
aqueous solution, the relative amplitude of the fast
component of the fluorescence decay increases upon
increasing HP concentration (see TableI). Some
discrepancies are found upon comparing the de-
crease of HP emission quantum yield as a function
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Fig. 4. Molar extinction coefficient (¢) of HP in phosphate
buffer pH 7.4 at different concentrations: a) 100 uM; b)
2uM;c) 0.1 pM.

450

of concentration in aqueous solution, as obtained by
time-resolved * (Table I) and stady-state (Table IV)
fluorescence measurements. Therefore, the assump-
tions underlying the calculation of the quantum
yield from the data in Table I may not be valid. In
particular, we were unable to fit the absorption
spectral measurements at different HP concentra-
tions in aqueous solution to an equilibrium between
only two species. As one can see from the HP
absorption spectra in Fig. 4, larger amounts of
aggregated species are formed upon increasing the
porphyrin concentration in agreement with the find-

* The fluorescence quantum yield (Q.Y.) is calculated
from the data in TableI as Q.Y. ot (4, 7, + 45 1), assum-
ing that all decaying molecules can be represented by
either 7, or 7, decay constant and have the same radiative
lifetime.

ings of other authors [16—17]. Likely, HP exists as a
mixture of aggregates having different degrees of
complexity, whose fluorescence emission is totally
quenched. On these bases, we tentatively assign the
observed fast decay to dimeric HP.

The amount of aggregates at a given HP concen-
tration is reduced by the presence of organic sol-
vents. This holds for solvents of both higher and
lower polarity as compared with water. For exam-
ple, the addition of 10% formamide or methanol to
aqueous solutions of 2 uM causes the disappearance
of the fast-decaying component (Table II). Even at a
HP concentration as high as 100 uM in aqueous
solution, the relative amplitude of the fast com-
ponent is reduced by small percentages of organic
solvent. In anhydrous methanol, no fast-decaying
species is detected even for 100 pM HP; in this
solvent system, the emission quantum yield is iden-
tical for 2 uM and 100 pM HP in agreement with the
presence only of a monomeric species. Our inter-
pretation is supported by the essentially identical
values of the emission quantum yield for 2 um HP
in SDS aqueous dispersions (TableIV). The in-
fluence of organic solvents is also evidenced by the
temperature-dependence of the HP fluorescence
yield in methanol and aqueous solutions. The ab-
normal behaviour observed in aqueous solution in
the low-temperature range (Fig. 3) should reflect
the conversion of aggregates to monomers that
requires some activation energy to break porphyrin-
porphyrin hydrophobic interactions and, possibly,
hydrogen bonds. The corresponding fluorescence
enhancement overcomes the normal decrease of the
fluorescence yield with increasing temperature which
is observed, for example, in methanol. In conclu-
sion, the formation of HP aggregates appears to be
due to a specific unfavourable interaction of the
porphyrin aromatic system with water, and to be
not a consequence of a negative interaction with
media of low (alcohols) or high (formamide) polar-

1ty.
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