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ABSTRACT

The porphyrins seem to be the most effective photosensitizers in photodynamic therapy of cancer. Monomers
and dimers of sulfonated and nonsulfonated porphyrins [5,10,15,20-tetra-phenyl-porphyrin, 5,10,15,20-tetra-
naphtyl-porphyrin (TNP), 5,10,15,20-tetra-p-sulfonato-phenyl-porphyrin (TS,PP) and 5,10,15,20-tetra-p-
sulfonato-naphtyl-porphyrin], are studied in this paper by means of different spectral methods (UV-vis,
fluorescence and polarization fluorescence). The porphyrins as TNP seem to be the most effective photosen-
sitizer especially in a DMSO:water binary mixture of solvent. Monomer—dimer and J-aggregation equilibria
and the temperature dependence of TS,PP spectra are also studied in this paper. The incorporation of the
forms of these porphyrins into blood cells is studied by means of the cytofluorimetric method. © 1999 Society of

Photo-Optical Instrumentation Engineers. [S1083-3668(99)01003-5]
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1 INTRODUCTION

Photodynamic therapy (PDT) of cancer is a promis-
ing method for destruction of tumor tissues. It is
based on the photochemical properties of certain
sensitizers, which can be accumulated in significant
amounts and retained for prolonged periods of
time by tumor tissues; tumor necrosis can be ob-
tained by irradiation of the neoplastic area with
light corresponding to the longest wavelength ab-
sorption band of porphyrin.! The investigations to
identify better tumor photosensitizers are mainly
directed at the synthesis of new porphyrins with
absorption properties in the far red spectral region.?
Sulfonated porphyrins are presently under intense
investigation because they are highly water-soluble,
nontoxic and absorb strongly chemically useful red
light.® The photophysical properties of the porphy-
rins used in PDT change drastically upon aggrega-
tion. Anionic porphyrins such as the class of sul-
phonated meso-tetraphenyl porphyrins, TS,PP, n
=1-4, have been shown to accumulate preferen-
tially either in the cytoplasmatic membranes or in
the lysosomes.*® The photophysical properties of
the porphyrins (chemical structure, aggregation
states, etc.) are considered to be determinants for
localization and photodynamic activity.®

The dependence of the spectral behavior of por-
phyrins on medium and concentration has been
shown to be associated with the phenomena of
aggregation.” Aggregation of the porphyrins often
occurs in aqueous media, almost causing a reduc-
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tion of the overall photosensitizer efficiency.® The
ability of porphyrins to form aggregates is a well-
known aspect of this class of compounds.®*°

The porphyrins with negatively charged periph-
eral groups can exhibit aggregation, whereas the
porphyrins with positively charged peripheral
groups show no indication of aggregation.!! The
cell experiments indicate the occurrence of
“folded”-type dimers or aggregates in biological
membranes. In water or phosphate buffered saline
(PBS) solutions, the dimers of anionic porphyrins
can have a ‘‘face-to-face’” (sandwich) or an ‘““end-to-
end” (linear) configuration.’? Because the hydro-
phobic porphyrins [5,10,15,20-tetra-phenyl-
porphyrin  (TPP) and 5,10,15,20-tetra-naphtyl-
porphyrin (TNP)] do not solubilize in aqueous
media, in PDT applications, these porphyrins were
introduced in a polar aprotic solvent like dimethyl
sulphoxide (DMSO) and in its binary mixtures with
water. The sulfonated porphyrins [5,10,
15,20-tetra-p-sulfonato-phenyl-porphyrin  (TS,PP)
and 5,10,15,20-tetra-p-sulfonato-naphtyl-porphyrin
(TS,;NP)] are easily solubilized in phosphate buffer
(PBS), in DMSO, or in the binary mixture DMSO:
water. Monomers and dimers TS,PP are evaluated
in this paper by means of different spectral meth-
ods (UV-vis, fluorescence and polarization fluores-
cence). These aspects were evaluated only at TS,PP
and not at TSNP because at the last porphyrin a
significant aggregation effect was not observed. By
means of the temperature dependence of the ab-
sorption measurements combined with the fluores-
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Fig. 1 The structure of the porphyrins.

cence results, we evaluated the possibility of
J-aggregates generation. By means of flow-
cytometry measurements combined with absorp-
tion and fluorescence results we tried to evaluate
the role of aggregation processes in the incorpora-
tion and penetration of such porphyrins into the
blood cells. The data on the penetration of the por-
phyrins into the blood cells are important to study
for photodynamic therapy.

2 EXPERIMENTAL PART
2.1 MATERIALS

The nonsulfonated porphyrins (TPP and TNP) and
sulfonated porphyrins (TS,PP and TS,NP) were
prepared and purified as in the literature.’*'* The
chemical structures of the porphyrins are shown in
Figure 1 and Table 1. For these porphyrins studied,
the solutions were prepared in PBS solutions for
TS,PP and TS,NP, in DMSO or in DMSO:water bi-
nary mixture, and only in DMSO:water for TPP and
TNP. The cells incubation was achieved on heparin-
ized blood samples, as was reported elsewhere.'®
Whole heparanized blood samples remaining after
routine analysis were incubated with porphyrins by
means of a lysing reagent (Ortho Diagnostic, USA).

2.2 ABSORPTION MEASUREMENTS

Absorption measurements were recorded on a
SPECORD M400 Carl Zeiss Jena spectrophotom-
eter. All spectroscopic studies were performed in
the porphyrin concentration range 8x10 ° to 1
X107 ¢ M.

Table 1 The structure of the meso-substituents of the porphyrins.

Substituent R, R, R3 R4
TpP CoHs C,Hs C,Hs CeHs

TNP CioH CioHy CioHy CioHy
TS,4PP CyHy=SO3 CgH4~SO; C(H,~SO; CH-SO3

TS4NP CioHg=SO3 CgHg-SO3 CygHg-SO3 CioHg-SO3
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2.3 FLUORESCENCE MEASUREMENTS

The fluorescence spectra were performed with an
Aminco-Bowman spectrofluorimeter controlled by
an IBM computer and equipped with a polarization
accessory. Fluorescence emission and polarization
fluorescence were obtained at 550 nm for TS,PP at
the maximum of the Q band Il in order to minimize
inner filter effects. For fluorescence studies, very di-
lute solutions were used to avoid spectral distor-
tions due to inner filter effect and emission reab-
sorption.  Temperature  measurements  were
performed in sealed cuvettes controlling the tem-
perature within 0.1 °C.

2.4 FLOW-CYTOMETRY MEASUREMENTS

The three-fluorescence flow cytometer (Cytron Ab-
solute, Ortho) equipped with an argon ion laser
was used. The dependence of forward light scatter-
ing versus right angle light scattering enables us to
distinguish various types of cells. The fluorescence
excited at 488 nm was measured through the or-
ange band pass filter (563-607 nm) and through the
red filter (\>620nm) in the direction perpendicu-
lar to that of the exciting light and the cell stream.
The intensity of emission of a given population of
the cells was obtained from a specialized program
using the gate analysis method.’® We appreciated
the number of stained cells (lymphocytes and
granulocytes) incubated with porphyrins either in
their monomeric forms or in their dimeric forms.

3 RESULTS AND DISCUSSION

One of the main photophysical properties of the
porphyrins used as phototherapeutic agents for tu-
mors is based on the extinction of the delocalization
of the = electron cloud through the insertion of the
conjugated double bonds into the ring system.!” Be-
cause the hydrophobic porphyrins (TPP and TNP)
do not solubilize in aqueous media, in PDT appli-
cations these porphyrins were introduced in polar
aprotic solvent like DMSO and in its binary mix-
tures with water. It was important to study the ab-
sorption spectra of these porphyrins in DMSO and
in the mixture between DMSO and water. The in-
vestigated porphyrins are in a monomeric state in
DMSO (Figure 2). A small amount of DMSO added
to water has little effect on the hydrogen bonding of
water'®? or acts as a “structure breaker” in
water.?

A large amount of DMSO added to water creates
molecular complexes in which water acts as
hydrogen-bonded links between DMSO molecules.
In a binary mixture of DMSO:water at different
concentrations of DMSO the porphyrins change
their spectra. Linschitz and Felton? reported the re-
duction of TPP in DMSO, resulting in the genera-
tion of a radical anion which could be further re-
duced to the corresponding dianion. Due to its acid
character, the hydrogen atom from the porphyrin
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Fig. 2 Absorption spectra of the studied porphyrins.

macrocycle can be eliminated and the porphyrins
can form hydrogen bonds with proton donor
solvents® like DMSO. Between the ratio 100:0 to
80:20 DMSO:water, water can intercalate between
two DMSO molecules. The whole aggregate is
bonded with the porphyrin molecule (by means of
the NH or N atoms).?* The proton from inside the
porphyrin macrocycle can leave the macrocycle and
the porphyrin becomes an anion form with a strong
electronic density at the methine carbon position.?®
In such conditions, the anionic form of the porphy-
rin could aggregate in good agreement with the lit-
erature data.?® The dimerization processes are valu-
able for these conditions between 75%:25% and
50%:50% DMSO-water. Also, in water (even for
low content of water) DMSO hydrolyzes to form
methane and methyl-sulfonic acid evidenced by
means of the IR spectrum (Figure 3). At 50% DMSO
in water, due to these acid forms generated in our
system the dimeric forms start to the break, yield-
ing to one neutral porphyrin form and after that to
one acidic form until there is a 33%:67% DMSO:wa-
ter ratio. At a 25%:75% ratio in the system studied
there are only monomeric and dimeric forms of
porphyrin (this being the apparent concentration of
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Fig. 3 IR spectrum of methyl-sulphonic acid.
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Fig. 4 Absorption spectra of different ionized forms of TNP in
DMSO:water.

DMSO). Even the DMSO has a breaking effect on
the dimer and acts like an axial ligand.?’

At the noncytotoxic concentration of this solvent
in cellular systems (0.5%) the porphyrins exist in a
mixture of dimer and monomer forms. As a conclu-
sion, as a result of the addition of water in the case
of nonsufonated porphyrins, the changes character-
istic for the aggregation of dye are seen. The Soret
band became broader and the Qx band is shifted
from 515 to 518 nm. It is characteristic for the for-
mation of large oligomers, because in a case of
dimerization the coefficient is increasing®® not de-
creasing as we observed in our case. These results
will be studied subsequently. For sulfonated por-
phyrins the situation is different, because in our
system pH changes and we must study the ioniza-
tion processes for these porphyrins.?® By decreasing
the DMSO concentrations in the binary mixture
with water from 100% to 0.5%, the porphyrins pass
from neutral form to anionic form (75% DMSO) and
dimeric form (67% DMSO), to neutral form again
(at 50% DMSO) to a monocationic (37% DMSO) and
dicationic form (25%-0.5% DMSO) (Figure 4). At
0.5% DMSO at TS,PP the spectra are as superposi-
tions of free base monomeric form and bication
forms, which subsequently yield to dimeric forms
(C<25%x10°%M) and to J aggregates (C>2.5
%1073 M), where C is concentration.®® We expected
that because TNP had shown more interesting
properties and high efficiency in different biomedi-
cal applications, the new one—TS;NP—to present
similar properties, including water solubility. But
the results were not at all spectacular. The TS;NP
absorption spectrum seems to be identical to that of
TS,PP. For the TS,PP dimer, a red shift and a dis-
tinct splitting of Soret band could be observed in
two absorption bands (414 and 434 nm), at a con-
stant Q band at 552 nm (Figure 5).°! For TS,NP, at
Soret region, there is also a redshift of this band at a
constant Q band and a reduced splitting of this
band upon dimerization.®* A broad absorption be-
tween 600 and 700 nm is characteristic of closely
spaced porphyrin dimers as in the case of TS,PP.
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Fig. 5 Absorption spectra of porphyrins TS,PP (5Xx 1074 M) (A)
and TS,NP (2.5x 1073 M) (B) in 0.5% DMSO+99.5% water.

Some of the absorption bands from the red spectral
region of the dimers are redshifted and are absent
in the spectra of porphyrin monomers, and under
these conditions we think that the dimers have a
cofacial oblique structure with larger and more
flexible space between the rings, like in wu-oxo-
porphyrin complexes, in good agreement with the
literature, 303233

Although some dimeric porphyrin derivatives
appear to display optimal tumor-localizing
activity,® aggregation decreases the probability of
porphyrin photoexcitation®® and hence of singlet
oxygen formation if face-to-face clusters are
formed. The measured shifts of the specific bands
are consistent with the sandwich type geometry of
the porphyrin dimer.®® At room temperature the
dimerization constant of TS,PP in PBS is found to
be K4=3.42x10* M. Figure 6 presents the absorp-
tion spectra of TS,PP varying with temperature. A
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Fig. 6 The variation of the absorption spectrum of TS PP with tem-
perature.

change of the spectrum into the monomer one is
obvious. The temperature dependence of the
dimerization constants of TS,PP is given in Table 2.
For the TS,PP dimer, a redshift, a distinct splitting
of the Soret band, and a hypsochromic shift of the
other Q bands could be observed.

For large aggregates [at very high concentration
(C>2.5x10"%M) and at acidic pH 1.5 observed at a
DMSO:water ratio of 0.5%-99.5%], the molar ab-
sorbtivity decreases, the Soret band is blueshifted,

Table 2 The temperature dependence of the dimerization con-
stant of TS,4PP.

T (K) Kg(x 104 M)
333 1.1781
323 1.5246
313 2.0329
303 1.9965
293 3.4230
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Fig. 7 Fluorescence spectra of TPP (A) and TNP (B) at A
=488 nm in DMSO | ) and in 0.5% DMSO+99.5 % water
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and the Q bands are strongly redshifted. Could we
presume that J aggregates could be formed in this
aggregation process?

The formation of a J aggregate is clearly identified
by a relatively large (2000 cm™) bathochromic shift,
a band narrowing and an increase in extinction in
the absorption spectrum compared with the case
for unassociated monomers.>® Determining the tem-
perature dependence of the dimerization constant
could be observed in the transformation of the ab-
sorption spectra of the dimer to that of pure mono-
mer with increasing temperature similar to the re-
versible dissociation of J aggregates upon heating.®’
Because the new aggregated species reformed the
monomer species, it could be presumed that these
new species could be J aggregates (only J aggre-
gates dissociate into monomers because the thermal
energy by heating is distributed equally to all of the
J aggregates).® All these results were completed
with the fluorescence experiments.

Porphyrins readily aggregate in aqueous solu-
tions as well as in buffer solutions and in cells.*
TPP and TNP in DMSO present fluorescence spec-
tra with two emission bands (Figure 7), while in the
binary mixture DMSO:water, at TPP a redshift of
the entire emission spectrum and in the case of TNP
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Fig. 8 The fluorescence spectra of different forms of TS,PP: (--:)

monomer; (— — —) H aggregate; (—) dimer (face-to-face configu-
ration) d | ) dimer (end-+o-end configuration) d,; (----) J
aggregate.

only a new emission band at longer wave length
(749 nm) could be observed.

The sulfonated porphyrins exhibit the same emis-
sion characteristics but with different intensities.
The fluorescence spectrum of the monomer of
TS,PP in DMSO shows two peaks: at 650 and 700
nm (Figure 8). The fluorescence of the concentrated
TS,PP solution is highly quenched, which brings us
to the conclusion that the TS,PP aggregate is
weakly fluorescent. The fluorescence properties are
drastically reduced upon dimer and higher aggre-
gate formation, due to the hydrophobic and m—
interactions which occur in the porphyrin aggrega-
tion processes.

All values were obtained for 488 nm excitation.
The intensities of the fluorescence of the same pig-
ments in 0.5% DMSO in water are 6-10 times lower
than in 100% DMSO. It shows again that the dyes
(TPP, TNP, TS,PP) in agueous DMSO solvent (0.5%
DMSO0-99.5% water) are to a high degree aggre-
gated. The shapes of long wavelength bands and
the ratios of both band intensities are changed. A
shoulder at longer wavelength appears in the case
of high concentration, which suggests that this form
(J aggregate) is weakly fluorescent. End-to-end pla-
nar configurations (attributed to J aggregates) ex-
hibit emission properties comparable with those of
a monomer; even recent studies predict a concerted
structure: face-to-face (d;) and end-to-end structure
(d.).*° So, under these conditions, we could pre-
sume that all these porphyrins in DMSO: water bi-
nary mixtures exist like a sandwich and a linear
structure mixture. Because the first fluorescence
band of TS,PP is almost identical to the fourth ab-
sorption band of this porphyrin, we come to an-
other  conclusion about the J-aggregation
generation.*
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Monomers and dimers have been shown to ex-
hibit various degrees of polarization. In cell mem-
branes, owing to either migration into areas of
higher viscosity or binding to protein molecules,
dimers and monomers can also exhibit rather pro-
nounced polarization values.*> Also, by aggrega-
tion, there is a rather pronounced polarization
value.

The changes in polarization degree of TS,PP as a
function of temperature have been studied in the
porphyrin concentration range 0.125x10~°> M. The
temperature-dependent polarization fluorescence
plots of TS,PP showed typical phase transitions of
this porphyrin. It can be observed that the changes
in polarization fluorescence (Aq=550nm) take
place at increasing temperature (Figure 9). At this
Nexc,» WE Can observe two transitions which appear
in the polarization plots: the first transition has the
critical temperature T,=0 °C, and the second has
T.,=10°C (A =650 nm). All these results are proof
of increasing aggregation of the TS,PP with de-
creasing temperature. We presumed that at tem-
perature values up to 10 °C in the solution the por-
phyrin could exist as J aggregates and ‘‘sandwich”
dimer mixtures. But because the dissociation pro-
cesses of this porphyrin do not take place at a tem-
perature lower than 5°C, we concluded that the J
aggregates exist only up to 5°C (in solid matrice)
(-20-5°C), after that existing only in dimeric form
(5-10°C). After 10 °C in the solution, the fluorescent
monomeric form (c=1x10"" to 2x 10~ % M) exists.
At temperatures higher than 10 °C, in the solution
the concentration of the monomer will increase
while all aggregated forms will decrease for this
concentration area. Figure 10 shows the tempera-
ture dependence of the fluorescence polarization
degree P for various experimental conditions like
incubation time. As we know, at P 650 nm for Ay
=550 nm there is a pronounced decrease of the po-
larization at increasing temperature due to the de-
aggregation processes, in agreement with the litera-
ture data.*® After prolonged incubation in cells a
tendency of monomers to aggregate was observed.
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Fig. 10 The variation of the polarization vs the incubation time.

This aggregation could be attributed to the partition
properties change of porphyrin, which causes the
concentration of the porphyrin in specific mem-
brane sites. Structural constraints caused by the
possible overcrowding of this porphyrin molecule
in a small space show that this porphyrin could in-
teract with very polar regions in close contact with
the solvent.

Incorporation of all these porphyrins into human
blood cells was analyzed by flow-cytometry mea-
surements. The fluorescence of lymphocytes and
granulocytes was analyzed separately. The number
of stained cells of a given type was obtained from
the percent of gated cells exhibiting observed fluo-
rescence. The different ratio of ““‘mean fluorescence
intensities”” of the same cells stained suggests that
the aggregation of the dye is different or perhaps
the interaction of these dyes with the cell mem-
brane is different.***® When the easily penetrating
form occurs in a low concentration, then the num-
ber of stained cells is low, but the fluorescence yield
is rather high, which is characteristic of the strong
fluorescence monomeric form of the dye. From
these histograms, it can be assumed that aggre-
gated forms are better penetrating membranes but
once in the membranes, the dye is deaggregated by
interaction with lipids, therefore exhibiting similar
efficiency of fluorescence in the incorporated mono-
meric form. In both cases penetration into granulo-
cytes is more efficient than into lymphocytes. After
prolonged incubation there is a tendency of mono-
mers to aggregate.”® As we can see from Table 3,
TS,PP appear to display an optimal tumor-
localizing activity. Also, this porphyrin is efficiently
incorporated into leucocytes, but in its monomeric
free base form.

The penetration of this dye depends on the type
of cells. It is higher for the granulocytes than for the
lymphocytes. It suggests that in both solvents the
same forms of dyes penetrate the cell membrane.

In the case of TPP and TNP the percent of stained
fluorescent in aqueous DMSO is much higher in
DMSO because in aqgueous DMSO the pigments are
to a high degree in aggregated forms. This suggests
that aggregated forms are better penetrating mem-
branes but in membrane dye is deaggregated by the



Table 3 Incorporation of the dyes into cells in DMSO:water bi-
nary mixture.®

Mean intensity

Dye Cells % stained cells  fluorescence  State of dye
TPP L 4.5 82.3 A

TPP G 63.8 113.1 A

TNP L 4.5 69.0 A

TNP G 63.8 92.0 A

TSP L 0 910  D+A

TS,PP G 0.1 77.7 D+A
TSNP L 0 0 M+ A
TSNP G 0.1 720 M+A

® From Ref. 15: (L) lymphocytes; (G) granulocytes; (M) monomer; (D) dimer;
(A) J aggregate.

interaction with lipids that exhibit similar efficien-
cies of fluorescence to the monomeric form incorpo-
rated from DMSO. In both cases, penetration to
granulocytes is more efficient than into lympho-
cytes. TNP is more efficiently penetrated into the
cells in aggregated form than in monomeric form.

4 CONCLUSIONS

The nonsulfonated porphyrins—TPP and TNP—in
aggregated forms are more efficient in penetration
into membrane than nonsulfonated monomers.
TNP is more efficiently incorporated into cells
when it is in aggregated form than it is in free base.
The sulfonated porphyrins as TS,PP are efficiently
incorporated into leukocytes and granulocytes but
only in monomeric form. Two kinds of dimers can
be identified by absorption and fluorescence spec-
troscopy, namely face-to-face and end-to-end, and
some aggregates form J aggregates. The penetration
is higher for the granulocytes than for the lympho-
cytes. The monomer—dimer—J aggregates equilib-
rium of TS,PP is discussed in this paper in a large
temperature range (—20-60°C). The dimerization
constants, absorption spectra, fluorescence and po-
larization fluorescence are evaluated and discussed.
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