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Spectral properties (anisotropy coefficients calculated for absorption, emission and fluorescence
decay time) of two stilbazolium merocyanine dyes have been determined to evaluate the appli-
cability of these dyes as sensitizers in photodynamic therapy. The dyes were embedded in an
anisotropic polymer matrix. Analysis of the emission decay components measured in polarized
light provides information on the interactions of the dye molecules with the polymer matrix be-
ing a model of an anisotropic biological system. Different values of the emission anisotropies
obtained from various polarized components of fluorescence decays have shown that the orienta-
tions of the dye molecules influence their interactions with the polymer. This means that differ-
ently oriented dye molecules located in biological systems should exhibit different interactions
with membranes. The chain length and type of side groups attached as well as the salt form of
the dye molecule were shown to influence the dye-polymer interactions and should be taken into
account before the application of merocyanine dyes in medicine. These dyes seem to be promis-
ing optical sensors with spectral properties, including the calculated anisotropy coefficients, sen-
sitive to the molecular environment, useful to study orientation and interaction with neighbour-
ing molecules in biological membranes.
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INTRODUCTION

Stilbazolium merocyanine (Mero) dyes are
promising candidates for application as sensitizers
in photodynamic therapy (PDT) and in photody-
namic diagnosis (PDD) as well as fluorescent mark-
ers in biological investigation (Gruda et al., 1987;
Smith et al., 1991, O'Brien et al., 1992; Frackowiak
et al., 1995; Wiktorowicz et al., 1995; Lydaki et al.,
1996). In PDT, a sensitizer has to exhibit strong ef-
ficiency in generation of very photochemically ac-
tive triplet states (Staskowiak et al., 2004; 2005).
Therefore, the intersystem crossing (ISC) transition
from the excited singlet state to the triplet state has
to be efficient. This transition competes mainly with

the fluorescence emission (Frackowiak et al., 1990;
Mishra et al., 2000). In PDD, the marker molecules
have to be localized in the vicinity of cancerous cells
and have to exhibit strong fluorescence (Wiktorow-
icz et al., 2004). Both Mero A (in a previous paper
(Staskowiak et al., 2004) marked as H) and Mero B
(formerly — U*) (Fig. 1) were investigated by us
recently (Staskowiak et al., 2004, 2005). They differ
in the molecular length as well as the types of side
groups, and Mero B is in a salt form. It is known
that such differences may influence the interac-
tion of the dye with the surrounding environment
(Frackowiak et al., 1990), aggregation, its orientation
in anisotropic media (Staskowiak et al., 2005), and its
photochemical properties (Mishra et al., 2000). In so-
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lutions, Mero A and Mero B exhibit different spectral
properties and both dyes show a very low yield of
fluorescence (Staskowiak et al., 2004), therefore they
can be promising candidates for application in PDT
but not for PDD. The investigated dyes dissolved in
alcohol solution differ strongly in the yield of triplet
states generation which is higher for Mero A than
for Mero B (Staskowiak et al., 2004). All spectral
properties of dyes and natural pigment molecules
depend strongly on the interactions with their sur-
roundings (Bucci et al., 1992; Gryczyniski et al., 1993;
Frackowiak ef al., 2004; Bojarski et al., 2006). As a re-
sult, the spectral properties of dyes are different in
cells and in solution (Staskowiak et al., 2004; 2005).
The pigment molecules attached to a biological or
model membrane are usually oriented with respect
to the membrane plane or polymer axis (Frackowiak
et al., 1990). In oriented systems the spectra of dye
molecules exhibit higher anisotropies of absorption
and emission than the average spectral anisotrop-
ies of molecules freely moving in solution or inside
cells. The fractions of differently oriented dye mole-
cules typically have different photochemical proper-
ties (Frackowiak et al., 1990; 2004; Staskowiak et al.,
2005).

In the present paper we compare the spectral
properties such as anisotropies of absorption and
fluorescence, as well as decay times of emission ob-
tained for Mero A and Mero B dyes (Fig. 1) located
in isotropic (unstretched) and anisotropic (stretched)
polymer (polyvinyl alcohol (PVA)) films. A com-
parison of the anisotropy coefficients obtained from
the polarized absorption and emission spectra with
those obtained from calculations for all the polarized
components of the fluorescence decay of different
decay times, brings information on the orientations
of the different dye species and their interactions

Mero A
H
OH—(CH,)s— NC>: CH—CH 0
NO,
Mero B
. NO,
H/ —
CH,—(CH,),5— N/\:>—CH =—CH OH
o
NO

Figure 1. Molecular structure and notation of investigat-
ed stilbazolium merocyanines.

with the polymer matrix. The fluorescence intensity
decay profiles were analyzed using a multiexponen-
tial model (Lakowicz et al., 1991; 1999). We expected
that such an analysis would give information about
the groups of molecules differently interacting with
the polymer matrix and therefore emitting fluores-
cence with different decay times and anisotropies. In
the polarized emission spectra the contributions from
such groups of molecules are averaged. A complex
interrelation between the intensity and anisotropy
of the fluorescence decay would be observed in the
presence of fractions of dye molecules differently
interacting with the polymer. The optical properties
of these fractions should be dependent on the dye-
polymer interactions, and therefore photoselection
using polarized light should distinguish the frac-
tions of dye molecules differently oriented with re-
spect to the polymer. Film stretching usually causes
a strong increase in the anisotropy of the dye emis-
sion. A stretched PVA film serves as an anisotropic
model of a cell membrane (Bojarski ef al., 2006). The
dye molecules in such a matrix could be treated as a
model of sensitizer molecules incorporated into bio-
logical membranes.

MATERIALS AND METHODS

The stilbazolium merocyanines (Fig. 1) were
kindly provided by Dr. I. Gruda (Frackowiak et
al., 1990). The investigated compounds differ in the
length of the (CH,) chain and in the character of
side groups. Additionally, Mero B is in a salt form.

PVA (from Aldrich) was used for preparation
of isotropic and anisotropic films as previously de-
scribed (Staskowiak et al., 2004). Absorption spectra
of the investigated sample were measured with a
Varian Cary 4000 spectrophotometer, and fluores-
cence emission and fluorescence excitation spectra
were measured with a Fluorescence Spectrofluorom-
eter F4500 (Hitachi).

The fluorescence intensity decay profiles of
the Mero dyes in isotropic and stretched PVA films
were measured using a front-face configuration as
described earlier (Lakowicz, 1999; Frackowiak et
al., 2004) with time-correlated single-photon-count-
ing (FluoTime 200 fluorometer PicoQuant, Inc., Ber-
lin, Germany). This instrument is equipped with a
micro-channel plate (MCP) on the detection, and
pulsed excitation sources (Laser Diodes: 375 nm and
475 nm and pulsed LED: blue providing 449 nm,
and green — 510 nm). It is capable of resolving life-
times that are below 50 ps for the laser diodes, and
about 100 ps for LED excitation.

For stretched samples, two polarized absorp-
tion components of coloured and uncoloured poly-
mer, VV and VH, were measured (V, vertical, par-
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allel to stretching direction; H, horizontal) and the
degree of orientation

S = (VV=VH)/(VV + 2VH) = (3c0s?0-1)/2 1),
where © is the angle between transition moments
(TMs) of absorption and the stretching direction of
the polymer film, was calculated. The first letter de-
scribes the polarization of incident light and the sec-
ond letter indicates the position of the film axis.

The fluorescence was observed through a po-
larizer oriented vertically or horizontally (V or H)
relative to the stretching direction. The following
four components were measured for the stretched
films: VVV, VVH, VHH, VHV (first letter, polariza-
tion of the excitation light beam; middle, orientation
of the stretching direction; the last one, polarization
of the emission measured) and the coefficients of ani-
sotropy (Eqns. 2-5) for the maxima of emission were
calculated. For the unstretched (isotropic) films, the
middle letter was 0, therefore the components were
marked as VOV or VOH.

The four coefficients of anisotropy (Frackowiak
et al., 1990) were calculated from the emission spec-
tra (Eqns. 2-5). The r, coefficient (Eqn. 2) describes
the polarization of the emission from the molecules
with their TMs of absorption at small angles with
the direction of the film stretching, whereas r, (Eqn.
3) is related to the dye molecules with the TMs of
emission at greater angles with respect to the film
axis:

= (VVV=VVH)/(VVV + 2VVH) @),
r, = (VHV-VHH)/(VHV + 2VHH) 3).

The r_ parameter (Eqn. 4) describes the differ-
ence between the contributions to the parallel polar-
ized emission from the molecules oriented in paral-
lel and in perpendicular to the film axis, whereas r
(Eqn. 5) informs about the difference between the
molecules oriented perpendicular and parallel with
respect to the emission component observed.

= (VVV=VHV)/(VVV + 2VHV) 4)
r, = (VVH-VHH)/(VVH + 2VHH) (5)

There are several methods of analyzing fluo-
rescence decays (Lakowicz et al.,, 1991; 1999). In the
present investigation the data were fitted using the
FluoFit software (PicoQuant v.4) to the multiexpo-
nential model:

I(t) = Zoyexp (-t/1)) (6),

where o, is the amplitude of each decay component,
7, is the fluorescence lifetime of each respective ith

component. No assumptions are made as to the

spectral shapes of components decaying with dif-

ferent times. The amplitude associated with the ith

component of decay is given by:

o, = [foot (t)dt]/[fOZoci(t)dr] 7).
The fractional contribution of the ith compo-

nent to the total emission is given by:

f.= [Jo(t)rdt]/[[Zay(t)rd1] (8).

The average lifetime can be characterized by
two formulas: intensity-weighted (Eqn. 9) or ampli-
tude-weighted (Eqn. 10) as follows:

Tavi= 26 ©),

Taya = 2O4T; (10).

Both values provide information useful for
comparison of the sample properties. The fit of the
intensity decay data to the multi-exponential model
was based on nonlinear least square analysis. Each
intensity decay was analyzed with 1, 2, 3... exponen-
tials, and the reduced chi square (x?) values (Tables
2 and 3) were compared. If the goodness of fit was
not improved with a higher number of components,
a less complex model was selected.

For isotropic films, a more detailed informa-
tion on the fractions of different dye orientations can
be obtained from the coefficients R, and R,, based
on the VOV and VOH decay components of the emis-
sion measured and determined from the formula:

= [(VVV/VOV)~(VVH/VOH)]/[(VVV/VOV) +

2(VVH/VOH)] (11),
= [(VHV/VOV)~(VHH/VOH)]/[VHV/VOV) +
(V H/VOH)] (12).

R, is high when (in a given fraction of the dye)
the TMs of absorption and emission are parallel to
each other, and make small angles with the film axis,
or when there is a large pool of well oriented mol-
ecules and the fraction of randomly oriented ones is
small (Frackowiak et al., 1990). The R, value describes
the fluorescence anisotropy of the dye fraction with
TMs of absorption and emission at large angles with
the film axis, or with TMs with a broad distribu-
tion of angles to the film axis. This coefficient can be
negative for molecules oriented at a small angle with
respect to the film axis. The orientation distribution
function for a uniaxially oriented system is defined
by the angle between the long axis of the molecule
and the preferred direction of orientation (Dalmolen
et al., 1985). This function can be approximated by the
following Legendre polynomials:
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<P,>=[2 + 7R ~14R + 5R R ]/[23-14R +

+ R-10R R, ] (13),
<Pj> = [-12 + 2IR_+ 2IR -30R R, ]/[23-14R_+
+ R-10R R ] (14).

The value of <P,> gives the information about
the orientation of molecules similar to that obtained
from the absorption anisotropy, but for different dye
species we cannot obtain the absorption anisotropy
values. A negative value of <P,> usually suggests
the occurrence of different species of the dye which
can suggest that the number of types of dye species
is higher than the number of the components of de-
cay times. This is possible that the analysis of decay
components is, to some extent, a formal mathemati-
cal procedure.

RESULTS AND DISCUSSION

Absorption, fluorescence emission and fluorescence
excitation spectra of dyes in PVA

The shapes of the absorption spectra of un-
coloured isotropic and anisotropic films are similar
(Fig. 2), the differences in the absorption values are
due to the change of film thickness. After normaliza-
tion to the same thickness the spectra are similar. It
was confirmed experimentally that in the excitation
region studied the PVA emission (background) is
low compared to the pigmented PVA films, and can
be neglected.

Figure 3 shows the absorption, fluorescence
emission and fluorescence excitation spectra of Mero
A in PVA films. The shapes of the absorption spec-
tra measured for unstretched and stretched films are
similar (Fig. 3A). The film stretching practically does
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Figure 2. Absorption spectra of isotropic (1) and aniso-
tropic (2) uncoloured PVA film measured in non-polar-
ized light.

not change the shape of the absorption spectrum
measured in non-polarized light (Fig. 3A). The de-
crease in absorption is due to the change in the film
thickness. After normalization to the same thickness
the spectra are very similar, suggesting that similar
dye species occur in isotropic and anisotropic films.
Mero A samples contain predominantly two species
of the dye with absorption maxima at about 436 nm
and 474 nm (Fig. 3A) and one band of emission at
546 nm being partially a result of excitation energy
transfer between these species (Fig. 3B).

The maximum of the fluorescence excita-
tion spectrum is located at about 513 nm (Fig. 3A),
showing that a predominantly long wavelength spe-
cies of Mero dye, practically not seen in the absorp-
tion spectrum, is responsible for the fluorescence.
The maximum of the fluorescence emission for un-
stretched PVA film with Mero A was observed at
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isotropic (2, 4-6) and anisotropic
(3) PVA film.
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042 250 more complex than for Mero A. This dye, probably
L & because of its elongated structure and its ionic form,
009 F2005  can interact with the polymer differently and is able
o 1 [150®  to form at least three spectral species. However, its
S 0.06+ - § fluorescence excitation spectrum shows that the 540—
2 (1908 547 nm species is responsible for the fluorescence.
E 003 150 E' The fluorescence spectra of the dye molecules con-
< 0.00 | [, — sist of different bands. The polarized fluorescence
1 spectra and anisotropy coefficients indicate that the
= 40'_ emission TMs of the dyes are inclined at different
S, 304 angles to the film axis (Table 1). The dyes emitting
§ 20 at 414 nm have the emission TMs at a greater an-
2 | gle with the film axis than the TMs related to the
8 10 dye molecules emitting at 460 nm and 512 nm. The
El 0 absorption TMs of the dyes are located at different
] angles to the film axis (Fig. 6A, Table 1), indicating
g 80+ that the energy transfer (ET) between the dye spe-
g 60 cies is probably inefficient.
S The PVA orientation parameter (S) calculated
§ 40 on the basis of the polarized absorption spectra at
S 204 283 nm (Fig. 2) is similar to that for Mero B at 461
i nm and lower than that of other species of Mero A
0 400 ' 500 600 700 and B (Table 1). It is possible that the absorption TM

Wavelength [nm]

Figure 4. Polarized spectra of Mero A in anisotropic PVA
film.

Spectra of (A) absorption and fluorescence excitation (A
= 550 nm); (B, C) fluorescence emission recorded at A, =
436 nm (B), A, .= 470 nm (C), where H, horizontal; V, ver-
tical, notation of polarized components (see Materials and
Methods).

546 nm (Fig. 3B), and showed that excitation at 470
nm was more effective than that at 436 nm. In the
latter case, the excitation energy should be trans-
ferred to the fluorescent species but some part of the
excitation would be lost to heat (Staskowiak et al.,
2004).

Figure 4 shows the absorption, fluores-
cence excitation and emission spectra of Mero A,
in stretched film measured in polarized light. The
VVV and VHH emission components, at both wave-
lengths of excitation, are different, whereas the VVH
and VHV components are both very low and simi-
lar in intensities (Fig. 4B and 4C). This shows that
in most cases the TMs of dye emission and absorp-
tion form rather small angles with the direction of
the film stretching. The anisotropies of emission co-
efficients calculated at the maximum of the emission
band (A;) are shown in Table 1. From Fig. 4 and
Table 1 it follows that Mero A is to a high degree
oriented in the stretched film, which is confirmed by
the high value of S (Table 1) calculated from the ab-
sorption spectra (Fig. 4A).

A similar set of spectra for Mero B is pre-
sented in Figs. 5 and 6. For Mero B the situation is

of PVA is not exactly parallel to the stretching di-
rection or that not all PVA molecules are highly ori-
ented. In the latter case it is possible that most of the
dye molecules interact preferentially with the well-
oriented PVA chains.

Figures 3 and 5 show that some of the dye
molecules are oriented in the stretched PVA, but the
anisotropy of their absorption and emission is differ-
ent (Table 1). Anisotropy of fluorescence (Table 1)
depends on the wavelength of excitation, which in-
dicates the presence of different dye species whose
orientation is probably affected by different interac-
tions with the PVA matrix. Of course the VVV com-
ponents usually have the highest intensity (the ex-
ception is the species at 414 nm of Mero B showing
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Figure 5. Absorption and fluorescence excitation (A, =
600 nm) spectra of Mero B.

Dye in methanol solution (1), isotropic (2), and anisotropic
(3, 4) PVA film.
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Table 1. Orientation degree and anisotropy coefficients of Mero dyes in stretched PVA film.

Mero Ay[nm] S 0[] Ao [nm]  Ap [nm] r T, T T4
A 436 0.23 45.7 436 544 0.54 -0.35 0.63 -0.31
474 0.32 42.3 470 0.69 -0.37 0.69 -0.37
461 0.09 51.2 414 0.29 0.37 -0.10 -0.03
B 540 022 461 370 460 0.53 0.08 0.21 -0.19
512 0.47 0.15 0.33 0.01

S, degree of orientation (Eqn. 1) calculated from absorption; r,, 1., 1,

ry, anisotropy coefficients (Eqns. 2-5) calculated

from emission spectra; A,, A, the wavelength of absorption and fluorescence band, respectively; A, the wavelength of
excitation; ©, the angle between transition moments of absorption and the stretching direction of the polymer film.

that the TMs of emission of some fractions of the
dyes are oriented almost perpendicular to the direc-
tion of film stretching).

Analysis of fluorescence decay

Examples of measured and analyzed fluores-
cence decays of the VVV components obtained for
Mero A and Mero B are shown in Fig. 7. Similar
analyses were conducted for all measured samples
and the obtained amplitudes and lifetimes of vari-
ous decay components are presented in Tables 2 and
3. The coefficients of anisotropy (Eqns. 2-5 and 11,

0.03

540 A

461
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- N
| |
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(&)]
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Wavelength [nm]

Figure 6. Polarized spectra of Mero B in anisotropic PVA
film.

Spectra of (A) absorption, and (B, C) fluorescence emis-
sion: (B) A, .= 370 nm, (C) A, = 462 nm, where H, hori-
zontal; V, vertical; notation of polarized components (see
Materials and Methods).

12) were also calculated from the components of
fluorescence decay (Tables 4 and 5). On the basis of
anisotropy coefficients and Legendre polynomials
(Eqns. 13, 14, Tables 4 and 5) it is possible to ob-
tain some quantitative information about the distri-
bution of the long axis of elongated molecules, such
as those of Mero A and Mero B, relative to the film
orientation axis.

The results of the decay analysis obtained
for Mero A in unstretched and stretched films are
shown in Table 2. For decay measurements, the ex-
citation at 470 nm was used. This makes the situ-
ation simpler than that for the excitation at 440
nm as the ET, responsible for the emission depo-
larization, occurs between at least two species of
the dye. Observations were carried out at 546 nm,
near the maximum of the fluorescence band of this
dye (Table 2). As follows from Table 2, in the film
with Mero A, the intensities of the VOV and VVV
components of fluorescence decay are the highest
among the components obtained. There are differ-
ences between the results for the VOV and VOH
components, not only in the intensity of emission
but also in the number of components. However,
the averaged lifetimes are not so different, which
shows that it is possible to obtain more information
from the decay components than from the aver-
aged lifetimes of the sample. The unstretched film
is practically isotropic, therefore the differences ob-
served are related to those between the emission of
promptly excited molecules in the VOV components
and the emission of molecules predominantly ex-
cited by ET in VOH. The excitation energy is trans-
ferred from molecules with the TMs of absorption
almost parallel to the electric vector of the exciting
light to the dye molecules oriented at a great angle
with respect to the V direction. Migration of excita-
tion takes time, therefore the intensity-weighted for
the average lifetime in VOV is higher than in VOH.
The amplitude-weighted average lifetimes exhibit
the opposite dependence at 470 nm excitation, but
there also the number of components is different:
three in VOV and only two in VOH. This suggests
that different species of the dye take part in ET
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Figure 7. Examples of measured and analyzed fluorescence decays of VVV components.

(A) Mero A, A, =440 nm, A,

= 546 nm, a, = (47960+950), T, = (0.202+0.004) ns; a, = (139509+220), T, = (1.08+0.01)

ns; a, = (2990£75), 1, = (2.73£0.04) ns; (B) Mero B, A, .= 510 nm A_, = 603 nm, «; = (1520+130), 7, = (0.72£0.06) ns; a, =

(1030+43), 1, = (2.64+0.09) ns.

with different efficiency. In this situation it is not
easy to compare the amplitudes (a) of the com-
ponents and their decay times (t;) (Table 2). This
suggests that different dye species contribute to the
emission observed.

The VOV component is greater than the VOH
one, and VVV is greater than VVH, which shows
that the angles between the TMs of absorption and
emission are small. This was expected because of
the elongated shape of the dye molecules. The rather
high values of VHV compared to VHH suggest that
not all molecules are perfectly oriented and their

TMs can make large angles with respect to the film
axis.

A multi-exponential analysis of the decay is
to some extent arbitrary, but from the number of the
components obtained it is possible to draw conclu-
sions about the presence of various fractions of mol-
ecules exhibiting different interactions with poly-
mers. This shows that film stretching caused the dye
orientation. The number of the decay components
depends also on the wavelength of the excitation,
suggesting that different species absorb and emit in
different spectral regions.

Table 2. Fluorescence decay analysis of Mero A in unstretched and stretched PVA films.

Aexe obs T L5 T a3 T3 Ay Ty TavL Tava
Comp. X2
[nm]  [nm] [Cnts]  [%] [ns] [Cnts]  [%] [ns]  [Cnts]  [%] [ns]  [Cnts]  [%] [ns]  [ns] [ns]
VoV 34230 7425 021 10160 2204 121 1710 3.71 340 - - - 142 055  1.038
VOH 11750 7687 0.5 2920 1910 105 616 403 310 - - - 138 045  1.012
wo s VWY 47960 7389 020 13950 2150 1.08 2990 461 273 - - - 123 051 1156
VVH 7310 7562 0.4 1803 1867 0.83 552 5.71 247 - - - 123 040 0958
VHV 16370 7791 012 3600 1715  0.86 1038 494 247 - - - 121 036  1.025
VHH 8480 7814 012 1859 1712 0.89 514 474 288 - - - 142 038 0930
VoV 11220 7200 0.15 3437 2206 082 927 5.95 239 - - - 117 043  1.003
VOH 2212 8100 027 519 1900 167 - - - - - - 110 053  1.073
470 546 \'AAY 33840 59.77 0.15 14700 2597 0.62 7824 13.82 1.76 255 0.45 4.46 1.23 0.51 1.089
VVH 4900 69.24 0.11 1584 22.37 0.62 594 8.39 1.99 - - - 1.13 0.38 0.975
VHV 5200 65.04 0.19 2108 2636  0.88 688 8.60 229 - - - 1.24 0.55 1.003
VHH 4870 70.83 0.11 1516 22.05 0.67 489 7.11 2.24 - - - 1.21 0.38 1.005

Components (Comp.) notation: first letter, polarization of excited light; last one, polarization of observed emission; middle, 0 (isotropic,
unstretched film) or orientation of sample axis (anisotropic, stretched sample); where V, vertical; H, horizontal; t Avr Tavas intensity—

weighted and amplitude-weighted estimated for the average lifetime; A

square value; the accuracy of determined parameters is about 3-4%.

A py €Xcitation and observation wavelengths; X2, reduced chi

exc’ "“obs’
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Table 3. Fluorescence decay analysis of Mero B in unstretched and stretched PVA films.

Aexe Mobs Comp. %4 131 % 1) o) T3 Tavi Tava 2

[nm] [nm] [Cnts]  [%] [ns] [Cnts]  [%] [ns] [Cnts]  [%] [ns] [ns] [ns]
VoV 3810 5358  0.78 2900 40.73 2.84 401 5.64 9.66 419 212 0.996
VoH | 1313 | 5039 | 062 | 1096 | 4205 |237 |197 | 756 | 807 |39 |191 | 0933

370 450 \'A'AY 4970 52.03  0.82 4061 42.55 2.85 517 542 975 414 217 0.953
VVH 1259 79.63 1.64 322 20.37 6.60 - - - 415 265 0.960
VHV 1490 80.23 1.60 367 19.77 6.51 - - - 4.06 257 1.017
VHH 1719 79.15 1.78 453 20.85 6.93 - - - 439 285 1.020
VoV 1233 5155  0.54 950 39.73 241 209 8.72 8.36 435 197 0.913
VOH 637 7596  0.99 202 24.04 5.35 - - - 374 204 1.004

370 513 \'AAY% 3270 5425  0.63 2385 39.60 2.76 370 6.15 10.03 4.60 2.05 0.977
VVH 811 76.73 1.48 246 23.27 6.83 - - - 460 273 1.014
VHV 792 76.66 1.53 241 23.34 6.87 - - - 461 277 0.994
VHH 946 75.45 1.78 308 24.55 7.44 - - - 504 3.17 1.009

470 513 VoV 320 63.74  0.97 182 36.26 3.86 - - - 297 202 0.912
VOH 117 61.46  0.90 73 38.54 3.57 — - — 280 193 0.860
VoV 1950 5896  0.81 1357 41.04 2.65 - - - 208 156 0.980
VOH 449 48.88  0.58 469 51.12 2.27 - - - 193 144 0.926

510 603 VVV 1520 59.60  0.72 1030 40.40 2.64 - - - 209 150 0.945
VVH 453 63.17  0.80 264 36.83 2.37 - - - 1.79  1.38 0.917
VHV 882 6890 090 398 31.10 2.51 - - - 1.80 140 0.924
VHH 773 5717  0.78 579 42.83 2.12 — - - 1.68 135 0.933

Description and components notation as in Table 2; the accuracy of determined parameters is about 3—4%.

The average lifetimes in isotropic and aniso-
tropic films are similar but these values are obtained
by averaging the contributions from various frac-
tions of different dye species. The information on
these species can be obtained from the components
of the fluorescence decay.

The data obtained for Mero B in isotropic and
anisotropic films are shown in Table 3. From this
table it is clear that most properties of both dyes
(Mero A and Mero B) are similar, but for Mero B
the VHH components are in some cases higher than
the VHV ones. This shows that ET between differ-
ently oriented MeroB molecules is not as efficient as
that for Mero A.

The numbers of polarized decay components
for stretch and unstretched films are also different
and depend on the wavelength of excitation. The lat-
ter dependence shows that different species of Mero
B dye absorb and emit in different spectral regions.
As follows from Table 4, the fraction of molecules
almost perfectly oriented is higher for Mero A than
for Mero B.

Anisotropy of various components of decay
The values of the coefficients of emission ani-

sotropy obtained for the decay components of both
dyes embedded in isotropic and anisotropic films are

Table 4. Anisotropy coefficient and Legendre polynomials calculated for emission decay components of Mero dyes in

stretched PVA film.

Mero exc Acbs | ) %
[nm] [nm] r, Ty r, Ty T, Ty T, Ty r, o T, Ty

A 440 546 0.65 0.24 0.39 0.05 0.69 0.24 0.49 -0.01  0.60 0.25 0.39 0.02
470 546 0.66  0.02 0.65 0.002 0.73 0.12 0.67 0.02 0.80 0.12 0.78 0.07
370 450 - -0.05 - -0.10 - -0.07 - -011 - - - -

B 513 - -0.06 - -0.05 - -0.08 - -0.07 - - - -
510 603 044 045 0.19 -0.16 0.49 -0.12 035 -022 - - - -

R, R, <P,> <P> R, R, <P> <P> R, R, <P> <P>

A 440 546 029 -0.13 0.30 -0.38 0.29 -0.17  0.23 -0.29 024 0.10 0.25 -0.42
470 546 0.11 -036 0.35 -0.75 0.09 -0.36 0.34 -0.77 - - - -
370 450 0.11 -031 0.32 -0.71 0.56 -0.30  0.56 -0.10 - - - -

B 513 027 -023 035 -0.48 0.26 -0.38 0.44 -0.58 - - - -
510 603 0.08 -033 0.32 -0.75 0.10 -0.34 036 -0.74 - - - -

r, I, Iy Iy R, R, anisotropy coefficient (Eqns. 2-5, 11 and 12), <P,>, <P,>, Legendre polynomials (Eqns. 13 and 14).
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Table 5. Anisotropy coefficient and Legendre polynomials calculated for amplitude-weighed
of the average lifetime of Mero dyes in stretched PVA film.

Mero E\SE] E\l’(l)ll')l'sl] r, r, T, ry R, R, <P,> <P>
440 546 -0.08 0.02 -0.11 -0.02 -0.01 0.09 0.03 —0.44

A 470 546 -0.09 -0.12 0.03 0.00 -0.15 -0.17 0.14 -0.79
450 0.07 0.04 0.06 0.03 0.11 0.07 0.08 -0.40

B 70 513 0.10 0.05 0.11 0.05 0.09 0.03 0.10 —0.44
510 603 -0.03 -0.01 -0.02 -0.01 0.00 0.02 0.08 -0.51

Descriptions as in Table 4.

shown in Table 4. As follows from Table 4, various
species are represented by three or two decay com-
ponents of different orientations. This shows that the
orientation influences the dye-polymer interaction.

For both species of Mero A the <P,> values
given in Table 4 are similar to the S values (Ta-
ble 1). From the coefficients of emission anisotropy
it follows that the fraction of well-oriented mol-
ecules is quite large. Significant differences are ob-
served in <P,> between the a; and a, components
for Mero B. This shows that the two groups of mole-
cules described by these two exponentials are differ-
ently distributed. The value of <P,> for both groups
is negative and changes irregularly with excitation
wavelengths, which suggests that the observed spe-
cies are characterized by different orientations.

Steady-state anisotropies of emission give
much less information on the dye interactions
with the polymer than the intensity of the polar-
ized components decays. The values of anisotropy
of Mero A obtained from average amplitude (Ta-
ble 5) show a similar tendency as the values ob-
tained from the absorption anisotropy (Table 1),
but for Mero B the situation is much more com-
plex, in agreement with the spectral properties
of Mero B in PVA which are significantly differ-
ent than those observed for this dye in solution
(Staskowiak et al., 2004).

The purpose of the present work was to
study the fluorescence emitted from oriented dye
molecules. We tried to qualify the dependence of
the anisotropy coefficient values obtained from the
polarized steady-state emission spectra and the po-
larized decay fluorescence components on the mo-
lecular array of the Mero dyes in polymer. As fol-
lows from Tables 1-5 and Figs. 1-7 as well as from a
comparison of the data with the results obtained for
the same dyes in isotropic media (Staskowiak et al.,
2004), the interaction of the dye with polymer chains
has a strong influence on the anisotropy of the dye
absorption and emission as well as in some cases
even on the shape of the polarized emission spectra.

Mero dyes can be easily oriented in anisotropic sys-
tems, hence they are useful for the investigation of
the biological cell elements (e.g. membranes) stained
by the dye.

The interactions with polymer lead to forma-
tion of species with different emission spectra in
Mero B, a merocyanine in the salt form, whereas
for Mero A differently oriented molecules exhibit
various decay times (it means also various yields
of emission). The results presented confirm that the
interactions of the dyes investigated depend on the
dye properties such as the chain length or/and the
salt form of the molecule, and influence the dye ori-
entation with respect to the elongated polymer mac-
romolecules.

Although the analysis of the decays of the
polarized fluorescence components is only a formal
procedure, it shows that the fractions of molecules
characterized by different times of fluorescence decay
exhibit different anisotropy of emission. The anisot-
ropy coefficients should be taken into account when
evaluating the efficiency of introduction of sensitizer
molecules into cells. Such evaluation is carried out
very often only on the basis of the fluorescence of
the dye in the cells. It has been shown that the over-
all fluorescence quantum yield of 540-merocyanine
can change with the lipid to Mero dye ratio in mod-
el systems and that the Mero fluorescence efficiency
increases in highly packed lipid interface (Bernik et
al., 1999). The fluorescent band of 540-merocyanine
has also been used to monitor lipid-phase domains
in studies of tumour cells (Stillwell et al., 1993). The
results show that the selection of proper sensitizers
for PDT treatment cannot be done only on the basis
of fluorescence measurements. Dye interactions with
biological molecules can change the fluorescence
yield and may also influence the yield of triplet
states generation by intersystem crossing. The triplet
states are very active in photochemical reactions, and
are therefore important in photodynamic treatment.
The photoinactivation effect of 540-merocyanine on
artificial and natural cell membranes involves singlet
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molecular oxygen as well as the singlet oxygen ef-
fects on plasma membrane integrity and mitochon-
drial respiration (Gaffney et al., 1990; Kalyanaraman
et al., 1987).

Mero dyes seem to be promising optical sen-
sors with spectral properties, including the calculat-
ed anisotropy coefficients, sensitive to the molecular
environment, useful to study anisotropic, artificial
and biological, membranes. Their orientation and
interactions with neighbouring molecules in mem-
brane influence the photophysical and photochemi-
cal parameters of the dye-sensitizers. The strong
interactions with the cell membrane can prevent ef-
ficient penetration of the sensitizer molecules into
cells and can therefore disturb PDT, but strong in-
teractions with macromolecules in pathological cells
enhance the photodynamic effects. Therefore, further
investigation of dye interactions with cancerous and
healthy cells and their components is necessary.
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