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Human peripheral blood cells stimulated by phytohemagglutinin (which serve as a
model of cancerous cells) and resting cells were incubated in dimethyl sulfoxide solu-
tions of various phthalocyanines. In order to diminish the influence of atmospheric ox-
ygen the cells were embedded in a polymer (polyvinyl alcohol) film. Fluorescence
spectra of the samples were measured over two regions of excitation wavelengths: at
405 nm (predominant absorption of the cell material) and in the regions of strong ab-
sorption of phthalocyanines (at about 605 nm and 337 nm). The intrinsic emission of
cell material became changed as a result both of cells’ stimulation and of incubation of
cells in dye solution. In most cases the stimulated cells when stained by dye exhibited
higher long wavelength fluorescence intensity than resting cells. This suggests higher
efficiency of dye incorporation into cancerous cells than into healthy cells. The ab-
sorption spectra of samples were also measured. The spectra of various phthalo-
cyanines in incubation solvent, in polymer and in the cells embedded in polymer, were
compared. The comparison of properties of the cells stimulated for different time peri-
ods enabled to establish the conditions of stimulation creating a population of cells in-
corporating a large number of sensitizing molecules.
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Phthalocyanines (Pcs) are promising candi-
dates for photodynamic therapy (PDT) be-
cause they have strong absorption in the Q
band, located in a red region in which tissue is
rather transparent (Rosenthal, 1991; Day et
al., 1998; Osler et al., 2000; Frackowiak et al.,
2001). To be an efficient photosensitizer for
PDT the dye should be selectively incorpo-
rated into the tissue. This means that it has to
be much more efficiently introduced into stim-
ulated cells (as a model of malignant cells)
than into the resting cells. To select the type of
Pcs which are most convenient for medical ap-
plications we compare, in this study, the ab-
sorption and fluorescence spectra of several
Pcs in resting and stimulated peripheral blood
mononuclear cells (PBMC).

In our previous investigations on PDT
sensitizers (Frackowiak et al., 1996; 1998; Ion
et al., 1998; Frackowiak et al., 2001a; 2001b;
2001d) we have used several spectroscopic
methods. The investigated Pcs exhibited vari-
ous, but always rather high, efficiency of trip-
let state generation. This property is impor-
tant because, in most of the photodynamic re-
actions, the dyes participate in the triplet
state (Rosenthal, 1991; Frackowiak et al.,
1996; 2001a). The absorption spectra of the
dye incorporated into the cells provide low ac-
curacy information because of small absorp-
tion amplitudes and perturbation of the spec-
tra by light scattering. Therefore fluorescence
methods are widely used (Pogue et al., 2001;
Frackowiak et al., 2001b; Dysart et al., 2002).
The fluorescence of photosensitizers observed
under a confocal microscope enables to estab-
lish the localization of dye in the cells
(Cubeddu et al., 2000; Trivedi et al., 2000).
Changes in the fluorescence of cell material
due to illumination of samples were used in
monitoring of cellular damage (Wood et al.,
1997; Pogue et al., 2001; Dysart et al., 2002).
The fluorescence spectra and yields of dyes
depend on the sensitizer localization in the
cells, but for a group of similar dye molecules,
the cells stained to a higher degree usually
show higher fluorescence intensity. There-

fore, on the basis of fluorescence spectra it is
possible to compare the degree of incorpora-
tion of various Pcs into the investigated cells.

The measurements of fluorescence spectra
excited at two wavelengths: one efficiently ab-
sorbed by cell material and the second by the
incorporated dye provide information about
the modification which had occurred in cell
material and about the dye incorporation. The
change in time of cell stimulation makes possi-
ble to find appropriate conditions for obtain-
ing stimulated cells incorporating a large
number of sensitizing molecules.

To select the type of Pcs which are most con-
venient for medical applications we com-
pared, in this study, the absorption and fluo-
rescence spectra of several phthalocyanines
in resting and stimulated peripheral blood
mononuclear cells.

MATERIAL AND METHODS

The structures of the investigated Pcs are
shown in Fig. 1. Solar Pcs was prepared by a
two stage procedure starting with HoPc(SOg-
H), and diethynolamine as described by Ion
(1999). The Pcs (substituted by Zn, and Al)
were purchased from Sigma-Aldrich and used
without further purification. Stimulation and
staining of PBMC were carried out as de-
scribed previously (Frackowiak et al., 1996;
2001c¢).

Whole heparinized human blood samples re-
maining after routine analysis were used for
the experiments. The purity and number of
mononuclear cells (monocytes and lympho-
cytes) were established using flow cytometry.
One part of the sample was stimulated using
PHA (phytohemagglutinin HA 17, Wellcome,
England) at a concentration of 10 ug/ml over a
period of 1 h or, in some experiments, for 3 h or
6 h always at 37°C. The second part of the sam-
ple was not subjected to stimulation. A half of
the stimulated and half of resting cells were
stained, unstained halves serving as control
samples. Dye solution at a concentration of 1 X
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Figure 1. Structure of the investigated phthalocyanines (Pcs).

a, Solar; b, ZnPc; ¢, AlPcCl I; d, AlPcCl II.

1074 M in 99.5% dimethyl sulfoxide (MeySO) +
0.5% HoO (denoted in the text as Me9SO) was
added to a suspension of mononuclear blood
cells (lymphocytes with low admixture of
monocytes) containing 3.6 X 10% cells. The
sample was incubated with dye for 1 h after
adding 1 ml portions of dye solution to a such
volume that 1 ml of the final suspension con-
tained 10° cells. The same volume of the sol-
vent was added to the control sample. The
stained cells were washed after the incubation,
and then resuspended in unpigmented solvent.
The cells were embedded in polymer polyvi-
nyl alcohol (PVA) film as described previously
(Frackowiak et al.,, 2001). The absorption
spectra of such samples were measured with
respect to PVA film using a Shimadzu
UV-V-1601 UV-VIS spectrophotometer.

The fluorescence spectra of the same dyes
embedded in PVA were measured in arbitrary
units, the same for every set of experiments,
at the same intensities of exciting light, wide-
ness of slits etc., by means of an Hitachi
F4500 instrument.

The PBMC samples embedded in PVA were
photochemically stable enough to maintain
their spectra unaltered for the duration of ex-
periments.

RESULTS AND DISCUSSION

Absorption spectra of all the investigated
phthalocyanine dye molecules in PVA films
(Fig. 2) exhibited a strong band in the
600-760 nm region (Q band) and a weaker (B
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Figure 2. Absorption spectra of Pcs in PVA films.

1, Solar Pc; 2, ZnPc; 3, AlPcCl I; 4, AlPcCl II (spectral
resolution from 0.06 nm to 0.12 nm); a.u., arbitrary
units.

band) over in the 300-400 nm range. A simi-
lar absorption was observed in the incubation
solvent (MegSO) (not shown). This is a typical
absorption pattern of Pcs making them good
candidates for PDT (Frackowiak et al., 2001b;
2001d). The main fluorescence emission max-
ima, at 337 nm excitation, were located in the
650-800 nm region (Fig. 3).
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Figure 3. Fluorescence of Pcs in PVA films.

1, Solar Pc; 2, ZnPc; 3, AlPcCl I; 4, AlPcCl II. Excita-
tions in the 610-613 nm region, only AlPcCI II excited
at 680 nm (spectral resolution about 1 nm); a.u., arbi-
trary units.

From a comparison of the fluorescence prop-
erties of Pcs in MegSO (not shown) and in
PVA (Fig. 3 and Frackowiak et al., 2002) it fol-
lows that the change in surroundings of the

dyes on incorporation of their molecules into
a rigid matrix causes some perturbation of the
fluorescence yields and spectra. The ratio of
the fluorescence yields in MeoSO and in aque-
ous PVA solution was, e.g., about 5.9. The re-
sult obtained show that the efficiency of incor-
poration of a dye into cells can be evaluated
only by comparing their fluorescence band in-
tensities in incubation solvent and in the cells.
It is useful to take into account also the ab-
sorption and photoacoustic spectra.

The absorption spectra of the resting and the
activated PBMC, stained by Solar Pc and un-
stained, embedded in PVA (Fig. 4) show that
it is not easy to establish the efficiency of dye
incorporation on the basis of absorption spec-
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Figure 4. Absorption spectra in PVA film.

1, unstained cells; curves 2 and 3, cells stained by Solar
Pc: 2, resting cells, 3, activated cells.

tra alone since the differences in absorption
values for samples subjected to various treat-
ments are low and measurements are per-
turbed by light scattering. In some cases, e.g.,
ZmPc, the dyes which, as judged on the basis of
their emission or photothermal spectra
(Frackowiak et al., 1996; 1998; 2001b; Ion et
al., 1998), were selectively incorporated into
stimulated stained cells and reference resting
cells, exhibited only slight differences in long
wavelength absorption . From our previous in-
vestigations (Frackowiak et al., 2001a) it is



Vol. 49

Phthalocyanines incorporated in human peripheral blood cells 637

known that ZnPc exhibits a very high popula-
tion of triplet state. From this point of view it
is a promising candidate for sensitizer in
PDT.

Both, the addition of PHA and dye have
some influence on the absorption spectra of
the cell material but the effects are not easy to
interpret without monitoring the cell struc-
ture under microscope (Cubeddu et al., 2000;
Trivedi et al., 2000).

The fluorescence spectra of PBMC stained
by Solar Pc excited at 610 nm (in the region of
strong absorption of the dye) (Fig. 5a) and ex-
cited in the region of cell material absorption
(Fig. 5b) were taken for the cells stimulated by
PHA over various periods of time. The fluores-
cence of stimulated cells first increased, when
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Figure 5. Fluorescence spectra in PVA film of cells
stained by Solar Pc.

a, excitation at 605 nm, measured in the region of dye
emission; b, excitation at 405 nm, measured in the re-
gion of cells emission. Curve 1, resting cells; curves 2
and 3, cells activated for 3 h and 4-6 h, respectively. In-
cubation conditions in Solar Pc solutions were identical
for all samples.

the stimulation time was extended from 1 h to
3 h, but started to became decreased after 6 h
of stimulation (Fig. 5a). In the first hour of
stimulation more dye was embedded into rest-
ing cells than into stimulated cells as shown
by fluorescence of the resting cells which was
lower than that of the stimulated cells (not
shown). The difference in fluorescence inten-
sity between stimulated and resting samples
was the largest as a result of activation for 3 h
(Fig. 5a).

Emission in the 500 nm region (excited at
405 nm where absorption of cell material is
stronger than that of the dye) (Fig. 5b) was
due predominantly to intrinsic fluorescence
of PBMC. At least part of cell intrinsic fluores-
cence in the 450 nm region is due to, nico-
tinamide adenine dinucleotide (NADH) emis-
sion (Pogue et al., 2001) reduced as a result of
illumination. This emission decreases in the
presence of oxygen (Pogue et al., 2001), there-
fore it can be intensive in the case of our cells
embedded in PVA. Some flavin emission can
not be excluded, either. The excitation energy
transfer from excited stained cell macromo-
lecules to B band of Pcs is possible. In this
case the emission of incorporated dye should
increase.

The short wavelength fluorescence of our
samples (Fig. 5b) was the highest for both,
stained and unstained cells, after 3 h of activa-
tion but it was very similar to the emission of
unstained resting cells.

The incubation of resting cells with dye
caused a decrease in fluorescence intensity.
Solar Pc emission in this region is very weak
(Fig. 3), therefore this decrease should be re-
lated to a change in properties of the cell mate-
rial. It is known that at various excitation and
observation of emission wavelengths the ratio
of malignant to healthy cell emission can be
different (Yang et al., 1997; Brancaleon et al.,
2001). On excitation at about 300 nm the tu-
mor tissue fluorescence is stronger, whereas
at longer wavelengths it is weaker (Yang et al.,
1997). A shift of emission maxima was also ob-
served (Yang et al., 1997; Brancaleon et al.,
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2001). The differences in emission between
malignant and healthy tissue are probably due
to alterations in protein structure. The possi-
bility that some special proteins could be
formed in malignant tissue should not be ex-
cluded. In our experiments, the differences
between resting and stimulated model cells
might have been caused by perturbation of
protein structure not only by activator, but
also by dye molecules and the incubation sol-
vent (MegSO). When the intrinsic fluores-
cence of cells is strongly influenced by the dye
incorporation, one can suspect that the dye is
toxic and that, even after it is expelled from
resting cells they could still be in disturbed
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Figure 6. Fluorescence spectra in PVA film of
cells stained by AlPcCl II.

a, excitation at 680 nm; b, excitation at 405 nm. Curve
1, resting cells; curves 2, 3, 4, cells activated for 1 h, 3h
and 6 h, respectively.

state. The influence of Solar Pc on intrinsic
PBMC emission is very complex. The emis-
sion from resting unstained cells was much
higher than from stained cells. The activation
by PHA caused an increase in emission from
stained cells, but this increase was dependent
on activation time. It seems that some of the
procedures applied caused an increase, while
the effect of others was to reduce emission.
The superposition of all the effects gave a com-
plex dependence of emission on the presence
of activator. On the basis of emission taken at
one wavelength of excitation it is not possible
to evaluate the contributions from various in-
trinsic chromophores to the observed emis-
sion. Most of the previous measurements of
tissue fluorescence have been carried out at
shorter wavelengths (Brancaleon et al., 2001)
than those used by us for excitation. It is
known (Lakowicz, 1999) that some originally
nonfluorescent substances can become
strongly fluorescent when they are bound to
proteins. A change in protein conformation
can have a strong influence on the shape and
intensity of the emission spectrum. We can
therefore regard the observed change in short
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Figure 7. Intensity of main fluorescence maxima
of activated cells, versus time of activation.

Curves 1 and 2, cells stained by AlPcCl II. 1, excitation
at 680 nm, observation at 770 nm and 2, excitation at
405 nm, observation at 498 nm. Curve 3 unstained
cells, excitation at 405 nm, observation at 498 nm.
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wavelength fluorescence as evidence that the
conformation of macromolecules become per-
turbed.

From fluorescence of AlPcCl II (Fig. 6a and
Fig. 7) it follows that the longer time of activa-
tion had rather little influence on incorpora-
tion of this dye into activated cells. The differ-
ence between long wavelength band intensity
of resting and stimulated cells was observed
as soon as after 1 h of activation. Similarly as
for Solar Pc, the time of incubation of cells
had to be properly established to obtain
higher efficiency of incorporation of dye mole-
cules into malignant than into resting cells.
Activation for 6 h gave the best result, but
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Figure 8. Fluorescence spectra in PVA film of cells
stained by a) ZnPc, b) AlPcCl 1.

Curve 1, stained cells, activated for 1 h; curve 2, stained
resting cells. Excitation wavelengths for ZnPc 605 nm,
for AlIPcCl 1613 nm. Curves 3, 4, 5, 6, excitation at 405
nm. Curves 3 and 4, stained cells; 5 and 6, unstained
cells. Curves 3 and 5, activated; 4 and 6, resting cells.

even after such a long incubation time, differ-
ences in the incorporation of dye into resting
and activated cells were not very large.

Over the short wavelength region, the addi-
tion of AlPcCl II to resting cells caused a
strong decrease of fluorescence (Figs. 6b and
7) as compared with unstained cells, showing
that the changes were not due to dye emis-
sion. Both for unstained and stained activated
cells the emission intensity was dependent on
the activation time. It seems that, for AlPcCl
II, not only PHA action but also dye addition
have a strong influence on cell properties.

The influence of PHA on cell structure is evi-
dent from Fig. 8a presenting fluorescence of
PBMC stained by ZnPec. In this case the dye
fluorescence maximum (at 703 nm) was much
higher for activated cells than for resting
cells. This shows that the selectivity of dye in-
corporation into cells was very high. The max-
imum at 494 nm strongly increased as a result
of cell activation, and its further increase is
due to ZnPc addition.

For cells incubated with AlPcCl I (Fig. 8b)
the difference in the emission of dye from acti-
vated and resting cells was low. The fluores-
cence maxima were mutually shifted suggest-
ing differences in dye environments in these
two types of cells. The maximum at 497 nm
was the highest for resting unstained cells,
and it decreased to a similar degree as a result
of dye or/and activator addition.

CONCLUSIONS

It has been shown that the fluorescence of
dyes incorporated into peripheral blood mo-
nonuclear cells can provide information about
the efficiency of dye incorporation. One has to
take into account the fact that the yield of fluo-
rescence in incubation solvent and in cells
may be different from that in the cells, but, for
a set of dyes, it is possible to compare their se-
lectivity and efficiency of incorporation.

The influence of PHA activator on intrinsic
fluorescence emission of the cells, observed in
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this study, could be expected because the acti-
vator should change the structure cell mate-
rial in order to produce the model of a malig-
nant cell. Optimal time of activation of the
cells varied from one Pcs to another. This may
suggest that for different types of perturbed
malignant cells different Pcs could be suitable
as sensitizers.

It is known (Yang et al., 1997; Brancaleon et
al., 2001) that the intrinsic fluorescence of
healthy cells differes from that of malignant
cells, therefore this emission can be used as a
marker of cell perturbation. Out of the Pcs in-
vestigated for possible PDT application, ZnPc
seems to be the most promising because it
seems not to be toxic for resting cells, exhibits
very efficient incorporation into malignant
cells and low level of incorporation into rest-
ing cells.
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