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Abstract

In this work, erythrocytes from carp were used as a nucleated cell model to test the hypothesis that the phthalocyanines (zinc – ZnPc
and chloroaluminium –AlClPc) enhance ultrasonically induced damage in vitro. In order to confirm and complete our earlier investiga-
tion, the influence of ultrasound (US) and phthalocyanines (Pcs) on unresearched cellular components, was studied. Red blood cells were
exposed to 1 MHz continuous ultrasound wave (0.61 and/or 2.44 W/cm2) in the presence or absence of phthalocyanines (3 lM). To iden-
tify target cell damage, we studied hemolysis, membrane fluidity and morphology of erythrocytes. To demonstrate the changes in the
fluidity of plasma membrane we used the spectrofluorimetric methods using two fluorescence probes: 1-[4-(trimethylamino)phenyl]-6-
phenyl-1,3,5,-hexatriene (TMA-DPH) and 1,6-diphenyl-1,3,5-hexatriene (DPH). The effect of US and Pcs on nucleated erythrocytes
morphology was estimated on the basis of microscopic observation.

The enhancement of ultrasonically induced membrane damage by both phthalocyanines was observed in case of hemolysis, and mem-
brane surface fluidity, in comparison to ultrasound. The authors also observed changes in the morphology of erythrocytes. The obtained
results support the hypothesis that the Pcs enhance ultrasonically induced cell damage in vitro.

Furthermore, the influence of ultrasound on phthalocyanines (Pcs) in medium and in cells was tested. The authors observed changes
in the phthalocyanines absorption spectra in the medium and the increase in the intensity of phthalocyanines fluorescence in the cells.
These data can suggest changes in the structure of phthalocyanines after ultrasound action.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Sonodynamic therapy (SDT) is a new promising method
of killing tumor cells, based on the synergistic effect of
ultrasound (US) and certain compounds called ‘‘sonosensi-
tizers” [1,2]. Compared to the laser bundle that has been
applied for years in photodynamic therapy, the ultrasound
showed a higher ability to focus on a small region of can-
cer, penetrating deeply within the tissue, activating the
local sonosensitizer and minimizing damage to neighbour-
ing healthy cells [3].
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Recently, SDT has been widely examined and many
reports demonstrated the synergistic effect of US and sono-
sensitizers in studies on cells in vitro [4,5], as well as in
tumor-bearing animals [3,6,7]. These studies have mainly
concentrated on the mechanism by which ultrasound
increases drug cytotoxicity and different sonosensitizers.
Although SDT has been relatively well investigated, the
mechanism of killing effects is still unclear and needs addi-
tional investigation.

A selection of appropriate compounds, which show
sonodynamic properties, is also very important. These
compounds, which are used in photodynamic or sonody-
namic therapy should penetrate effectively to cancer cells
and not show cytotoxic properties in relation to healthy
cells. The most widely used sonosensitizers are hematopor-
ancement of ultrasonically induced cell damage ..., Ultrasonics
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phyrine or its derivatives (HpD), but there are also other
compounds: anticancer drugs, such as, pheophorbide a
[8], dimethylformamide [9], merocyanine [10], erythrosine
B, and rose bengal [11], which are reported as sonosensitiz-
ers. In this study, ultasonically induced effects of Pcs on
nucleated red blood cells are investigated.

Phthalocyanine is a symmetrical, aromatic macrocycle
with different metal ions in its central cavity. Physicochem-
ical properties of phthalocyanines depend on the kind of
metal in the centre as well as the substituted differential
peripheral groups. Sensitizers, including paramagnetic met-
als in the centre, show weak activity, whereas, dyes with
diamagnetic metals (e.g.: zinc, aluminium) are character-
ized by high photobiological activity [12]. Groups that
are substituted also decide about the activities of Pcs,
because they influence their solubility. Pcs localized in cells
depend on polarity and solubility. More polar Pcs are
localized in the cytoplasm and less is found in the cellular
membrane [13]. Although phthalocyanines have been
reported to localize selectively in tumor tissue and have
been proposed as candidates for medical application in
view of their photodynamic properties [14,15], the synergis-
tic effect of Pcs and US has been relatively less studied.
Yumita and Umemura [16], have noticed a synergistic
effect of Pcs and US. They have evaluated chloroaluminum
phthalocyanine tetrasulfonate for sonochemical activation
in mice in vivo. The results showed a significant antitumor
effect as evaluated by the decrease in the tumor size.

Our previous results also showed that the effect of US
can be enhanced through the addition of phthalocyanines,
which results in the increase in hemolysis and lipid peroxi-
dation products, as well as, a decrease in the osmotic resis-
tance of nucleated erythrocytes [17]. However, the presence
of Pcs did not enhance ultrasonically induced DNA dam-
age [18]. The authors used Pcs with a concentration of
3 lM and the sample was exposed to the only one intensity
of ultrasound, 2.44 W/cm2.

The present study is a continuation of the study on the
effect of US and phthalocyanines on nucleated erythrocytes
in vitro. The hypothesis that Pcs enhances ultrasonically
induced cell damage has been tested. Hemolysis (lower
intensity of US) and membrane fluidity have been deter-
mined to confirm that effects on the cellular membrane.
The influence of Pcs and US on morphology of nucleated
erythrocytes has also been studied, because the authors
wanted to test whether Pcs also enhances the cell-damaging
effects of US.

Carp erythrocytes have been applied as a useful model
to investigate the aspect of toxicology in vitro, as their
membranes are rich in long-chain polyunsaturated fatty
acids, which could be oxidized under oxidative stress con-
ditions induced by chemical or physical factors. These
erythrocytes are nucleated, flattened, and ellipsoidal, and
they possess, besides hemoglobin (Hb), mitochondria,
endoplasmatic reticulum, and other organelles, typical of
somatic cells. Their cytoskeletal system consists principally
of a membrane skeleton, containing actin and spectrin-
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family proteins, and intermediate filaments of the desmin
class [19]. The important advantage of this model is the fact
that many cellular functions and experimental approaches
have been well described.

Furthermore, we tested the effect of US on phthalocya-
nines in medium and in cells because this information can
be useful to explain the mechanism of synergistic effect of
US and Pcs.

2. Materials and methods

2.1. Chemicals

Fluorescence label: 1-[4-(trimethylamino)phenyl]-6-phe-
nyl-1,3,5,-hexatriene (TMA–DPH), 1,6-diphenyl-1,3,5-
hexatriene (DPH), and dimethyl sulfoxide (DMSO) were
purchased from Sigma (St. Louis, MO, USA). Zinc (ZnPc)
and chloroaluminium (AlClPc) phthalocyanines were
obtained from Acros Organics (New Jersey, USA). All
the other chemicals came from Polish Chemical Reagents
(Gliwice, Poland) and were of analytical grade.

2.2. Cell preparations

Healthy fish (Cyprinus carpio L) of both sexes, weighing
1–2 kg, were collected from the local fish farm and were
acclimated for a few days in aquarium water (temperature
14–16 �C). The whole blood from fish (C. carpio L.) was
withdrawn by caudal puncture with heparinized syringes.
Erythrocytes were isolated immediately after the collection
by centrifugation for 5 min with 1500 � g, at 4 �C. After
the removal of plasma, the erythrocytes were washed thrice
with isotonic for carp erythrocytes buffer (0.6%) NaCl solu-
tion. After washing, red blood cells were diluted in the
incubation medium (90.5 mM NaCl, 3 KCl, 1.3 mM
CaCl2, 0.5 mM MgSO4, 6 mM glucose, 1 mM pyruvate,
1 mM Tris–HCl, pH 7.4) to 5% hematocrit for each trial.

The procedures of fish treatment were approved by the
Local Ethics Committee in Lodz in compliance with the
Polish law.

2.3. Ultrasound and exposure system

Continuous-wave US was generated by an unfocused
apparatus for ultrasonic therapy, BTL-07p, produced by
Medical Technologies s.r.o. (Prague, Czech Republic).
The 1 MHz, 12 mm diameter transducer was immersed in
a container with distilled water. To minimize the reflected
US, an acoustic reflector (Plexiglas wedge) was placed at
the end of the tank opposite the transducer. The reflection
coefficient was calculated for pressure amplitude. For the
45� wedge, the reflection coefficient did not exceed 5%, even
for a slightly divergent incident wave, and the standing
wave could be neglected. Dosimetry was performed with
the acoustic absorber in place, using the PVDF bilaminar
shielded membrane hydrophone (Sonic Technologies,
serial no. 804043; Hatboro, PA). The spatial peak intensi-
ancement of ultrasonically induced cell damage ..., Ultrasonics
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ties in these experiments were in the range of 0.61–2.44 W/
cm2, corresponding to the measured peak positive and
peak negative pressures of p+ = 0.17 MPa, p� = 0.18 MPa
and p+ = 0.34 MPa, p� = 0.33 MPa, respectively.

The experimental set-up, the plot of reflection coefficient
versus angle, lateral ultrasonic pressure distribution and
characteristic output values for the ultrasonic unfocused
transducer have been described in detail and shown previ-
ously [20].

2.4. Chemical treatment of erythrocytes

ZnPc and AlClPc were added to the suspension of eryth-
rocytes to give a final concentration of 3 lM. The cells were
incubated with phthalocyanine for 20 min at 22 �C in the
dark, to eliminate the influence of light on Pcs and probes.
After being exposed to Pcs the erythrocytes were washed
and the samples (except the control) were immediately
sonicated.

2.5. Sonication

The samples were put into small foil bags 1 cm � 1 cm
(width and height) for each trial. The bag was made of thin
polyethylene foil, 0.05 mm thickness. Each time the same
volume (0.2 ml) of erythrocytes, diluted in incubated med-
ium to 5% hematocrit, was used and they were evenly dis-
tributed inside the bag. The samples had not been
degasified and rotated. During the exposure, the suspen-
sion did not fall to the bottom and the whole sample was
sonicated to the same degree, so the cells did not need rota-
tion. Each sample of erythrocytes (except the control) was
exposed to 1 MHz of continuous US wave at intensities of
0.61 and/or 2.44 /cm2 for 5 min.

2.6. Hemolysis

Erythrocyte suspensions (Ht = 5%) in incubated med-
ium (pH 7.4), after exposure to Pcs, were sonicated at
0.61 W/cm2 for 5 min. After centrifugation the degree of
hemolysis (%) was determined by measuring the hemoglo-
bin content in the supernatant at 540 nm. Hemolysis in
each sample was expressed as a percentage of the absor-
bance in distilled water.

2.7. Fluorescence anisotrophy

To demonstrate the changes in the fluidity of the plasma
membrane, the authors used the spectrofluorimetrical
method and two fluorescence probes: TMA–DPH and
DPH. The lipid probe DPH is located relatively deeply in
the hydrocarbon interior of the lipid bilayer. TMA–DPH,
in contrast to DPH, is known to be located in the polar
head-group region of the plasma membrane [21]. Measure-
ments of fluorescence anisotropy of TMA–DPH and DPH
were performed at room temperature with a Perkin-Elmer
luminescence spectrometer (Model LS50B, United King-
Please cite this article in press as: K. Milowska, T. Gabryelak, Enh
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dom), using the excitation wavelength of 358 nm, the emis-
sion wavelength of 428 nm for TMA-DPH, and 348 and
426 nm for DPH, respectively. Prior to anisotropy mea-
surement, samples of red blood cells were diluted in hemat-
ocrit of 0.05%. The final concentration of the fluorescence
probe in the samples was 1 lM.

The degree of fluorescence anisotropy (r) was calculated
according to the equation:

r ¼ ðIvv � IvhxGÞ=ðIvv þ IvhxGÞ
where Ivv and Ivh are the intensities measured with the
polarization plane parallel (Ivv) and perpendicular (Ivh) to
that of the excitation beam. G is a factor used to correct
the instrument’s polarization and is given by the ratio of
vertically to horizontally polarized emission components
when the excitation light is polarized in the horizontal
direction.

2.8. Morphological studies

Smears of erythrocyte suspension were stained using the
Unny–Pappenheim method and fixed by alcohol–ethyl
ether (1:1) solution. Observations were made using Optip-
hot-2 microscope (Nikon, Warszawa, Poland). Images of
RBCs were registered (recorded) by coupling DXM 1200
CCD (Nikon) camera with the microscope.

2.9. Absorption spectra

To test the influence of US on Pcs, absorption spectra of
these compounds were made. This information could be
useful to explain the mechanism of their synergistic effect.
Pcs (stock solution in DMSO) were diluted in the incuba-
tion medium to the concentration of 3 lM, and a Cary 1
(Varian, Australia) UV–visible spectrophotometer was
used to measure the absorption spectra of the Pcs solutions
before and after sonication (2.44 W/cm2).

2.10. Fluorescence intensity

Pcs strongly absorb red light at the range of 600–700 nm
and show fluorescence. To study the effect of US on Pcs
located in RBCs, the phthalocyanines fluorescence in cells
before and after US exposure was measured with the help
of a flow cytometer Becton Dickinson (LSR II), with exci-
tation of 633 nm (red laser) and emission filter 650–670 nm.

2.11. Statistical analysis

The results are presented as mean ± S.D. from six indi-
vidual experiments, for all methods, with the exception of
fluorescence of Pcs in cells (four treatments). Each experi-
ment was performed on a fresh set of blood and repeated
thrice. Statistical evaluation of the difference between son-
icated erythrocytes without Pcs and sonicated erythrocytes
with Pcs was performed by using the Student’s t-test.
P < 0.05 and below was accepted as statistically significant.
ancement of ultrasonically induced cell damage ..., Ultrasonics
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3. Results

Phthalocyanines at the concentration used and US at
intensity 0.61 W/cm2 did not show a significant effect on
hemolysis of nucleated erythrocytes in comparison to the
control. However, sonication of red blood cell suspension
(5 min, I = 0.61, 1 MHz) in the presence of zinc and chlo-
roaluminium phthalocyanines (3 lM) caused an increase
in hemolysis. The percentage of hemolysis was significantly
higher after the combined US and Pcs action (Fig. 1).

Fluorescence anisotropy of probes TMA-DPH and
DPH, incorporated in the cell membrane is reversely
related to membrane fluidity. The results of this study show
(Fig. 2) that the values of TMA-DPH fluorescence anisot-
ropy (r) in erythrocytes incubated with phthalocyanines
significantly decrease (p < 0.001) in comparison to the con-
trol, and they are on the same level as those in the result
with US action. These data demonstrate that phthalocya-
nines as well as US lead to an increase in erythrocyte mem-
brane fluidity. The joint action of US and phthalocyanines
enhances this effect. ZnPc and US action is more effective
than the action of AlClPc and US (p < 0.001).

No significant changes in DPH fluorescence anisotropy
(r) were observed in erythrocytes exposed to Pcs and US,
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Fig. 1. Effect of US, Pcs and Pcs together with US on hemolysis of carp
erythrocytes. US was used at the intensity 0.61 and Pcs at concentration
3 lM. The data were obtained from six individual treatments. Error bars
denote SD. �� denote p < 0.001 compared with the cells treated with US.
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Fig. 2. Fluorescence anisotropy TMA–DPH in nucleated erythrocytes
membrane exposed to US, Pcs and Pcs + US. US was used at the intensity
2.44 W/cm2 and Pcs at the concentration 3 lM. The data were obtained
from six individual treatments. Error bars denote SD. � denotes p < 0.01
and ��p < 0.001 compared with the cells treated with US. Significant effect
relative to control was also obtained for cells treated Pcs or US alone
(p < 0.001).
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when compared to control and sonicated erythrocytes
(Fig. 3). US and phthalocyanines together led to an
increase in r values in comparison with US exposure alone,
but these changes were not statistically significant.

Erythrocytes damage after US action as well as US and
phthalocyanines exposure was confirmed by the changes in
morphology. Fig. 4 (magnitude 1000) shows the possible
changes in nucleated erythrocytes exposed to these factors.
Erythrocytes of a changed shape and vacuolization of cyto-
plasm as well as erythrocytes, at the stage before or during
hemolysis were observed. The action of Pcs alone at the
concentration used did not cause changes in the morphol-
ogy of erythrocytes.

Knowing that sonication with phthalocyanines led to
enhanced cell damage, the authors tested the influence of
US on Pcs. This information could help to explain the
mechanism of the sonodynamic effect. On the basis of the
obtained spectra of Pcs in medium it was observed that
there was maximum absorbance decrease and changes in
absorption spectra shape, for both Pcs after sonication
(Fig. 5a and b). These results could suggest changes in
the phthalocyanines structure.

The intensity of phthalocyanines fluorescence was also
checked when Pcs were located in cells. The data are shown
as a ratio of the sample fluorescence after sonication (F) to
the control sample fluorescence – before sonication (Fo).
As seen in Fig. 6, sonication led to an increase in the
phthalocyanines dye fluorescence intensity.

4. Discussion

The aim of this in vitro study was to test the hypothesis
that Pcs enhance damage of nucleated erythrocytes caused
by US. This study is a continuation of an earlier study
[17,18]. The investigation was completed with lower inten-
sity (hemolysis) of US wave as well as other parameters of
cells (membrane fluidity and morphology of nucleated
erythrocytes). Erythrocytes after incubation (20 min) with
zinc or chloroaluminium pthalocyanines (3 lM) were son-
icated (I = 0.61 and/or 2.44 W/cm2). Previously, it was
seen that a joint action of US (2.44 W/cm2) and Pcs led
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Fig. 3. Fluorescence anisotropy DPH in nucleated erythrocytes mem-
brane exposed to US, Pcs and Pcs + US. US was used at the intensity
2.44 W/cm2 and Pcs at the concentration 3 lM. The data were obtained
from six individual treatments. Error bars denote SD.
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Fig. 4. Images of nucleated erythrocytes: (a) control and exposed to: (b) ZnPc, (c) US (I = 0.61 W/cm2), (d) US (I = 2.44 W/cm2), (e) ZnPc + US (I = 2.44
W/cm2) and (f) AlClPc + US (I = 2.44 W/cm2), (magnitude 1000). Pcs was used at concentration 3 lM. Possible changes were marked by arrow.
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to a higher increase in cellular membrane damage in com-
parison with sonication without Pcs. In the current investi-
gation, the enhancement of ultrasonically induced cell
membrane damage was also observed, which resulted in
an increase in hemolysis (lower intensity of US – 0.61 W/
cm2) and fluidity in the plasma membrane surface.

Sonosensitizers located inside a cell depend on its polar-
ity and solubility as well as the type of cell [22,23]. Phthal-
ocyanines, used here are hydrophobic and placed in cellular
membrane. The cellular membranes are rich in lipids and
are potential targets of oxidative damage. Lipid peroxida-
tion can induce modification in structure, fluidity, and per-
meability of an erythrocyte membrane. Changes and
modification of membrane can decrease stability and
increase sensitivity of the cells. An increase in lipid perox-
idation after sonication with Pcs has been reported in the
previous study [17]. Many authors suggest that lipid perox-
idation decreases membrane fluidity [24,25]. However, the
Please cite this article in press as: K. Milowska, T. Gabryelak, Enh
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results of the investigation on this matter are divergent
[26]. A significant increase in membrane surface fluidity is
observed, but no changes in the fluidity of the internal
region. These results mean that the hydrophobic region
of the lipid bilayer is less susceptible to fluidity changes,
after sonication with and without Pcs, than the hydrophilic
region. Benderitter et al. [27], observed an increase in the
fluidity of polar region, and this effect is connected to the
lipid oxidation process. The current results support the pre-
vious study [17] and the hypothesis that Pcs enhance ultra-
sonically induced damage of cellular membrane.

Sonication with and without Pcs caused changes in the
morphology of erythrocytes. Erythrocytes of a changed
shape, vacuolization of cytoplasm, as well as erythrocytes
at the stage before or during hemolysis were observed.
The results obtained with the microscopic observations
were in agreement with the earlier investigation data.
Deformation of whole cells was the result of membrane
ancement of ultrasonically induced cell damage ..., Ultrasonics
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damage, namely lipid peroxidation or changes in mem-
brane fluidity. The presence of erythrocytes at the stage
of hemolysis confirmed the earlier data, which were
obtained with the help of the spectophotometric method.
Mehier-Humbert et al. [28], observed pores in the mem-
brane induced by US cavitation. Plasma membrane pora-
tion could be useful because it could facilitate drug
transport through the membrane, however, it could also
damage or kill the cells if the pores were too large or if
the cell membrane could not reseal quickly. The morpho-
logical changes in cells included: cell shrinkage, membrane
blebbing, chromatin condensation, nuclear fragmentation,
and apoptotic body fragmentation, after US exposure
[29–31]. However, all changes leading to the formation of
Please cite this article in press as: K. Milowska, T. Gabryelak, Enh
(2008), doi:10.1016/j.ultras.2008.04.002
apoptotic cells were observed a few hours after sonication.
In this study, similar morphological changes were not
observed, because erythrocytes were analyzed immediately
after sonication.

Another point of this report was to test the studying
hypothesis that US could contribute to changes in the
phthalocyanines structure. The authors assessed the influ-
ence of US on Pcs absorption spectra before and after son-
ication and studied the level of Pcs fluorescence in cells. On
the basis of the spectra it was confirmed that US caused
changes in the Pcs structure because the shape of the spec-
tra was changed and absorbance was lower. These changes
could have been caused by hydroxyl radical reactions with
phthalocyanines leading to a formation of their radical
products. Other researchers also observed a decrease in
the concentration of phthalocyanine derivatives after soni-
cation. Gonze et al. [32], described an indirect product gen-
eration because of sonication, on account of an attack of
radicals or pyrolysis of different organic compounds. Tu
et al. [33], demonstrated destruction of metallophthalocya-
nines (copper and nickel) in aqueous medium by US
(20 kHz, 37–59 W/cm2). They explained the mechanism
of this phenomenon with an intermediate radical genera-
tion, which could release metal. However, Banks et al.
[34], showed that metal release was significantly slower
than phthalocyanines decolorization.

The intensity of dye fluorescence in cells depends on the
efficiency of dye incorporation and type of cells. The fluores-
cence intensity in various cell-lines can be different, because
of possible differences in dye location in different types of
cells [15]. An increase in phthalocyanines fluorescence inten-
sity (15–20%) in cells is observed after US exposure (Fig. 6).
These data indicate that, as a result of Pcs structure changes,
products showing higher fluorescence are formed. The alter-
native possibility is an increase in membrane permeability
by sonication [28], and Pcs at a higher level penetrating to
cells and showing higher fluorescence.

Summarizing, the obtained results support the hypothe-
sis. The data show that the Pcs enhance action of US in
relation to cell membrane in vitro. The conclusion is in
agreement with what has been suggested in the previous
results: Pcs show sonodynamic properties. Our results
can also suggest changes in the structure of phthalocya-
nines after sonication, but the mechanism of this action is
not clear yet.
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