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Abstract The interaction between Eu(III) tris-β-diketonato
coordination complexes (EC), displaying antitumor activity,
and lipid vesicles composed of zwitterionic lipid phosphatidylcholine has been studied using fluorescence spectroscopy techniques. To characterize EC-membrane binding,
several fluorescent probes, including pyrene, Prodan and
1,6-diphenyl-1,3,5-hexatriene, have been employed. It has
been found that EC display effective partitioning into lipid
phase, giving rise to structural modifications of both polar
and nonpolar lipid bilayer regions, viz. enhancement of
membrane hydration and increase in tightness of lipid chain
packing. The fact that EC accumulating in lipid bilayer are
incapable of inducing significant disruption of membrane
structural integrity creates strong prerequisites for development of liposomal nanocarriers of these potential antitumor
drugs. Such a possibility is also corroborated by the
observation that EC membrane incorporation does not
prevent lipid bilayer partitioning of long-wavelength squaraine dyes which represent promising candidates for visualization of liposome biodistribution.
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Introduction
Within the past decades biomedical research has been
revolutionized by extensive development of a diversity of
multifunctional nanostructures, particularly, liposome-based
drug delivery systems [1–3]. These systems have found
numerical application in different therapeutic areas, including treatment of tuberculosis [4], malignant growth [5–8],
immune system diseases [9], antibiotic delivery [10], etc.
Owing to similarity between liposome and cell membrane
composition, lipid vesicles are almost completely assimilated
by an organism or quickly removed from it [11]. The agents
encapsulated into liposomes display reduced harmful effects
compared to their free forms. Lipid vesicles facilitate drug
uptake by an organism [5, 9], prevent its chemical degradation
and transformation [6]. Furthermore, liposomal formulations
prolong shelf life of drugs [8, 10]. A number of approaches,
such as polymer inclusion, variations in lipid composition
[10], pH, temperature [2, 10–13] are currently used to increase
stability of liposome-based drug nanocarriers.
Lanthanide coordination complexes have found numerous applications in different areas of biological and clinical
sciences. Due to their remarkable luminescence properties
(large Stokes shift, long fluorescence lifetime) these
compounds are widely used in immunoassay [14–16],
DNA hybridization assay [16], molecular diagnostics [14],
liposome visualization in biological media [17]. Various
lanthanide chelates are utilized in EPR and NMR analyses
as lipid bilayer alignment agents [18]. In addition, they
display antibacterial, antifungicidal and antitumor activity
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naphthalene (Prodan) were from Sigma (Germany). All
other chemicals were of analytical grade.

[19–21]. Eu(III) tris-β-diketonates (EC) (Fig. 1) with
common formula Eu(L)3Int, where L is acetyl acetone,
thenoyltrifluoroacetone, benzoylacetone, dibenzoylmethane
and Int is 1,10-phenantroline or 2,20-bipyridine are novel
compounds with high antineoplastic activity due to their
ability to intercalate into DNA [22]. Encapsulation of these
compounds into the lipid vesicles represents a perspective
way of their therapeutic application. However, clinical use
of EC liposomal formulation ought to be appended with
elucidating the nature of EC-lipid bilayer interactions.
Information in this regard seems to be of importance for
at least two reasons. First, molecular details of ECmembrane interactions may prove useful for effective and
stable encapsulation of EC into lipid vesicles. Second, ECinduced changes in physicochemical properties of lipid
bilayer may provoke undesirable side effects.
Meanwhile, to the best of our knowledge, the process of
EC-lipid association and its implications are so far poorly
investigated. The present study was undertaken to fill this
gap. Our goal was twofold: a) to examine EC influence on
the structural state of phosphatidylcholine (PC) model
membranes using fluorescent probes 6-propionyl-2-dimethylaminonaphthalene (Prodan), pyrene and 1,6-diphenyl1,3,5-hexatriene (DPH), and b) to evaluate the possibility of
liposome co-loading with EC and NIR dyes which can
serve as imaging or photosensitizing agents.

Preparation of Lipid Vesicles
Unilamellar lipid vesicles of two types, composed of neat PC
and PC with embedded EC (EC-to-lipid molar ratio was 1:50)
were prepared using the extrusion technique [25]. Appropriate
amounts of lipid ethanol solution and EC solution in
equimolar ethanol:methanol mixture, were evaporated to
dryness under vacuum to remove organic solvent. The
obtained lipid films were subsequently hydrated with
1.2 ml of 5 mM Na-phosphate buffer (pH 7.4). The resulting
dispersions were extruded through a 100 nm pore size
polycarbonate filter (Nucleopore, Pleasanton, CA). The lipid
concentration determined according to the procedure of
Bartlett [26] was 10 mM. Liposomes with incorporated EC
will be referred to here as PCEC.
Spectroscopic Measurements
All measurements were performed in 5 mM sodium phosphate buffer, pH 7.4, at room temperature. Fluorescence
measurements were performed with CM 2203 (Solar, Belarus)
and Perkin Elmer LS55 (UK) spectrofluorimeters. Excitation
wavelengths were 340 nm for pyrene, 350 nm for DPH and
Prodan, 640 nm for SQ-1, 660 nm for SQ-2, 620 nm for SQ-3,
and 685 nm for V2. Excitation and emission slit widths were
set at 2.5 nm for pyrene and Prodan fluorescence measurements, 5 nm for SQ-1, V2, SQ-2, 10 nm for SQ-3 fluorescence
and DPH anisotropy measurements.

Experimental
Materials
Egg yolk phosphatidylcholine was purchased from Biolek
(Kharkov, Ukraine). Phospholipid gave single spot by thin
layer chromatography in the solvent system chloroform:
methanol:acetic acid:water, 25:15:4:2, v/v. SQ-1, SQ-2, SQ3, V2 and Eu(III) coordination complexes were synthesized
as described previously [22–24]. Pyrene, 1,6-diphenyl1,3,5-hexatriene (DPH) and 6-propionyl-2-dimethylamino-
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different membrane regions, have been used. Eu(III)
complexes were represented by EC1, EC3 and EC6, whose
chemical structures are shown in Fig. 1. Since PC is a
zwitterionic phospholipid and EC are uncharged hydrophobic molecules, it seemed reasonable to suppose that
interactions of Eu(III) chelates with lipid bilayer are driven
mainly by hydrophobic forces. Therefore, at the first step of
the study we analyzed EC influence on nonpolar membrane
region by measuring DPH fluorescence anisotropy. In the
aqueous phase DPH virtually does not dissolve, it emits
only in membrane-bound state [27]. In lipid bilayer DPH
resides in hydrophobic region [28] where there exist two
populations of the probe molecules, disposed either along
lipid tails or parallel to bilayer surface [29–31]. DPH
fluorescence anisotropy reflects the changes in probe
rotational diffusion rate, which, in turn, characterizes the
compactness of lipid chain packing [26, 32–34]. In closepacked environment DPH fluorescence is characterized by
high anisotropy value which decreases with reducing the
tightness of acyl tail packing.
As seen from Table 1, EC effect on DPH anisotropy
depends on EC structure. EC1 and EC3 embedment into PC
bilayer was followed by anisotropy increase by 26% and
19%, respectively, while EC6 decreased this parameter by
14%. Anisotropy increase implies restriction of DPH
rotational mobility, i.e. increase of lipid chain packing
density in PC bilayer upon insertion of EC1 and EC3.
Average sizes of these compounds were estimated to be
1.2 nm (EC1) and 1.5 nm (EC3). While analyzing the
experimental data, one should bear in mind that lipid–lipid
interactions can result in appearance of local defects
(“holes”) between the neighbouring molecules [35]. Frequency of appearance of these hollow spaces is determined
by the energy of lipid interactions. Since EC6 is characterized by the greatest size (∼1.9 nm) among europium
chelates under study, it can be assumed that this drug
moves apart lipid molecules, thereby creating local “holes”.
DPH, being entrapped in these defects, experiences more
free rotation which manifests itself in the observed decrease
of DPH anisotropy in PCEC6 liposomes compared to neat
PC bilayer.

Pyrene Excimerization Study
Due to its specific spectral properties pyrene represents
one of the widely used membrane probes [36–40]. It
possesses an ability to form a transient excited-state
complex known as “excimer” between the excited and
ground-state probe molecules [41]. Pyrene monomers are
supposed to be located in glycerol backbone region near
lipid headgroups, while excimers are immersed in hydrocarbon membrane core [42]. Relative intensity of monomer emission bands (II/IIII where II and IIII are pyrene
fluorescence intensities at 374 nm and 384 nm, respectively) is highly sensitive to environmental polarity.
Another informative parameter that can be derived from
pyrene fluorescence spectra is excimer-to-monomer intensity ratio (E/M) defined as the ratio of fluorescence
intensities of monomer (at 392 nm) and excimer (at
470 nm) peaks. E/M reflects the frequency of monomer
collisions and, consequently, the rate of excimer formation
which depends on membrane free volume.
EC incorporation into PC bilayer was followed by
pyrene fluorescence decrease, with the effect being
much more pronounced for excimer part of emission
spectra (Fig. 2). As seen in Table 1, EC inclusion in the
liposomal membranes resulted in the rise of II/IIII, with the
magnitude of this effect becoming greater with increasing
EC size. This finding can be rationalized in terms of
increased environmental polarity. Bulky EC molecules are
likely to move apart neighbouring lipids, thereby favouring water penetration into inner membrane region. On the
contrary, EC give rise to E/M decrease in a similar sizedependent manner (Table 1). It can be assumed that EC

Table 1 Spectral parameters of DPH, pyrene and Prodan in PC
membranes in the presence and absence of europium complexes
DPH
fluorescence
anisotropy
Without
EC
EC1
EC3
EC6

Pyrene
II/IIII

Prodan
E/M

3wGP

0.129±0.006

1.115±0.055 0.858±0.043 −0.238±0.012

0.163±0.008
0.156±0.008
0.112±0.006

1.254±0.063 0.418±0.021 −0.151±0.008
1.281±0.064 0.346±0.017 −0.187±0.009
1.385±0.069 0.312±0.016 −0.102±0.005

Fig. 2 Pyrene fluorescence spectra in PC model membranes (A), ECinduced increase of first to third vibronic bands ratio in pyrene
fluorescence spectra,% (B), EC-induced decrease of excimer-tomonomer fluorescence intensity ratio,% (C). Lipid and pyrene
concentrations were 5 μM and 1 μM, respectively. Lipid-to-EC molar
ratio was 50:1

1692

J Fluoresc (2011) 21:1689–1695

induce tighter packing of lipid chains coupled with
reduction of the membrane free volume, slowing down
pyrene lateral diffusion and decreasing the rate of excimer
formation.
Prodan Fluorescence Study
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Prodan is a neutral amphiphilic fluorophore which is widely
used in the studies of lipid bilayer structural state, polarity,
phase transitions and influence of different factors on
membrane properties [31, 43–46]. This probe is highly
sensitive to the changes in molecular organization and
polarity of lipid bilayer. Prodan fluorescence spectrum in
water has the maximum at 520 nm, while the probe binding
to membranes is followed by the emergence of additional
two bands. The short-wavelength band is centered at ca.
435 nm and corresponds to Prodan species located at low
polar environment at the boundary between hydrophilic and
hydrophobic bilayer regions, around glycerol backbone and
initial acyl chain carbons. The long-wavelength band has
the maximum at ca. 480 nm and is attributed to the dye
population residing in high polar environment in the
vicinity of phosphate groups. Changes in the polarity of
probe microenvironment alter the ratio between the above
emission bands and, as a consequence, the shape of Prodan
fluorescence spectra.
As shown in Fig. 3, EC inclusion into PC model
membranes brings about the changes in the contour of
Prodan fluorescence spectra. More specifically, pronounced
peak at 520 nm which corresponds to Prodan emission in
water appears, suggesting that EC promote the probe
displacement from lipid to aqueous phase. For more
detailed analysis changes in the shape of Prodan emission
spectra were quantified by calculating the three-wavelength
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generalized polarization (3wGP), allowing subtraction of
free dye contribution to overall spectrum [43]:
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Fig. 3 Emission spectra of Prodan in PC model membranes. Lipid
and Prodan concentration were 0.1 mM and 0.86 μM, respectively.
Lipid-to-EC molar ratio was 50:1

R12  1
I1 k32
; R12 ¼
; k32
R12 þ 1
I2 k32  I3 þ I1 R31
I3W
I3M
; R31 ¼
I2W
I1M

ð1Þ

where I1, I2, I3 are Prodan fluorescence intensities at 435,
480 and 520 nm, respectively, subscripts W and M denote
aqueous and membrane phases, respectively.
EC addition to liposomes was followed by the decrease of
absolute 3wGP value (Table 1). This effect can be explained
by EC ability to reduce polarity of Prodan environment.
However, this explanation seems to contradict the above
assumption deduced from the analysis of vibronic structure
of pyrene fluorescence spectra. This discrepancy can be
rationalized in the following way. Prodan-membrane binding
is rather weak and can be easily disrupted [46]. It cannot be
excluded that EC cause Prodan molecules located closer to
the membrane surface to come out from lipid bilayer into
water phase. This can lead to the observed decrease in
overall polarity of Prodan membrane environment.
Binding of Long-Wavelength Dyes to PC Liposomes
Due to high versatility of physicochemical properties and
ability to bring together therapeutic, targeting and imaging
compounds, liposomes represent an ideal candidate for
producing nanocarriers with a number of coordinated
specialized functions. In view of this it seemed of interest
to ascertain whether EC can be encapsulated into liposomes
together with visualizing agents. In this respect particular
attention is currently given to NIR fluorophores, which
permit overcoming the problems associated with Rayleigh
and Raman scattering and attenuating background emission
from fluorescent impurities in the analyzed sample.
At the last step of the study we examined the binding of
NIR dyes, three squaraines (SQ-1, SQ-2, SQ-3) and one
cyanine probe (V2) to EC-free and EC-loaded PC liposomes. Squaraine and cyanine dyes absorb light at 620–
685 nm and emit fluorescence at 650–750 nm. They have
large Stokes shift, high quantum yield and chemical
stability. These attractive spectral properties underlie a
wide range of applications of squaraines and cyanines,
such as photodynamic therapy [47], biochemical labeling
[48], nonlinear optics [49], organic solar cells [50], photoconductors [51], detection of metal ions [52], etc.
Association of NIR dyes with PC liposomes was
followed by enhancement of their fluorescence with the
magnitude of this effect being increased with lipid
concentration. To derive the dye-lipid bilayer partition
coefficients in the absence and presence of EC the
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Fig. 4 The isotherms of SQ-1 (a), SQ-2 (b), SQ-3 (c) and V2 (d)
binding to PC model membranes. Probe concentrations were
0.068 μM (SQ-1), 1.2 μM (SQ-2), 0.02 μM (SQ-3) and 0.27 μM
(V2). Lipid-to-EC molar ratio was 50:1. Solid lines represent

theoretical curves providing the best fit of experimental data. Shown
in inset are chemical structures of SQ-1 (a), SQ-2 (b), SQ-3 (c) and
V2 (d)

experimental dependencies of fluorescence intensity
changes on lipid concentration (Fig. 4) were approximated
by the following equation:

1.58 nm3, NA is Avogadro’s number, IW is the dye
fluorescence in buffer, Imax is a limit fluorescence in a
lipidic environment.
As seen from Table 2, partitioning of squaraine dyes into
PC membranes is not affected by EC1, but is enhanced in
the presence of EC3 and EC6. In the meantime, V2
partition coefficient exhibited lower values in PCEC liposomes compared to neat PC liposomes. It can be supposed

ΔI ¼

Kp NA CL vPC ðImax  IW Þ
1 þ Kp NA CL vPC

ð2Þ

where Kp is partition coefficient, CL is molar lipid
concentration, vPC is PC molecular volume taken as
Table 2 Partition coefficients of
NIR dyes into PC bilayer
Without EC
EC1
EC3
EC6

SQ-1

SQ-2

SQ-3

V2

(6.5±1.0)×104
(5.5±1.0)×104
(1.0±0.3)×105
(9.3±1.8)×104

(4.7±0.9)×102
(1.6±0.4)×103
(9.3±2.8)×102
(3.0±0.5)×103

(1.1±0.2)×105
(1.4±0.2)×105
(2.6±0.7)×105
(4.9±0.9)×105

(7.9±0.8)×104
(6.6±0.8)×104
(5.4±0.9)×104
(4.5±0.6)×104
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that EC incorporation into PC bilayer alters packing density
of lipid headgroups, allowing greater number of squaraine
molecules to penetrate into the membrane polar region. On
the contrary, V2, possessing the highest hydrophobicity
among the dyes in question, can compete for membrane
binding sites in nonpolar membrane core. Likewise, ECinduced increase in packing density of lipid tails may
prevent penetration of V2 molecules into hydrophobic
bilayer region. Thus, our findings suggest that squaraine
dyes can be incorporated into PC membranes in combination with europium chelates. Importantly, squaraines can act
not only as visualizing agents, but also as photosensitizing
compounds.
In conclusion, the present study has been undertaken to
investigate the interaction between the new potential
antineoplastic drugs, europium coordination complexes,
and model bilayer membranes, composed of zwitterionic
lipid phosphatidylcholine. Using fluorescent probes pyrene,
1,6-diphenyl-1,3,5-hexatriene and Prodan, it has been
demonstrated that europium chelates incorporated into PC
bilayer exert modifying effects on both polar and nonpolar
membrane parts. As follows from the analysis of vibronic
structure of pyrene fluorescence spectra, EC promote
penetration of water molecules into membrane interior.
Prodan, another polarity-sensitive probe, reported decrease
of bilayer polarity in the presence of europium chelates.
This finding was explained by EC ability to squeeze out
shallower located probe molecules into aqueous phase.
Pyrene excimerization studies revealed EC ability to
produce a tighter packing of lipid acyl chains. DPH
anisotropy measurements showed that EC size largely
determines perturbing effect of these compounds on
hydrophobic bilayer region. The finding that the magnitude
of bilayer perturbations produced by EC is rather low,
together with the observation that EC can be co-encapsulated
into liposomes with potential vizualizing agents, squaraine
dyes, provide solid background for development of multifunctional liposomal formulations of europium chelates as a
novel class of antitumor drugs.
This work was supported by the grant # 4534 from the
Science and Technology Center in Ukraine.
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