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Abstract The present study was undertaken to evaluate the
membrane-associating properties of a series of novel antitumor
agents, Eu(I1l) coordination complexes (EC), using the pyrene
fluorescence quenching as an analytical instrument. Analysis
of EC-induced decrease in pyrene fluorescence intensity in
terms of partition and solubility-diffusion models allowed us
to evaluate the partition and permeation coefficients of the
examined compounds into the lipid vesicles prepared from
zwitterionic lipid phosphatidylcholine (PC) and its mixtures
with cholesterol (Chol) and anionic lipid cardiolipin (CL). The
drug-lipid interactions were found to have the complex nature
determined by both EC structure and lipid bilayer composi-
tion. High values of the obtained partition and permeation
coefficients create the background for the development of
EC liposomal formulations.
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Introduction

During the past decades lanthanide complexes attract ever
growing interest due to their favorable photophysical proper-
ties, such as exceptionally long lifetime, large Stokes’ shifts,
and line-like emission [1] arising from Laporte-forbidden f~f
transitions in lanthanide ions [2]. These unique spectral char-
acteristics resulted in the intensive utilization of lanthanide
chelates in a wide variety of scientific and technological areas
as luminescent materials [3], chemosensors [4], fluorescent
labels [5], photoluminescence devises [6], etc. In addition,
lanthanides are successfully used in medicine as effective
MRI contrast agents, hypophosphatemic agents for hemodial-
ysis and palliative pharmaceuticals for osteosarcoma patients
[7-10]. Recently medical applications of lanthanide com-
plexes were expanded by introducing the newly synthesized
europium compounds (EC) as novel anticancer drugs [9, 11].
More specifically, europium (III) tris-(-diketonates were
shown to exhibit profound cytotoxic effect presumably arising
from abundance of DNA-intercalating pharmacophore in their
structure [11]. However, clinical application of these drugs in
the free form may not provide complete benefit to the patient
unless supported by the adequate drug delivery system. These
limitations are connected with high toxicity, metabolic insta-
bility and low therapeutic index of the antineoplastic com-
pounds. Therefore, it seems of importance to evaluate the
possibility for development of the effective delivery systems
for EC, capable of not only acting as delivery vehicle, but also
altering the biodistribution of the drugs and increasing their
therapeutic potential. Among available micro- and nanosized
drug carriers, liposomes represent the most promising systems
due to their versatility, biocompatibility, biodegradability and
lack of immunogenicity [12—14]. Encapsulation of drugs in
liposomes provides a way to reduce the distribution volume
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and decrease toxic side effects in healthy tissues. Furthermore,
amphiphilic nature of the lipid molecules allows effective
encapsulation of both hydrophilic and hydrophobic com-
pounds. Finally, liposome-entrapped drugs become protected
from the degradation and transformation in an organism. One
of the fundamental tasks related to the development of drug
liposomal formulations is evaluation of the drug-membrane
partition coefficient (Kp) and estimation of lipid bilayer per-
meability (P,), the parameters characterizing the ability of a
certain compound to accumulate within the membrane. Ana-
lytical methods currently used for assessment of the lipid-to-
water partition coefficient include equilibrium dialysis [15,
16], absorption and fluorescence spectroscopy [17], centrifu-
gation [18], chromatography [17]. Of these, fluorescence
spectroscopy seems to be one of the most effective tools for
accurate determination of the above parameters due to its high
sensitivity, specificity, informativity, noninvasive nature, and
immense range of measured parameters [19]. In the present
work we evaluated the lipid associating ability of ten newly
synthesized EC using the methodological approach developed
by Lakowicz et al. [19, 20]. This approach is based on the
dependence of quenching efficacy of membrane-bound probe
on the quencher partitioning into lipid bilayer. To derive EC
partition and permeation coefficients, these compounds were
recruited as collisional quenchers for the hydrophobic mem-
brane probe pyrene.

Experimental
Materials

Egg yolk phosphatidylcholine (PC) and beef heart cardioli-
pin (CL) were purchased from Biolek (Kharkov, Ukraine).
Pyrene and cholesterol (Chol) were obtained from Sigma
(Germany). Eu(Ill) coordination complexes defined here as
V3 — V12 (Fig. 1) were synthesized at the Faculty of
Applied Organic Chemistry, University of Sofia, as de-
scribed previously [11]. All other chemicals were of analyt-
ical grade and used without further purification.

Preparation of Lipid Vesicles

Large unilamellar lipid vesicles composed of PC or PC
mixtures with 30 mol% of Chol or 5 and 10 mol% of CL
were prepared using the extrusion technique [21]. The thin
lipid film was obtained by evaporation of lipids’ ethanol
solutions and then hydrated with 1.2 ml of 5 mM Na-
phosphate buffer (pH 7.4). Lipid suspensions were extruded
through a 100 nm pore size polycarbonate filter. The size of
lipid vesicles was controlled by dynamic light scattering.
The phospholipid concentration was determined according
to the procedure of Bartlett [22]. Hereafter, liposomes
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containing 30 mol% Chol or 5 or 10 mol% CL will be
referred to as Chol30, CLS and CL10, respectively.

Fluorescence Measurements

Fluorescence measurements were performed with LS-55
spectrofluorimeter (Perkin Elmer, Great Britain) equipped
with magnetically stirred, thermostated cuvette holder. The
decrease in pyrene fluorescence intensity at 465 nm (exci-
tation wavelength was 340 nm) was monitored as a function
of increasing concentration of EC.

Theoretical Background
Partition Model

If the quencher distributes between the lipid and aqueous
phases, its partition coefficient is given by:

Kp =10], /9], (1)

where [0],,.,, are the concentration of quencher in a mem-
brane and water, respectively.
Total concentration of the quencher [Q7] is:

[Or]Vr = [0,V + 2,V (2)

where V,,,, are the volumes of lipid and aqueous phases,
respectively, Vr is the total volume of the system.

Defining a,, = V,,/Vr as the volume fraction of mem-
brane phase one obtains [19, 20]:

_ Kp[Ol;
 Kpay + (1 —ap)

(o)

(3)

Substitution of this expression into the Stern-Volmer
equation (Fo/F =1+ ky70[Q], k,~ bimolecular rate con-
stant for the dynamic quenching) gives:

F T TokmK,

Moty SO il @)
where Fy and F are fluorescence intensities of the probe in
the absence and presence of quencher, respectively, k,, is the
bimolecular quenching constant for the membrane-bound
fluorophore, kg, = kuKp/(Kptty + 1 — ) is the apparent
quenching constant. It is easy to notice that this parameter
depends on volume fraction of membrane phase «,,, which,
in turn, is a function of lipid concentration:

ELE L (5)
kap  "\km  knKp) = knKp
According to this approach, k,, and Kp can be obtained

from the dependence of kapp_1 on a,, Successful determi-
nation of the partition coefficients allows evaluation of the



J Fluoresc (2013) 23:193-202 195
Fig. 1 Chemical structures of
europium complexes
EC R| R‘)
V3 CH, CH,
V4 CH,,C,H,S CH,, CF,
V5 CeH, CH,
V6 CF,,C;H,S C,H,S, CF,
V7 CH, CF,
R, j ~ % C.H,S, C,oH, CF,
V9 C,H,0 CF,
=0 N 0 V10 CH, CH,
\ JEu \% 8 C,oH,,NO CF,
R
| #2 i3 "
V6
fraction of quencher in a lipid phase as: where £=0.43 is a proportionality coefficient, 73,=160 ns
o = Kpatn ) (Kpatm + 1 — an) (6) is fluorescence lifetime of pyrene monomers, £E/M—pyr-

Solubility-Diffusion Model

According to the solubility-diffusion model, the transmem-
brane permeability of a certain compound, in our case euro-
pium chelate, P, is proportional to its lipid/water partition
coefficient [23]:

KpDgc
P, = 7
: )

where Dr¢ is EC diffusion coefficient inside the membrane,
d is the lipid bilayer thickness. The diffusion coefficients of
the examined EC were determined using the Smoluchowski
equation:

4N
ke = 1000 (prr + REC) (Dpyr + DEC) (8)

where N is Avogadro’s number, R, zc are the molecular
radii of pyrene, taken as 4 A, and EC, respectively. Rgc were
calculated from EC molecular volumes assuming the spher-
ical shape of the drug molecule and were found to range
from 8 to 11 A depending on EC structure. D,,, is pyrene
diffusion coefficient in the membrane. Calculation of D,,,
was made on the basis of thorough analysis of pyrene exci-
merization in lipid bilayers (data not shown) and included
the following steps [24]:

a) determination of pyrene excimerization constant:

_ SE/M

K
E Ty [Pyr]

ene excimer-to-monomer intensity ratio, [Pyr] is pyrene
concentration in the lipid phase,
b) calculation of pyrene diffusion coefficient:

Kg
N-10°-87-2R,,,

Dypyr = (10)

Calculated in such a way, pyrene diffusion coeffi-
cients were shown to be 0.95x10 ' m?s™!, 0.92x 107!
m’s ', 0.88x10""'m’s™" and 0.85x10""'m*s™" for PC,
Chol30, CL5 and CL10 vesicles. Importantly, calcula-
tions of D,,,,. were made both in the neat lipid bilayers,
as well as in EC-containing vesicles. It was found that
incorporation of the drugs into the membranes results in
statistically insignificant changes (<4 %) in D,,,,. There-
fore, for the sake of simplicity, the values of pyrene
diffusion coefficients in the neat lipid bilayers were
taken. The derived Dgc values were further substituted
into Eq. 7 to evaluate the permeability coefficients.

Results

Fluorescence quenching of aromatic hydrocarbons, such as
pyrene, naphthalene, anthracene by metal ions is a well-
known phenomenon encountered while investigating elec-
tron transfer reactions [25], intersystem crossing processes
[26], exciplex formation [27], evaluating critical micellar
concentration [28], etc. In the present contribution we uti-
lized the quenching of pyrene fluorescence by a range of Eu
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complexes, the novel potential antineoplastic agents, to
characterize their incorporation into the lipid bilayers of
different composition.

As seen in Fig. 1, the examined compounds are asym-
metric Eu(Ill) coordination complexes with diverse O-
containing chelate ligands, which, apparently, serve at least
two main functions: i) bind tightly Eu(IIl) atom, providing
the rigidity of the whole structure, and ii) shield lanthanide
ion from the quenching and destabilizing effects of water.
EC contain also organic chromophores which are responsi-
ble for absorbance of excitation light and energy transfer to
lanthanide ion. Since the examined compounds are un-
charged and possess relatively high hydrophobicity, it was
assumed that EC-lipid association is controlled mainly by
hydrophobic interactions. Therefore, in our study we fo-
cused mainly on PC and Chol30 membranes. However, to
check the validity of the above assumption, for some EC we
conducted analogous quenching experiments with anionic
CL-containing lipid bilayers.

Association of EC with pyrene-doped lipid vesicles
resulted in the decrease of probe fluorescence intensity,
suggesting that europium complexes are effective quenchers
of pyrene fluorescence (representative spectra are given in
Fig. 2). Notably, membrane incorporation of EC brought
about the decrease in fluorescence intensity of both pyrene
monomers and excimers. The representative Stern-Volmer
plots are shown in Fig. 3a. To extract quantitative informa-
tion concerning EC affinity to the lipid bilayers, we applied
the methodological approach developed by Lakowicz et al.
[19, 20]. This approach is based on the idea that bimolecular
quenching constant for the collisional quenching is propor-
tional to the local quencher concentration which makes it
possible to extract not only the quenching parameters but
also lipid/water partition coefficient of the quencher. The
data treatment algorithm included the following main steps:
1) determination of &, from Stern-Volmer plots according
to Eq. 4, 2) estimation of k,,, and Kp values from kappfl ()
dependencies according to Eq. 5, 3) calculation of f,, pa-
rameter based on known Kp values (Eq. 6). Next, the recov-
ered k,, values were used for evaluating the diffusion
coefficients of europium complexes (Dgc) according to
Smoluchowski equation (Eq. 8). The obtained Dgc were
further substituted into the solubility-diffusion model
(Eq. 7) to yield the permeability coefficients (P,) of the
examined drugs.

First, we tried to analyze the results of pyrene monomer
fluorescence quenching by europium chelates. Since the
basic Stern-Volmer plots (Fig. 3b) displayed downward
curvature, we made an attempt to analyze the quenching
data in terms of modified Stern-Volmer equation. However,
the obtained Kp values were unrealistic, even attaining in
some cases negative values. The most probable reason for
such a behavior is the observation that formation of drug-
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Fig. 2 Pyrene fluorescence spectra in PC lipid vesicles at varying
concentrations of V3 (a) and V4 (b). Lipid and pyrene concentrations
were 12 and 0.6 uM, respectively

membrane complexes induces the changes in the intensity
ratio of the first to third vibronic bands of pyrene monomers
(data not shown). This means that EC induce the changes in
emission spectra of pyrene monomers not only by fluores-
cence quenching, but also through modifying the lipid bi-
layer polarity profile. In other words, fluorescence
quenching of monomers seem to interfere with the changes
in membrane polarity and thus cannot adequately reflect the
EC partitioning. Therefore, EC partition coefficients were
derived from the quenching data obtained for pyrene exci-
mers. Analysis of the experimental results in terms of the
partition and solubility-diffusion models allowed us to re-
cover the set of parameters characterizing the drug binding
and accumulation in the membrane (Table 1). In this context
it should be stressed that the employed model is based on
two main statements: i) the quencher is distributed between
the bulk and lipid bilayer, and ii) the quenching may occur



J Fluoresc (2013) 23:193-202

197

A 1.7
" | Excimers
1.64 Lipid concentration, uM "
] . 12
1.5 o ---e-- 18.2 “
] a 243
1.4 Voo 30.3 o
- & -eme -36.5 o
w134 . o e
1.2 LI, ik
T
1.0 5= T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
V7 concentration, pM
B 1.354 Monomers
1 Lipid concentration, uM
1304 _ . 12
1 --o-- 18.2 IR
1259 24.3 P
1 -V 30.3 e $$
1204 o365 -7 T
o 1154 R

1.10 +

1.05 1

1.00 T —T L
0.0 0.2 0.4 0.6 0.8 1.0 1.2

V7 concentration, uM

Fig. 3 Stern-Volmer plots for the quenching of pyrene excimers (a)
and monomers (b) in PC liposomes by V7

only in the lipid phase. The correctness of applying this
model to our systems may be roughly confirmed by the
observation that the values of bimolecular quenching constant
appeared to be the same orders of magnitude as those obtained
by Lemmetyinen et al. [29]. While examining pyrene fluores-
cence quenching by membrane-incorporated tetracyanoquino-
dimethane (TCNQ) these authors proved the validity of the
employed methodological approach by comparing the steady-
state and time-resolved fluorescence quenching data. In the
present study, the values of EC partition coefficients were
found to be 10°-10° orders of magnitude indicating rather
high efficiency of chelate incorporation into lipid bilayers. For
the sake of comparison, Kp for other drugs are 2.2x10° for
dibucaine [30], 1.2x 10* for tetracaine [31], 1.4 x 10° for indo-
methacine [32], 2.2x10° for acemetacin [33], 4.2x10° for
trifluoperazine [34], 2.8x10° for chlorpromazine [35], etc.
The magnitudes of the recovered permeability coefficients

(107°-10"*cm/s) also indicate that membrane is highly per-
meable for europium chelates as compared to other pharma-
ceuticals (4x 10 ®cm/s for camptothecin [34], 6.1x10 ®cm/s
for carbamazepine, 1.3x 10 ®cm/s for serratiopeptidase [36],
2x10">cm/s for chlorpromazine [34], 1.9x 10 *cmy/s for ibu-
profen [34], etc.). High values of permeability coefficients
suggest that due to their lipophilic nature EC readily penetrate
the membrane and accumulate therein without thermodynam-
ically unfavourable exiting the lipid phase. Finally, it is note-
worthy that the trends in Kp and P, behavior correlate with the
changes in f,, values, and that high partition and permeability
coefficients, recovered, for instance, for V7 in PC liposomes
or V8 in Chol30 vesicles correspond to ~90 % of the drug
incorporated in the membrane.

Discussion

Successful development of liposomal formulations of phar-
maceuticals and their therapeutic action in an organism are
determined basically by the drug ability to accumulate within
the lipid bilayer. The process of drug bioaccumulation
involves three main steps: i) uptake of the drug molecule by
membrane lipids, ii) diffusion of the compound through the
lipid bilayer, iii) drug accumulation in the membrane without
exiting the lipid phase. Therefore, drug bioaccumulation
should be considered from the viewpoint of both its kinetics
(permeation or passive diffusion) and partition in the mem-
brane. Furthermore, passive permeation of the drugs into/
across the membrane requires a delicate balance between lip-
osolubility (solubility in lipid phase) and hydrosolubility (sol-
ubility in blood and cytosol). This balance is generally
described in terms of lipophilicity parameters the main of
which is drug partition coefficient. These considerations also
necessitate the importance of mutual analysis of partition-
permeation processes. In addition, one of the necessary pre-
requisites for the drug partitioning into the lipid bilayer and
diffusion through it, is the existence of membrane free volume
characterized by the difference between the effective and van
der Vaals lipid volumes. Free volume reflects the degree of
lipid packing. Lateral movements of lipid molecules as well as
the existence of their different conformers disturb the homo-
geneous packing and induce the formation of the structural
defects in the lipid bilayer [37]. The most stable is trans-
conformation, in which the acyl chain is fully prolate and does
not change its direction. In gauche-conformation the direction
of the lipid chain is varied resulting in the formation of
packing defect. The sequence of gauche — trans — gauche-
conformations for three adjacent —C—C—bonds results into
creation of the kinks and defects along the acyl chain, and
consequently, free volume.

Fluorescence quenching technique provides a unique an-
alytical tool for simultaneous characterization of diffusional
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Table 1 Parameters of EC—

1

lipid complexation EC Lipid system Kp o, M5! fm range P, cms
V3 PC 1.1x10° 1.3x108 0.55-0.79 3.9x107*
Chol30 1.5x10° 9.8x10’ 0.59-0.82 7.5%107*
V4 PC 6.7x10* 1.9x108 0.43-0.69 1.1x107*
Chol30 2.7x10* 2.5x108 0.21-0.44 8.1x107°
V5 PC 1.3x10° 1.7x108 0.6-0.82 47x107*
Chol30 49x10* 2.4x108 0.32-0.59 1.1x107*
V6 PC 4.9x10* 4.5%108 0.36-0.63 8.3x107°
Chol30 1.0x10° 2.4x108 0.51-0.76 53x107*
CL5 9.8x10° 1.3x10° 0.11-0.26 4.6x10°°
CL10 2.9x10* 7.9x10% 0.28-0.53 9.7x10°¢
V7 PC 5.7x10° 1.9x10® 0.87-0.95 10.1x107*
Chol30 3.5x10% 3.1x108 0.25-0.51 9.8x107°
V8 PC 1.9x10* 8.3x10% 0.18-0.39 2.6x107*
Chol30 1.4x10° 3.5x10% 0.91-0.96 9.1x107*
V9 PC 1.7x10° 2.5x108 0.66-0.86 7.8x107*
Chol30 6.0x10* 3.6x10% 0.37-0.64 3.2x107*
CL5 3.9x10* 2.4x108 0.32-0.58 2.8x107°
CL10 42x10* 6.6x10° 0.44-0.68 3.5x107°
V10 PC 4.7x10* 7.5%10° 0.53-077 6.7x107°
Chol30 1.3x10° 3.5x10° 0.61-0.87 6.7x10°*
CL5 2.6x10* 7.8x10° 0.24-0.49 9.3x10°¢
CL10 4.6x10* 2.5%10" 0.37-0.64 5.5x107°
Vil PC 2.6x10° 3.0x10% 0.74-0.9 9.9x10°*
Chol30 2.9x10* 8.2x10% 0.22-0.46 9.0x107°
CL5 8.6x10° 1.4x10% 0.11-0.24 24x10°°
CL10 3.5x10* 43x10% 0.29-0.51 2.7x107°
V12 PC 1.6x10° 3.2x10% 0.62-0.85 6.7x107*
Chol30 7.3x10* 4.4x108 0.42-0.68 4.1x107*
CL5 1.4x10* 7.4x10% 0.15-0.34 7.1x107°
CL10 2.6x10* 8.4x10% 0.25-0.51 8.9x10°¢

and binding phenomena occurring in a membrane [19]. In
the present contribution dynamic quenching of pyrene exci-
mer fluorescence by a series of europium compounds, newly
synthesized potential anticancer agents, was utilized to ana-
lyze the distribution of the drugs in the membrane phase.
Analysis of the obtained results within the framework of
partition and solubility-diffusion models yielded quantitative
information on drug-lipid complexation. As seen from the
Table 1, the values of Kp f,, and P, strongly depend on both
the drug structure and lipid bilayer composition. Due to non-
polar nature of the examined agents, we attributed the pre-
dominant role in EC—Iipid association to hydrophobic
interactions. This assumption is corroborated by the finding
that CL decreases the above partition and permeability param-
eters (Table 1). In the present context it seems of importance to
note that according to modern concepts, lipid bilayer is con-
sidered not as homogeneous phase, but as lamellar anisotropic
environment consisting of 4 main regions: 1) the layer of
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bound water, 2) the region of polar headgroups, 3) the region
of ordered segments of lipid acyl chains, 4) the region of
unordered segments of lipid acyl chains [38]. This lamellar
structure of lipid bilayer underlies the existence of sharp
gradient of dielectric constant, electrostatic potential, lipid
order parameter etc. Following these gradients, nonpolar com-
pounds such as EC tend to distribute in the hydrophobic core
of the membrane. Along with this, the observations that: 1)
Chol exerted ambiguous influence on Kp f,, and P, ii) for all
EC increasing the content of CL from 5 to 10 mol% brought
about the increase in the derived parameters indicate that EC
encapsulation into the vesicles cannot be considered exclu-
sively in terms of electrostatic or hydrophobic interactions.
Instead, complex superposition of the factors, such as drug
structure from one hand, and lipid bilayer physicochemical
properties from the other hand, seem to play essential role in
the drug membrane incorporation. Additional argument in
favor of this statement comes from the fact that in PC
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liposomes the dye row showing the increase in Kpis V8 — V10
-V6-V4-V3-V5-VI2-V9-VI1l - V7. In turn, in
Chol-containing vesicles this row appeared to be V4 — V11 —
V7-V5-V9-V12-V6-V10-V3-V8. In other words,
inclusion of Chol modifies the properties of lipid bilayer, and
these changes have different consequences for different drugs
— while Chol embedment significantly enhances the partition
of V8 (as can be judged from Kp and f,, values), V7, for
example, shows much lower affinity for Chol-containing lip-
osomes compared to neat PC bilayers. All these considera-
tions highlight the idea that the process of EC binding to the
lipid membranes should be discussed within the framework of
universal and specific interactions occurring in the membrane.
The interactions of the first kind (the long range dipole-dipole
interactions) act at long distances and are classified into ori-
entation, induction, polarization and dispersive types. Specific
interactions (hydrogen bonding and different complexes
formed by charge transfer), in turn, operate locally on the
molecules which are in quasi-chemical coupling. Apparently,
inclusion of Chol into the lipid bilayer changes the physico-
chemical properties of the latter, controlling in such a way the
mode of subsequent drug-lipid binding. According to the
modern theories, the effects of Chol incorporation on the
membrane nonpolar region (where EC are expected to local-
ize) include (i) reduced content of the acyl chain gauche
conformations, (ii) decreased hydration degree, and (iii)
tighter lateral packing of hydrocarbon chains (condensing
effect) [36, 39—43]. From the other hand, the hydroxyl group
in Chol molecule has a hydrogen bond capability both as
donor and acceptor. Apparently, for some EC such Chol-
induced rigidization of the membrane hydrophobic region
results in the decreased drug affinity for the lipids. Along with
this, for those EC which possess high potential to the forma-
tion of H-bonds, specific interactions between the drug and
Chol prevail over sterol bilayer-condensing effect, favoring
thereby drug partitioning and accumulation in the membrane.
In analogous manner one can explain the influence of CL on
the EC—lipid complexation. Though the overall lipid binding
ability of the drugs tends to reduce in the presence of anionic
lipid, increasing the Kp and P, values with CL content may
reflect the enhancement of specific interactions between CL
and the examined agents.

Additional arguments in favor of significant role of spe-
cific interactions in drug-lipid association come from the
following rationales. The term “drug lipophilicity” is tradi-
tionally described by n-octanol/water partition coefficient
expressed as logP parameter [34]. However, despite its
successful application in drug design studies, this parameter
received a lot of criticism during the last decades due to
isotropic nature of organic solvents with only superficial
similarity with biological membranes. In such isotropic sys-
tems different solutes do not show distinct topographical
modes of interactions with the liquid phase. To circumvent

this problem, the growing attention in lipophilicity studies is
currently given to anisotropic liposome/water systems
where different solutes exhibit different topographical rela-
tions with the lipid phase [44]. Furthermore, when partition
coefficient is expressed by octanol/water logP parameter the
lipophilicity is given as the outcome of hydrophobic and
polar solvent—solute interactions (lipophilicity = hydropho-
bicity—polarity). The polar interactions encoded in logP
involve H-bonds, orientation (Keesom) and induction
(Debye) forces, while nonpolar interactions are dispersion
(London) and hydrophobic contacts [44, 45]. When the drug
partitions into lipid bilayer, the existence of the dipole field
of phospholipids highlights the necessity of electrostatic
interactions to be allowed for as an additional intermolecular
recognition force. The equation for lipophilicity is thus
replenished by additional term—ionic bonds and could be
written as lipophilicity = hydrophobicity—polarity + ionic
bonds [44, 45]. Using the resources of Virtual Computation-
al Chemistry Laboratory (http://www.vcclab.org) [46, 47],
we estimated the logP values for europium chelates, and
found that there exists a good correlation between logP and
Kp in the case of PC vesicles (Fig. 4). However, logP and Kp
obtained for Chol- or CL-containing systems turned out to
have different values (data not shown). In view of the above
discussion, this finding can be explained assuming that ionic
bonds between EC and PC molecules are absent or insig-
nificant, and partitioning of the drugs into PC membranes is
similar to their distribution into octanol/water systems. In
turn, in PC/Chol or PC/CL vesicles, ionic EC-lipid interac-
tions gain their strength contributing either positively
(increase in Kp and consequently, in P,) or negatively
(decrease in Kp and P,) to the lipophilicity. Although EC
are thought to be mostly hydrophobic in nature, the forma-
tion of ionic bonds between charged functional groups of
EC and lipid headgroups cannot be ruled out.
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P

5.0 1

logK
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4.6

4.4

4.2+

logP

Fig. 4 Correlation between octanol/water and liposome/water parti-
tion coefficients of the examined drugs
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Fig. 5 Permeability-lipophilicity curves for europium complexes in PC (a), Chol30 (b), CL5 (¢) and CL10 (d) lipid membranes

In the following, it seems of interest to draw attention to the
shapes of the permeability-lipophilicity curves (PLC). As
shown in Fig. 5, for PC membranes this plot is highly sigmoi-
dal, for Chol30 bilayers the curve is almost hyperbolic, and for
CL-containing systems the permeability-lipophilicity relations
exhibit mirror-reflected sigmoidal behavior with the steepness
decreasing with increasing CL content and approaching linear
dependence in CL10 vesicles. In fact, one may suppose that due
to small number of the drugs examined in PC/CL bilayers, the
PLC resemble sigmoidal dependencies, but if the number of
experimental points increases, the curves will be linear with the
data points fluctuating around the linearity and the slope of the
curve being dependent on CL content. Thus, PLC in CL5 and
CL10 vesicles can be considered to exhibit the “apparent”
linear behavior.

The shapes of PLC were in the focus of a good deal of
works [34, 48, 49]. Specifically, it was demonstrated that
linear region in PLC (region b in Fig. 6) corresponds to the
case of transcellular lipid diffusion of the drugs, i.e. diffusion
through the lipoid structures of the membrane, permeability
plateau at high lipophilicities (region ¢ in Fig. 6) is due to
diffusion limitation through the stagnant water layers present
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at the membrane interface, and the “tailing” effect at low
lipophilicities (region a in Fig. 6) is due to the paracellular
diffusion contribution, i.e. diffusion through membrane water-

linear region due
to transcellular plateau due to the

diffusion diffusion limitation

through stagnant
aqueous layer at the
bilayer interface

"tailing" effect

log P

due to the
paracellular
diffusion
a b c
log K,

Fig. 6 Theoretical sigmoidal relationship between the permeability
and lipophilicity according to aqueous pore membrane permeation
model
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filled pores (or defects). Transferring this model to our sys-
tems, it appears that for:

» PC bilayers—complex paracellular + transcellular perme-
ation of EC with some extent of diffusion barrier through
the standing water layers at the bilayer interface,

e Chol30 vesicles—the contribution of paracellular diffu-
sion is insignificant and only transcellular diffusion
accounting for stagnant aqueous layers is predominant,

* CL—containing membranes—“apparent” linearity of
the plots allows suggesting the occurrence of only trans-
cellular EC diffusion across the membrane without the
limitation through the stagnant aqueous layer adjacent to
the bilayer surface.

The above findings may indicate that the packing of lipid
molecules is more rigid in PC/CL and PC/Chol systems as
compared with neat PC bilayers, corroborating the well-known
condensing effects of sterol and anionic lipid on the membrane
structure [43, 50]. Apparently, lipid ordering results in the
narrowing of water-filled voids between the lipid molecules,
thereby excluding the possibility of paracellular permeation in
these types of liposomes. In turn, in PC bilayers less tight lipid
packing creates the bilayer defects of a size comparable with EC
dimensions, favoring the pore diffusion. One more interesting
moment is the observation that in CL-containing membranes
diffusion through the aqueous layer adjacent to the membrane
surface is not hampered. This finding can be a consequence of
CL effect on electrostatic properties of lipid bilayer. Inclusion of
CL changes the membrane zeta potential which may modify
lipid polar head group conformation [51]. Negative charge of
CL moves the N™-end of P-N dipole parallel to the membrane
surface, thereby causing the rearrangement of interfacial water
bridges and stabilization of the intramolecular hydrogen bonds
including the water molecules of hydration layer. All these
processes may influence the drug transport into/through the lipid
bilayer. Of course, one should bear in mind that translation of in
vivo mechanisms of drug permeation into in vitro systems is far
from being straightforward, however, we believe that our obser-
vations may shed light on the molecular level details of EC
accumulation in the membrane.

In conclusion, by recruiting europium chelates as the
quenchers of pyrene fluorescence, we found that the examined
agents, potential anticancer drugs, readily partition and accu-
mulate in the lipid bilayers, thereby paving the way for the
development of their liposomal formulations. Both the drug
chemical structure and lipid bilayer composition proved to
control the extent of EC entrapment by the lipid phase and
the mode of drug-lipid complexation. The revealed ability of
Chol and CL to modify drug partitioning may be of practical
importance while optimizing the conditions for achieving
maximal payload of the drug without compromising the lipo-
some stability.
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