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A Zn-salophen complex has been incorporated into POPC large unilamellar liposomes (LUV) obtained in
phosphate buffer at pH 7.4. Fluorescence optical microscopy and anisotropy measurements show that the
complex is located at the liposomal surface, close to the polar headgroups. The interaction of the POPC phos-
phate group with Zn?* slowly leads to demetallation of the complex. The process follows first order kinetics
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and rate constants have been measured fluorimetrically in pure water and in buffered aqueous solution.
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The coordination of the phosphate group of monomeric POPC with salophen zinc also occurs in chloroform as
detected by ESI-MS measurements.

The effect of the Zn-salophen complex on the stability of POPC LUV has been evaluated at 25 °C by measuring
the rate of release of entrapped 5(6)-carboxyfluorescein (CF) in the presence and in the absence of Triton
X-100 as the perturbing agent. It turns out that the inclusion of the complex significantly increases the sta-

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal-ligand coordination is an attractive strategy for building
supramolecular structures. Coordination can be induced by light ex-
citation [1], electron transfer [2] and ion binding [3]. The formation
of Lewis acid-base complexes can be easily detected if the spectral
properties of a fluorescent component change as a consequence of
complexation. Metallated-macrocyclic compounds, including por-
phyrins and salophens, have been widely studied as sensors in liv-
ing organisms for light-induced reactions [4-6]. Zn-salophens are
fluorescent compounds used as efficient sensors for nitroaromatics
[7] and characterized by the tendency to accept one axially coordi-
nated donor species. The formation of a pentacoordinated complex
induces a strong change in the photophysical properties of the
macrocycle.

It is well known [8,9] that the biological role of Zn? "-complexes is
essential to the processes occurring within the cellular membrane.
Moreover, metal salophen complexes exhibit strong cytotoxic effects
[10-12] and the understanding of their role in biological environment
is essential for the prevention or treatment of cancer. Generally, metal
salophen complexes are administered by means of drug delivery
systems such as nanoparticles or liposomes [13].
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Liposomes have been studied as drug carriers since the 1970s
[14], due to their capacity to incorporate both hydrophilic and hy-
drophobic guests, to enhance the clinical effects of appropriate
drugs, to reduce drug toxicity and to protect them from metabolism
and immune responses [15-17]. An important carrier requirement is
the capacity to release the entrapped drug once the target site has
been reached. An effective content outflux from liposomes can be
achieved in model systems by the use of surfactants [18]. The limited
applications of liposomes in biotechnology are mainly due to rapid
drug leakage and poor storage stability [19]. On the other hand
highly stable drug-liposome systems would be ineffective due to a too
slow release of the drug.

The aim of this work has been the investigation of the effects of the in-
corporation of the Zn-salophen complex 1 into liposomes from the nat-
ural zwitterionic surfactant 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC). The presence of the metal complex and its orientation into the
phospholipid bilayer have been evaluated by fluorescence microscopy
and anisotropy, while the amount of incorporation has been evaluated
by UV-visible spectroscopy.

The effect of Zn-salophen on the liposome stability has been
determined by following the rate of release of entrapped 5(6)-
carboxyfluorescein (CF) in the presence and in the absence of the
perturbing agent Triton X-100.

The affinity of zinc for the phospholipid headgroups plays a relevant
role in enzyme catalysis [20-22]. The investigated POPC-Zn-salophen
liposomes can be of interest in clarifying the role of Zn?*-phospholipid
interactions.
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2. Experimental
2.1. Materials

Zn-salophen has been synthesized as previously described [23].
Salophen was purchased by Aldrich. POPC (1-palmitoyl-2-oleoyl-
phosphatidylcholine) and NBD-PC (1-acyl-2-{12-[(7-nitro-2-1,3-ben-
zoxadiazol-4-yl)amino]lauroyl}-phosphatidylcholine) were purchased
from Avanti Polar Lipids (Alabaster, AL). DPH (1,6-diphenyl-1,3,5-
hexatriene), Triton X-100 and 5(6)-carboxyfluorescein (95% purity)
were obtained from Sigma and Fluka. All purchased materials were
used without further purification.

2.2. Instruments

The fluorescence spectra and the kinetic determinations were per-
formed by a Jasco FP-6200 spectrofluorimeter with a band pass of
5 nm. Video-enhanced microscopy measurements were carried out by
a light inverse Zeiss Axiovert microscope (Zeiss, Germany), equipped
with Hoffmann optic 40x and a video camera for image detection. Fluo-
rescence images were obtained by using a Zeiss filter set number 9 that
excites in the wavelength range 450-490 nm and detects fluorescence
at wavelengths>515 nm.

The Dynamic Laser Light Scattering data were extrapolated by
using the Stokes-Einstein relationship for the calculation of the hy-
drodynamic radius with a Brookhaven (90PLUS BI-MAS) digital corre-
lator at a scattering angle of 90°, equipped with a 35 mW He-Ne laser
at the wavelength of 660 nm.

The ESI-MS measurements were performed with an ionic trap
mass spectrometer operating at 2000 m/z. A pump driven syringe
was used for direct injection of the sample into the vaporization
chamber of the instrument (Thermo LCQ Advantage ionic trap operat-
ing at 2000 m/z). The spectra have been recorded by using the following
instrumental setting: a positive ion mode; nitrogen as the desolvation
gas (N3); a desolvation temperature of 150 °C; a capillary voltage of
4,0 kV and a cone voltage of 30+150 V.

2.3. Preparation of liposomes

POPC-Zn-salophen liposomes were prepared in the molar ratio
86/14 by mixing 184 L of a POPC 13x 10> M chloroform solution
with 185 plL of a Zn-salophen 2.2 x 10~ 3 M chloroform solution. The or-
ganic solvent was then removed by evaporation under vacuum to
obtain a dry film. The film was kept at 4 °C overnight and then 2 mL
of a buffered aqueous solution [made of 121.5 mM NaCl, 25.2 mM
Na,HPO4, 48 mM KH,PO, (pH 7.4 and 578 mOsm)] were added
under stirring for twenty minutes. The resulting multilamellar vesicle
dispersion was extruded five times at room temperature through a
polycarbonate filter (Osmonics, pore size 200 nm) mounted in an ex-
truder from Lipex Biomembranes (Vancouver BC, Canada) and filtered

through a Sephadex G-75 column. The obtained POPC-Zn-salophen
86/14 LUV were then diluted in isosmotic buffer to achieve a final con-
centration of 6x 10~°> M POPC and 1x 10~ > M Zn-salophen.

The fluorescence emission spectra were recorded by using 350 nm
as the excitation wavelength.

2.4. Incorporation efficiency

Unloaded Zn-salophen remains embedded in the polycarbonate
filter during extrusion, as no traces of the complex were found in
the Sephadex G-75 column.

The Zn-salophen complex shows UV-vis absorption in chloroform
solution in the range 200-500 nm with two peaks centered at 299
and 398 nm. The Lambert-Beer law was strictly followed at both
Nmax Up to a concentration of Zn-salophen 1.4x 10~ 4 M. The molar
extinction coefficients, £€=29,300 and £=16,200L mol~"cm~
have been obtained at 299 and 398 nm, respectively [23]. The concen-
tration of Zn-salophen incorporated into POPC bilayers was calculat-
ed as the difference between the total initial concentration of
Zn-salophen used for the preparation of the dry film and the amount
of Zn-salophen lost during extrusion. This amount embedded into the
polycarbonate filter was determined by adding 3 mL of chloroform
and recording the absorbance of the yellow solution obtained. The
incorporation efficiency is considerable as only 1.54+0.5% of the
total Zn-salophen used turned out to be lost during extrusion.

2.5. Determination of liposome stability

The film of POPC-Zn-salophen was hydrated with 2 mL of a 50 mM
buffered 5(6)-carboxyfluorescein (CF) solution under stirring for
20 min. The obtained suspension was extruded five times and run
through a Sephadex G-50 column to remove the unloaded dye and dilut-
ed to achieve a homogeneous solution of CF entrapped 1.3x107°> M
POPC and 0.2x 10~ > M Zn-salophen LUV.

The stability of the prepared liposomes was evaluated spectro-
fluorimetrically at 25.0 £ 0.1 °C by following the increase in fluores-
cence at 516 nm (using 490 nm as the excitation wavelength) due
to the de-quenching of CF after release from the liposomes.

2.6. Steady-state fluorescence anisotropy

The films of POPC-Zn-salophen, POPC-DPH and POPC-NBD-PC
were prepared by mixing 1 mL of POPC 13x 10~ M with 10 uL of a
1.3x1073 M probe chloroform solution. After evaporation of CHCl;
the films were hydrated with phosphate buffer and filtered as de-
scribed in Section 2.3 Preparation of liposomes. The final liposome
suspensions were then diluted to achieve a homogeneous solution
of 26x1073>M POPC and 2.6x10"6M probe. The lipid/probe
molar ratio was kept constant to 1000/1 in the preparation of lipo-
somes in order to avoid the formation of dimers into the phospholipid
bilayer as well as to reduce the effect of the probe on the liposome
size. The steady-state fluorescence anisotropy, r, was calculated
according to Eq. (1):

Iy —G Iy
"SIy +2G Iy (M)
where Iyy and Iyy are the parallel and perpendicular polarized fluo-
rescence intensities, respectively, measured with the vertically polar-
ized excitation light, Iy and Iy are the same fluorescence intensities
measured with the horizontally polarized excitation light and G is the
monochromator correction factor given by the ratio Iyy/Iyp.

The value of r for the POPC-Zn-salophen liposomes was calculated
by using 350 nm and 540 nm as the excitation and emission wave-
lengths, respectively. In the case of POPC-DPH liposomes the excita-
tion wavelength was 360 nm and the emission wavelength 430 nm;
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in the case of POPC-NBD-PC liposomes the corresponding values
were 460 and 534 nm.

2.7. ESI-MS measurements

The ESI-MS spectra of a 1x 10~ > M Zn-salophen chloroform solu-
tion were acquired in the presence and in the absence of 6x 105 M
POPC.

3. Results and discussion

The fluorescent Zn-salophen complex 1 is soluble in organic sol-
vents of low polarity such as chloroform, owing to the presence of
two isopropyl groups [23] in positions 3 and 3, while it is insoluble
in pure water, in phosphate buffer at pH 7.4 and in NaOH aqueous so-
lution. The incorporation into liposomes makes the Zn-salophen
complex soluble in aqueous solution.

POPC-Zn-salophen liposomes in the molar ratio 86/14 were pre-
pared as described in the Experimental section. A drop of the obtained
buffered liposomal suspension on a glass slide was observed by an opti-
cal microscope (Fig. 1).

Incorporation of Zn-salophen induces fluorescence into the phos-
pholipid bilayer. Extrusion of the turbid yellow suspension through a
polycarbonate filter leads to a monodisperse population of large uni-
lamellar vesicles. Due to its strong hydrophobicity the Zn-salophen
complex is easily incorporated into POPC membrane and only 1.5+
0.5% of the complex is lost during extrusion.

A guest in the POPC bilayer may change the liposomal curvature
[24], in particular the insertion of Zn-salophen decreases the mean
diameter of POPC liposome from 200 nm to 158 4+ 2 nm as measured
by Dynamic Laser Light Scattering after extrusion.

[ ]

Fig. 1. POPC-Zn-salophen liposomes observed by optical microscope under visible
light (a) and in fluorescence (b) before extrusion.

Table 1
Anisotropy value r and mean diameter for the investigated liposomes.

Liposomal system® Anisotropy value (r) Mean diameter/nm

POPC-Zn-salophen 0.3540.01 20142
POPC-DPH 0.08 +0.001 20842
POPC-NBD-PC 0.20+0.01 209+1

¢ The lipid/probe ratio corresponds to 1000/1.

The distribution of an entrapped molecule into different regions of
a liposome depends on hydrophobic and electrostatic interactions.
Generally the hydrophobic part of a guest molecule inserts deeply
into the bilayer, in a microenvironment of low polarity, while the
hydrophilic part is oriented towards the surface of the liposomes to
interact with the polar heads of the lipids.

Two of the most commonly used fluorescent probes for anisotropy
are DPH [25] and NBD-PC [26]. DPH is a rigid, linear, rodlike fluoro-
phore, characterized by the absence of polar groups, and accordingly,
it partitions spontaneously into the hydrophobic acyl chain region
of the membrane. On the contrary, NBD-PC, consisting of a fluorophore
attached to a phospholipid headgroup, is located preferentially in the
rigid region of the liposomal membrane. Since anisotropy, r, Eq. (1) is
directly related to the fluidity of the bilayer, low values of r are associat-
ed to DPH, while high values of r are associated to NBD-PC. The r values
for the investigated POPC-Zn-salophen, POPC-DPH and POPC-NBD-PC
liposomes in the lipid/probe molar ratio 1000/1 are reported in Table 1
together with the mean diameter measured by Dynamic Laser Light
Scattering.

The mean diameter of the investigated liposomes approximately
corresponds to the pore size of the filter used for extrusion, showing
that the curvature of large unilamellar POPC liposomes is not affected
by the presence of the probe at low concentration.

The high fluorescence anisotropy, r, measured for the POPC-Zn-
salophen liposomes suggests that the metal complex is located in
the ordered region of the membrane, i.e. at the surface of the lipo-
somes. This orientation allows Zn-salophen to establish Lewis
acid-base interactions with the neighboring phosphate group of
POPC. It is well known that zinc ions [27] bind to the negatively
charged phosphate groups of zwitterionic lipids to form a 2:1 or
1:1 coordination complex.

The fluorescence emission spectra of Zn-salophen incorporated
into POPC liposomes and in chloroform solution (Fig. 2) show the
same band centered at 540 nm, suggesting that the guest is present
as monomer at the investigated concentration. Analogous spectra

Iy/a.u.
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0,0 4

T ' T ¥ T ¥ 1
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A/ nm
Fig. 2. Normalized fluorescence emission spectra of 1x 10~ > M Zn-salophen in CHCl;

(dashed line), in POPC liposomes (solid line) and in POPC liposomes after 120 h from
LUV preparation (dash dotted line).
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Fig. 3. Normalized fluorescence emission spectra of 1x10~°M salophen in 86/14
POPC-salophen liposomes.

have been obtained by Knapp and coworkers for several Zn-salophen
complexes in acetonitrile [28].

The ability to incorporate hydrophobic and amphiphilic molecules
in the monomeric form within the bilayer is one of the typical prop-
erties of liposomes as carriers [29,30].

However, the same fluorescence emission spectrum of the
POPC-Zn-salophen changes dramatically after 120 h, while that
of Zn-salophen in chloroform remains essentially unchanged (see
Fig. 2).

The Lewis acid-base interaction of Zn-salophen can slightly shift
the maximum [31] or decrease the intensity of the emission band in
the fluorescent spectra [23]. The new band at 460 nm is typical of
the fluorescence spectra of salophen in conventional organic solvents
[32]. Apparently coordination between Zn and the POPC phosphate
group slowly leads to demetallation of Zn-salophen. Demetallation
is confirmed by comparison of the spectrum of POPC-Zn-salophen
after 120 h shown in Fig. 2 with that of POPC-salophen liposomes
shown in Fig. 3.

The observed demetallation follows first order kinetics and the
rate constants (kops) have been fluorimetrically measured in phos-
phate buffer solution (pH 7.4) and in pure water (pH 5.5) at 25 °C
by following the increase of the emission, I, at 460 nm with time
(Fig. 4) by means of Eq. (2):

Ln(I.-l;) = kgpst (2)
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Fig. 4. Increase of the emission at 460 nm due to demetallation of Zn-salophen in POPC
liposomes.

Table 2

kops Values for the coordination between POPC and Zn-salophen.
Experimental conditions Kops/107 6571
Phosphate buffer solution (pH 7.4) 3.754+0.01
Pure water (pH 5.5) 13.1+£0.1

where L is the emission value after 120 h (corresponding to 432,000 s
as shown in Fig. 4).

The kops values obtained in phosphate buffer solution and in pure
water are reported in Table 2.

The strong binding properties in ethanol of Zn-salophen with
inorganic phosphates PO3 ~, P,04 ~and P;074 and adenosine nucleo-
tides AMP?~, ADP> ~and ATP* ~have recently been investigated [33].
In POPC liposomal system the PO3 ~ions of the buffer solution acting
as Lewis bases can in principle coordinate the Zn atom of the complex
instead of or together with the phosphate group of the phospholipid.
The coordination process is followed by demetallation of Zn-
salophen due to protonation of the phenolic groups. Demetallation
occurs easier at lower pH in water (Table 2) probably due to an in-
crease of the degree of protonation which leads to free salophen
and Zn(OH), [34].

The ESI-Mass acquisition spectrum of 86/14 POPC-Zn-salophen in
CHCls5 solution (Fig. 5) confirms the existence of a Lewis acid-base
complexation of the POPC phosphate group with Zn-salophen. This
spectrum remains essentially unchanged after 120 h in agreement
with the fluorescence emission spectrum of Fig. 2 in the same solvent.

In the ESI-Mass spectrum the peak at m/z=1224 corresponds to
the formation of the pentacoordinated complex POPC-Zn-salophen.
The peak at m/z=761 corresponds to the [POPC+H]" monomer,
while the peak at m/z=1520 corresponds to the [2POPC+H]|"
dimer. The peak at 401 corresponds to the bare salophen. (Molecular
weight of POPC=760.1; Molecular weight of Zn-salophen =463.4).

The effect of the incorporation of Zn-salophen on the stability of
POPC liposomes has been spectrofluorimetrically evaluated by following
the release of an hydrophilic fluorescent dye, 5(6)-carboxyfluorescein
(CF), entrapped into the liposomal core during the hydration process
of the POPC-Zn-salophen film. The leakage of CF from the liposomes
may occur spontaneously, owing to the presence of pores and defects
in the bilayer [35] and is promoted by Triton X-100, a well known
destabilizing agent for cellular and liposomal membranes [36,37]. A
large excess of Triton X-100 over the liposome concentration leads
to saturation of the liposomal membrane and causes the transition
of liposomes into mixed micelles [38].

The spontaneous and Triton X-100 induced leakage of CF from
the investigated 86/14 POPC-Zn-salophen liposomes has been
followed at 25 °C in phosphate buffer solution. In the presence of
large excess of Triton X-100 pseudo first-order rate constants Kpps
have been measured according to the rate law of Eq. (3):

Kps = k[TritonX—100]" 3)

where n represents the order in Triton X-100 and k is a constant
which includes a contribution from the binding constant of the sur-
factant to the bilayer [39]. The non-linearity of the plot of k/,ps versus
the concentration of Triton X-100 shows that n is» 1 indicating that a
critical number n of surfactant molecules has to assemble in the
membrane to trigger the formation of a new hydrophilic pore or to
stabilize the pre-existing channels (see Supplementary material for
further information). The results shown in Table 3 indicate a slower
leakage of CF from the POPC-Zn-salophen liposomes than that for
pure POPC liposomes [40] both in the absence and in the presence
of Triton X-100.

It is well known that the binding of divalent metal ions to nega-
tively charged lipids induces rigidity in the bilayer and dehydration
of the liposomal surface [41,42] which decrease the number of
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Fig. 5. ESI-Mass acquisition spectrum of 86/14 POPC-Zn-salophen in CH5Cl solution.

transient pores within the bilayers thus limiting the insertion of
Triton X-100. Analogously the presence of Zn-salophen enhances
the stability of the liposomes due to the coordination between the
metal and the POPC phosphate groups. Interestingly, the kj,s mea-
sured for the POPC-Zn-salophen liposomes (Table 3) are similar to
the values obtained in the presence of fullerene Cgo [40], cholesterol
[43] and cardanol [43] incorporated as guests in the POPC bilayer.

4. Conclusion

The investigated Zn-salophen complex can be incorporated into
POPC liposomes prepared in phosphate buffer solution. The insertion
of Zn-salophen into the liposomal bilayer decreases the size and
enhances the stability of the POPC liposomes.

The complex tends to be located at the liposomal surface near to
the phospholipid headgroups. Interaction between zinc and the phos-
phate groups slowly leads to demetallation of the complex.

This process changes the structural properties of metal salophen
and should be taken into account for pharmaceutical formulations
of these complexes.
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Table 3

Pseudo-first order rate constants for CF release from pure POPC and 86/14 POPC-Zn-
salophen liposomes in the presence and in the absence of Triton X-100, in phosphate
buffer solution at 25 °C.

[Triton X-100] “Pure POPC 86/14 POPC-Zn-salophen
(107>/M) Liposomes K’qps (107°/57 1) liposomes k’ops (107 %/ 1)
0 6.61+0.5 2.87+0.1

2.40 21.1+£0.1 44840.2

3.20 252401 8.50+0.2

4.40 43.7+0.2 11.74+0.7

5.20 66.8+0.5 12.84+0.5

6.00 83.3+0.1 155+£09

6.40 104 +1 21.1+£0.1

@ Ref. [40] in the text.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.bbamem.2011.10.014.
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