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Abstract

The active encapsulation of doxorubicin (DOX) into fluorinated liposomes, the stability of these liposomes with respect to
encapsulated DOX release in buffer and in human serum, and their H* /Na* membrane permeability have been investigated
and compared to those of their conventional hydrogenated analogues. These fluorinated liposomes are made from highly
fluorinated phosphatidylcholines and contain a fluorinated core whithin their membrane. We found that the presence of this
fluorinated core is not a barrier for the active encapsulation of DOX. Efficient (> 90%) and stable loading could be achieved
using a transmembrane ammonium sulfate or even, in the absence of Na‘, a transmembrane pH gradient. The higher H* /Na~
permeability found for the fluorinated membranes, as compared to conventional ones, is responsible for the lower stability
observed for the DOX-loaded fluorinated liposomes when incubated in a physiological buffer (PBS) or in human serum. It is also
noticeable that the retention of DOX is increased in human serum and for the liposomes whose membranes are in a gel or in a

semi-fluid semi-gel state at 37°C.
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1. Introduction

The use of liposomes as drug carrier and delivery
systems is currently a topic of intensive investigations.
Progress in liposomal formulation will require the de-
velopment of new membrane and liposome-forming
amphiphiles with versatile, adaptable physico-chemical
and biological properties. With the aim of altering and
extending the potential of liposomes as drug carriers,
we have investigated the possibility of imparting to the
liposomal membrane some of the unique character-
istics of fluorocarbons, and in particular their low
affinity for both hydrophilic and lipophilic phases [1].
The use of a liposomal membrane with an internal
fluorinated lipophobic barrier was expected to reduce
its permeability and its interactions with serum compo-
nents and other biological compounds, hence to in-
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crease the liposomes’ shelf stability and stability in
biological fluids with respect to drug leakage. Hinder-
ing opsonization could also contribute to reducing lipo-
some uptake by the mononuclear phagocytic system
(MPS) and to enhancing the blood circulation time of
i.v. administered liposomes. Such fluorinated lipo-
somes were obtained from synthetic fluorinated phos-
phatidylcholines (Fig. 1) [2] and were found to display
remarkable properties. Among others, we have already
shown that the presence of a fluorinated core within
the liposomal membrane constitutes an efficient bar-
rier for the release of entrapped water soluble com-
pounds such as carboxyfluorescein, even in human
serum [3], and markedly increases the intravascular
persistence of the vesicles in the bloodstream [4].

In order to further evaluate the potential of fluori-
nated liposomes, we have now examined the impact of
the fluorinated lipophobic core on the active loading of
a drug and its release from the liposomes in human
serum. We selected doxorubicin (DOX), an anticancer
drug which is a weak amphiphilic base (pK, 8.25) that
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can be actively encapsulated into liposomes. Liposomal
encapsulation of DOX increases its antitumor potency
and provides significant therapeutic benefits (for re-
view see Ref. [5]).

In this paper, we report on the H* /Na™ permeabil-
ity of the liposomal membrane based on fluorinated
phosphatidylcholines, on the active loading of DOX
into fluorinated liposomes, using either a pH or an
ammonium sulfate gradient, and on their stability with
respect to DOX release when incubated in a physio-
logical buffer or in human serum at 37°C. We found
that the fluorinated membranes display a higher trans-
membrane potential-driven Na™® permeability than
classical membranes and that the presence of the fluo-
rinated lipophobic core within the membrane does not
hinder the transmembrane diffusion of lipophilic /hy-
drophilic compounds such as the deprotonated neutral
form of DOX. We show that the stability in human
serum and at 37°C of the fluorinated liposomes loaded
with DOX using an ammonium sulfate gradient, al-
though lower than that of DOX-loaded distearoylphos-
phatidylcholine (DSPC) and 1:1 DSPC/cholesterol
(CH) liposomes, is significantly higher than that of
DOX-loaded 1:1 egg phosphatidylcholines (EPC) /CH
liposomes.

2. Materials and methods

The perfluoroalkylated phospholipids F6C5PC,
F8CS5PC, FAC11PC and F6C11PC (code in Fig. 1) were
synthetized according to Ref. [2]. Their purity ( > 99%)
was checked by TLC, 'H- and *'P-NMR. Racemic
dimyristoyl- (DMPC) and sn-distearoylphosphati-
dylcholine (DSPC) were purchased from Fluka. Their
purity (> 99%) was checked by TLC before use. Egg-
yolk phosphatidylcholines (EPC, Lipoid 100) came from
Lipoid. Calf thymus deoxyribonucleic acid (DNA),
sodium deoxycholate, Triton X-100 and cholesterol
(CH, purity 99%) came from SIGMA. 8-hydroxy-1,3,6-
pyrenetrisulfonate (pyranine) was purchased from
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Molecular Probe. Doxorubicin chlorhydrate (DOX) was
a gift from Farmitalia Carlo Erba. All these chemicals
were used as received.

2.1. Preparation of small unilamellar vesicles (SUVs)

Typically, 20-50 mg of the phospholipid (20-50
mM) were hydrated for 30-60 min in the selected
medium at a temperature 5-10°C above the phase
transition temperature, 7., of the phospholipid under
investigation (T, < 0°C for F6C5PC; 18°C for FAC11PC;
51°C for F6C11PC; 69°C for F8C5PC [6]). These sus-
pensions were then sonicated at a temperature above
7. as previously described [3]. DSPC/CH, DMPC/CH
and EPC/CH (1:1) liposomes were obtained using the
same procedure but starting from a dried film which
was made by evaporating a chloroform-methanol solu-
tion of the two lipids. The average diameters of the
liposomes (which ranged from 30 to 100 nm) were then
measured by photon correlation spectroscopy using a
Coulter model N4 MD submicron particle size ana-
lyzer. The phospholipid concentration was determined
according to Ref. [7].

22. HY/Na™* permeability measurements

H™* diffusion into the vesicles was followed by moni-
toring the changes in fluorescence intensity of an en-
trapped fluorescent and pH-sensitive water soluble
probe, pyranine [8,9]. Liposomes were prepared, as
described above, in a 50 mM Na,SO,, 5 mM
Tricine/NaOH and 5 mM 2-(N-morpholino)ethane-
sulfonic acid (Mes)/NaOH (pH 8.4-8.6) solution con-
taining 2.5 mM of pyranine. The pH measured at the
end of the sonication procedure was 8.2. Free (un-en-
capsulated) pyranine was then removed by gel chro-
matography through a Sephadex G-50 mini-column
equilibrated with a 50 mM Na,SO,, 5 mM Tricine /
NaOH and 5 mM Mes/NaOH pH 8.2 buffer. The
liposome suspensions (20 ul) were then mixed with 2
ml of the pH 8.2 buffer and incubated at the selected
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Fig. 1. Structure of the fluorinated phospholipids, membranes and liposomes.
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temperature in a thermoregulated quartz cuvette cell
(1 cm) with magnetic stirring. The pH of the resulting
dispersions (pH,) was then lowered to 6.7 by addition
of 0.25 M H,SO, (7 uD. The fluorescence intensity
F(1) of entrapped pyranine (excitation at 460 nm and
emission at 520 nm) was recorded continuously using a
Perkin Elmer Spectrofluorimeter LS 50B. During these
experiments the probe remained entrapped in all the
vesicles investigated: the same pyranine /phospholipid
molar ratio in the case of each liposomal solution was
measured before the experiments were run, at the end
of the experiments and after the solution had been
filtered through a Sephadex G-50 mini-column equili-
brated with the pH 8.2 buffer in order to remove the
probe that had been released during the experiments.

The internal pH (pH (¢)) was determined from the
measured fluorescence intensity F(¢) of the entrapped
probe using the calibration curve of the fluorescence of
pyranine (1 uM) in a 50 mM Na,SO,, 5 mM
Tricine /NaOH and 5 mM Mes/NaOH solution as a
function of pH. Because only the deprotonated form of
pyranine is fluorescent, pH,(¢) is related to the mea-
sured fluorescence F(t) (using the Henderson-Hassel-
bach relation) by pH,(¢) = pK, + log[ F(¢) /[ F, — F(2)]],
where F; and the pK, (of pyranine) were determined
from the calibration curve (F, is the fluorescence in-
tensity corresponding to the total amount of entrapped
pyranine, in its deprotonated form).

It was shown previously that membranes dissipate
transmembrane pH gradients in a biphasic manner
[8,9]. The initial phase, which is very fast, corresponds
to an electrically uncompensated diffusion of protons
into the vesicles upon addition of an acid in the exter-
nal water phase. This creates a transmembrane poten-
tial that stops further entry of protons and drives the
ensuing step which, in our case, is the outward diffu-
sion of Na*. As the transmembrane potential is main-
tained, the inward proton diffusion is thus controlled
by the outward flow of Na™*. Since under our condi-
tions outward Na™ flux is a first-order process, plots of
In[pH(#) — pH,] against time are linear. When possi-
ble, the half-times of dissipation of the pH gradient
(¢, ,) were calculated from these plots: ¢, ,, is related
to the slope, K, of these curves by the relation of
ti,,=1n(2)/K.

2.3. Entrapment of DOX using a transmembrane pH
gradient / stability of the transmembrane pH gradient

The active encapsulation of DOX into the liposomes
using a transmembrane pH gradient was performed
according to Ref. [10). Liposomes were prepared, as
described above, in a 0.3 M sodium citrate pH 4 buffer.
These dispersions were then incubated at 37°C and
their external pH was adjusted to 7.5 with a 0.325 M
NaOH, 0.278 M sucrose and 0.0325 M Hepes solution

(the internal and external osmolarity and sodium ion
concentration were equal). DOX was added to the
liposome suspensions (0.5 mM DOX for a 1:5
DOX /lipid molar ratio) at 37°C either before or at
selected times (0.5, 10 and 20 min) after the external
pH jump, in order to evaluate the stability of the
transmembrane pH gradient. In the case of F6C11PC
liposomes, the external aqueous medium was also ex-
changed, at 25°C, for a 0.3 M sucrose 20 mM Hepes
pH 7 buffer on a Sephadex G-50 column equilibrated
with this buffer. DOX was then added to the liposomes
(0.5 mM DOX for a 1:30 DOX/lipid molar ratio).
The resulting solution was maintained at 25°C and
examined for DOX entrapment.

In all cases, the kinetics of DOX encapsulation into
the liposomes and of its release were determined using
the spectrophotometric method described in Ref. [11].
This method relies on the measurement of DOX con-
centration in its deprotonated form, which absorbs at
600 nm. Briefly, at the selected time ¢, 200 w1 of the
dispersion was mixed with 800 ! of an ice-cold 0.15 M
NaCl 20 mM Hepes pH 7.3 buffer. This solution was
then rapidly transferred to a cuvette and used as a
blank for the spectrophotometric measurement at 600
nm. The pH was adjusted to approx. 10.5 by addition
of 1 M NaOH and the absorbance A(z) was measured.
The liposomes were then lysed using a 20% (w/v)
solution of Triton X-100 (10 wl) and the absorbance,
Ao, against a blank containing the liposomes and Tri-
ton X-100 at the same concentration, was measured.
The percentage of encapsulated DOX was calculated
as % Encapsulation = 100 X { Ao — A(¢) /A40).

2.4. Entrapment of DOX using a transmembrane ammo-
nium sulfate gradient

The active entrapment of DOX using a transmem-
brane ammonium sulfate gradient was performed ac-
cording to Ref. [12]. Liposomes were prepared in a 155
mM ammonium sulfate pH 5.5 solution. The external
medium was exchanged for 0.3 M sucrose pH 5.5 on a
Sephadex G-50 mini-column equilibrated with this so-
Iution. DOX in 0.3 M sucrose pH 5.5 was then added
to the liposomes (2 mM DOX for a 1:5 DOX/lipid
molar ratio). After 1 h of incubation at 60°C, the
samples were cooled and assayed for encapsulation
efficiency and stability as described below.

2.5. Stability of DOX-loaded liposomes in buffer and in
human serum

For these studies, liposomes were loaded with DOX
using a transmembrane pH or ammonium gradient (see
above). In the former case, the liposomes were pre-
pared, as described above, in 0.15 M sodium citrate
(pH 3.8). The external medium was then exchanged at
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25°C for a 0.3 M sucrose 20 mM Hepes pH 7 medium
by filtration on a Sephadex G-50 gel equilibrated with
the latter buffer. DOX was then added to yield solu-
tions containing 0.5 mM DOX at a 1:30 DOX /lipid
molar ratio. The preparations were then incubated at
25°C for at least 1 h, after which more than 85% DOX
was loaded.

To determine the kinetics of DOX release from the
liposomes in PBS and in human serum at 37°C, the
DOX-loaded liposomes were incubated in these solu-
tions to which DNA was added, as described in Ref.
[13]. The outward-released DOX intercalates between
the base pairs of DNA present in the external phase,
therefore quenching the intrinsic fluorescence of DOX
[14]. In a typical drug-release assay, the DOX-loaded
liposome suspension (16 ul) was diluted with 2 ml of
PBS or with 2 ml of 50% (v/v) human serum (1 ml
PBS + 1 ml human serum) and incubated at 37°C in a
thermoregulated quartz cuvette cell (1 cm) with mag-
netic stirring. For each sample, two cuvettes were
prepared and DNA was added to one of them at a high
concentration. Fluorescence was then continuously
monitored on each cuvette (excitation at 505 nm; emis-
sion at 600 nm) with a Perkin Elmer spectrofluorom-
eter LS 50B. In the absence of DNA, the fluorescence
signal measured at a given time ¢, F1(t), is the sum
[F1(z) = F(t) + F(¢)] of the contribution of the en-
trapped species, F(¢), and of the extravesicular species,
F.(1). In the presence of DNA, the extravesicular con-
tribution to the fluorescence of DOX can be neglected
and the measured fluorescence intensity at time ¢,
F2(1), is therefore equal to F(z). Consequently, the
difference between the fluorescence signals measured
in the absence and in the presence of DNA, i.e.,
F1(t) — F2(1), is equal to F,/(t), which is directly re-
lated to the extravesicular DOX concentration. Finally,
the fraction of DOX that remains inside the liposomes
is equal to 1— F,(t)/F,,,, where F,, is determined
after lysis of the liposomes by a sodium deoxycholate
solution (in the concentration range of DOX used, its
fluorescence was shown in both media to depent lin-
early on its concentration).

Additional experiments have been performed in or-
der to show that the presence of DNA does not alter
DOX release: the fluorescence intensities F2(¢) mea-
sured in the continuous presence of DNA were indeed
identical to those measured after DNA has been added
at time ¢.

3. Results

3.1. Active encapsulation of DOX and H*/Na™ perme-
ability

Fig. 2 shows the time-course of DOX encapsulation
into different liposomes at 37°C under the influence of
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Fig. 2. pH gradient-mediated encapsulation of doxorubicin into fluo-
rinated and conventional liposomes at 37°C. DOX was added to the
liposome suspensions (0.5 mM DOX for a 1:5 DOX/lipid molar
ratio) before the external pH jump. The transmembrane pH gradient
was generated by forming the liposomes in 0.3 M citrate buffer (pH
4) and subsequent adjustment of the external pH to 7.5. (for details
see Materials and methods).

a transmembrane pH gradient and the stability of the
resulting DOX-loaded liposomes with respect to DOX
release. These experiments were performed at 37°C in
order to increase the rate of encapsulation [10,11].
Among the four fluorinated vesicles investigated,
only those made from F4C11PC were found to entrap
a high level of DOX (90% after 30 min). This value is
slightly lower than that obtained (95%) for DMPC or
EPC/CH 1:1 liposomes. It is also interesting to note
that the initial rate of DOX entrapment is slower for
F4C11PC vesicles than for DMPC and EPC/CH ones.
These results, and more particularly the low level of
DOX encapsulation into the liposomes made from the
fluorinated F6CSPC, F6C11PC and F8CS5PC phospho-
lipids (Fig. 2), are most likely related to the instability
of the transmembrane pH gradient in the presence of
Na* in the outer aqueous phase (hence to a high
transmembrane potential-driven Na™’ permeability) !
rather than to a low DOX permeability of the mem-
branes based on these fluorinated phospholipids. In-
deed, as illustated in Fig. 3, the loading efficiency into
F4C11PC liposomes (and into the other fluorinated
and DMPC ones) decreased significantly when DOX
was added at increasing intervals of time after the pH
jump. By contrast, 1:1 DMPC/CH liposomes (as well
as those made from EPC, EPC/CH(1:1) or DSPC,
data not shown) were found to incorporate the same
level of DOX, even when DOX was added 1 h after
the pH rise. On the other hand, the absence of sodium

"It has been shown that dissipation of transmembrane pH gradi-
ents depends on the permeability of the membrane to the counterion
that will exchange with the proton [7]. Under our conditions, only
sodium ions were available for exchange with protons.
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Fig. 3. Active encapsulation of doxorubicin at 37°C in (A) F4C11PC,
(B) DMPC and (C) DMPC/CH liposomes for different time inter-
vals between the establishment of the pH gradient (pH; 4 and pH,
7.5) and the addition of DOX to the liposome suspensions. The
transmembrane pH gradient was allowed to stay at 37°C for (a) 0.5,
(b) 10, and (c) 20 min prior to the addition of DOX (0.5 mM for a
1:5 DOX/lipid molar ratio) to the liposomal solutions. In {(d), the
pH gradient was generated in the presence of DOX (positioning of
curve d in A is arbitrary).

salts in the external medium was found to improve
DOX encapsulation efficiency into the fluorinated li-
posomes, hence the transmembrane pH gradient stabil-
ity. F6C11PC liposomes were found to incorporate
86% of DOX for a 1:30 drug/lipid molar ratio when
the external medium had been replaced, prior to the
addition of DOX, by a sucrose solution.

The particularly low stability of the pH gradient in
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Fig. 4. Stability of the transmembrane pH gradient for FAC11PC,
F6C11PC and DSPC liposomes prepared in a 2.5 mM pyranine
solution (pH 8.2). After removal of un-encapsulated pyranine, the
liposomes were incubated at 37°C and pH,_ was then lowered to 6.7.
The dissipation of the pH gradient (pH(¢)-pH_) as a function of
time was followed by monitoring of the fluorescence decrease of
entrapped pyranine (for details see Materials and methods).

the presence of Na™ observed for the fluorinated lipo-
somes was further confirmed by the rapid decrease of
the fluorescence of entrapped pyranine, used as a pH
indicator of the intraliposomal aqueous phase. As illus-
trated in Fig. 4, the dissipation of the pH gradient
(pH;-pH,) at 37°C in the case of F8C5PC, F6C11PC
liposomes was very fast, too fast to be measured in our
conditions. It was significantly faster than for F4C11PC
(t,,, =11 £ 4 min) liposomes and much faster than for
DSPC ones. Furthermore, the stability of the pH gradi-
ent for the fluorinated liposomes appeared to be
strongly increased by decreasing the temperature of
incubation: as shown in Fig. 5, the half-time of the pH
gradient dissipation for the liposomes made from
F4C11PC (and, to a lesser extent, for those made from
F6C11PC) increased when the incubation temperature
was lowered,

Finally, the use of an ammonium sulfate gradient to
actively encapsulate DOX in place of a pH gradient
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Fig. 5. Half-times (¢, /2) of transmembrane pH gradient decay as a
function of the incubation temperature for FAC11PC and F6C11PC
liposomes. For ¢, ,, determination see Materials and methods.
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proved to be even more efficient since higher levels of
DOX (90-95% for 1:5 drug/lipid molar ratio) could
be incorporated into the F4C11PC, F6C11PC and
F8CSPC vesicles.

Following its encapsulation, DOX was slowly re-
leased from F4C11PC liposomes when these liposomes
had been loaded using a pH gradient (see Fig. 2). After
5 h of incubation at 37°C in the loading medium, 74%
of the total DOX amount added for loading was still
inside the F4C11PC liposomes, while DMPC vesicles
had lost almost all of their content. The DOX release
from the F4C11PC vesicles was, however, greater than
from EPC/CH ones, which contained almost the same
amount of DOX (95%) after 5 h of incubation than
immediately after loading (data not shown). The stabil-
ity of the loading into the F4C11PC liposomes could be
improved by the exchange of the extraliposomal sodium
salt containing-aqueous phase for a sucrose solution
prior to the addition of DOX.

On the other hand, no significant DOX release
could be detected, even after one week of storage at
room temperature, when the liposomes had been
loaded with DOX using an ammonium sulfate gradient
(results not shown). This high shelf-stability is also
related to the fact that DOX, in its protonated form,
associated with the sulfate anion is present in the
intraliposomal aqueous phase in an aggregated gel-like
state which contributes to preserving the integrity of
the liposomes with respect to liposome fusion and
aggregation [12].

3.2. Stability of DOX-loaded liposomes in physiological
buffer (PBS) and in human serum at 37°C

Fig. 6 displays the time-course of DOX release at
37°C from F4C11PC, F8C5PC, F6C11PC, DSPC,
DSPC/CH 1:1 and EPC/CH 1:1 liposomes, loaded
using an ammonium sulfate gradient and then incu-
bated in PBS (Fig. 6A) or in 50% (v/v) human serum
(Fig. 6B). As shown in Fig. 6A, the release of DOX
from the fluorinated liposomes in PBS (from 60 to 80%
after 1 h of incubation) was found to be higher than
from the conventional ones (less than 30% after 1 h).
This is most likely related to the fact that the former
liposomes display a higher membrane permeability to
Na™ than the latter ones. Indeed, Na*t is present in
PBS and absent in the intraliposomal aqueous phase.
This most likely generates, for the fluorinated lipo-
somes, an inward flux of Na* facilitated by an outward
flux of H*, which will result in an increase of the
internal pH, hence in an increase of deprotonated
DOX, thus facilitating the flow of DOX outwards of
the liposomes.

We found that F8SC5PC and F6C11PC vesicles were
strongly stabilized in the presence of serum. As shown
in Fig. 6B, these liposomes released, respectively, only
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Fig. 6. Time-course of doxorubicin release at 37°C from fluorinated
and conventional liposomes incubated (a) in PBS and (B) in 50%
(v/v) human serum/PBS solution. The encapsulation of DOX (2
mM for a 1:5 DOX/lipid molar ratio) into the liposomes was
performed using an ammonium sulfate gradient as described in the
Materials and methods.

20 and 26% of their initial DOX content after 1 h of
incubation in human serum, whereas almost 60% of
DOX had been released when they were placed in PBS
for the same length of time. A similar behavior is also
observed for the conventional DSPC and DSPC/CH
1:1 liposomes. On the other hand, the DOX-loaded
FAC11PC and EPC/CH 1:1 liposomes displayed the
opposite behavior: the release of DOX increased sig-
nificantly from buffer to serum.

4. Discussion

The main objectives of our work were to evaluate
the ability of fluorinated liposomes to actively entrap
and retain DOX. This study led us to investigate two
different methods of DOX encapsulation, as well as to
address more fundamental questions such as the im-
pact of the fluorinated core on membrane permeabil-
ity. This work is the continuation of our previous study
which was concerned with the encapsulation of hy-
drophilic compounds such as carboxyfluorescein (CF)
into fluorinated liposomes, with the impact of the
fluorinated core on the diffusion of CF across the
liposomal membrane, and with the stability of the
liposomes with respect to encapsulated CF release in
human serum [3]. It was found that (i) the fluorinated
core within the membrane (Fig. 1) constituted a very
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efficient barrier for CF permeation and (ii) the fluori-
nated liposomes were, with respect to CF release, less
destabilized than conventional liposomes and in some
cases were even found to be stabilized by the serum
components.

Most importantly, we found that the presence of a
fluorinated core within the membrane (which imparts a
lipophobic character to the membrane) is not a barrier
for the active encapsulation or remote loading into the
fluorinated liposomes of weak lipophilic bases such as
DOX. Efficient (> 90% for a drug/phospholipid mo-
lar ratio as high as 0.2) and stable loading into the
fluorinated liposomes’ inner aqueous phase could in-
deed be achieved using a transmembrane ammonium
sulfate gradient, or even, in the absence of Na', a
transmembrane pH gradient (see below). The former
method, which led to encapsulated DOX in an aggre-
gated gel-like form, proved to be more efficient and led
to more stable DOX-loaded formulations than the
latter one, as it has already been shown for conven-
tional or sterically-stabilized liposomes of a broad spec-
trum of types, sizes and compositions [12,15].

The active encapsulation of DOX into the fluori-
nated liposomes using a transmembrane pH gradient
could be achieved efficiently only when the extraliposo-
mal aqueous phase did not contain Na*. The low level
of DOX entrapment into the fluorinated liposomes
and its reduced stability following DOX encapsulation
were due to rapid dissipation of the transmembrane
pH gradient in the presence of Na*, and revealed a
higher Na*™ permeability for the fluorinated mem-
branes as compared to conventional ones 2. Taken
together our data concerning the transmembrane pH
gradient stability using entrapped pyranine and the
DOX-loading and release experiments indicate that
the membrane permeability to Na* increases along the
sequence DSPC, EPC/CH (1:1), DMPC/CH (1:1)
<« F4C11PC < DMPC < F6C11PC, F8CS5PC. These
results differ significantly from those obtained in our
previous study where we showed that F8C5PC and
F6C11PC membranes exhibited the lowest CF perme-
ability.

Several reasons may account for the higher Na™
permeability of the latter two fluorinated membranes.
First, CF is, at neutral pH, an anion and is much
bulkier than Na*, and their respective mechanisms of
permeation across membranes will therefore differ
substantially [16]; permeation of the small Na™ cation
is expected to be more sensitive to the presence of
membrane defects than permeation of the larger CF
anion. Secondly, compared to its hydrocarbon counter-
part, a perfluorocarbon chain is much stiffer and

% See footnote ' on p. 64.

bulkier. Furthermore, its most favorable conformation
is a helix which has a cross-sectional area (~ 0.3 nm?)
significantly larger than that (~ 0.2 nm?) of all-trans
hydrocarbon chains [17,18]. Therefore, hydrophobic
chains composed of a perfluorocarbon tail connected
to a hydrocarbon spacer (as in the fluorinated
phospholipids investigated here) are less tightly packed
than all hydrocarbon chains; this is further reflected by
the lower enthalpy of the main phase transition mea-
sured for fluorinated phosphatidylcholines [6]. All these
properties could play a significant role in facilitating
the diffusion especially of small jons such as Na®*
across fluorinated membranes. Most importantly, the
F6C11PC or F8C5PC membranes are, at 37°C, in a
semi-fluid semi-gel like state owing to partial fusion of
the fluorinated tails [6]; as compared to a fluid or gel
state, this is more likely to generate packing defects in
the membrane, hence to increase permeation [16]. This
seems to be further supported by the lower DOX
release level observed from the ‘gel’ F6C11PC lipo-
somes, which is of 50% after 1 h at 25°C in PBS
(results not shown), while it is of 50% after 10 min at
37°C (Fig. 6A).

When compared to the conventional DSPC and
DSPC/CH membranes and liposomes, the higher per-
meability to Na* of the fluorinated membranes may
also account for the lower stability of the fluorinated
liposomes loaded with DOX using an ammonium sul-
fate gradient and then incubated in PBS or in human
serum. The presence of Na™ in the outer-liposomal
aqueous phases results in an increase of the internal
pH (after H*/Na* exchange) hence in an increase in
deprotonated neutral DOX which can diffuse more
easily across membranes than protonated (charged)
DOX. These results indicate furthermore that the
lipophobic character of the fluorinated membranes,
although it reduces strongly the solubility of
lipophilic /hydrophilic compounds inside such mem-
branes [6], does not hinder significantly the diffusion of
a lipophilic /hydrophilic drug across these membranes,
when driven by its concentration gradient. They also
indicate that such drugs are not sequestered but re-
main still available when encapsulated into fluorinated
liposomes.

It is also noticeable that in human serum, and for
the liposomes whose membranes are at 37°C in a gel or
in a semi-fluid semi-gel state (i.e., DSPC, DSPC/CH,
F6C11PC and F8C5PC), the retention of DOX is in-
creased. Indeed, these liposomes display a significantly
greater stability in serum than in PBS while the oppo-
site result is observed for the ‘fluid’ FACI11PC lipo-
somes or for the highly-ordered fluid EPC/CH lipo-
somes. Except for EPC/CH liposomes, this correlates
well with our previous study where CF was used as a
probe of liposome stability [3]. The decrease of DOX
release when going from buffer to serum most likely
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indicates that serum constituents participate in increas-
ing the order or the packing of the phospholipids
whithin gel or semi-fluid semi-gel membranes or in
suppressing packing defects which are very often pre-
sent in such membranes.

Although DOX release from F6C11PC and FSC5PC
liposomes is, in human serum, higher than from DSPC
or DSPC/CH ones, the fluorinated DOX formulations
are more stable than those prepared from EPC/CH.
Furthermore, the most promising biocompatibility (i.v.
LD, in mice higher than 8 g/kg body weight [19]) and
the higher in vivo blood circulation times measured for
these fluorinated liposomes than for conventional ones
[4], indicate that fluorinated liposomes have potential
as drug carrier and delivery systems.
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