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Abstract

The destabilization of vesicles obtained by cyclic freezing-thawing and extrusion (FATVET) bilayer membranes
consisting of L-z-dipalmitoyl phosphatidylcholine (DPPC) by the bile salt sodium deoxycholate (DOC) was studied
from turbidimetric, entrapped solute release and steady-state fluorescence anisotropy measurements. Based on
turbidity measurements, bilayer membranes in a rigid gel state are more resistant to lysis by deoxycholate than are
bilayers in a fluid liquid-crystal state. Thus, the [detergent],,.;/[phospholipid] mole ratio, R{*, needed to saturate the
bilayers at 25°C (T < T,,) is three times greater than that at 50°C (T > T,,) also, R°', which corresponds to complete
solubilization of the bilayers, is twice higher at 25°C than it is at 50°C. However, this does not mean that bilayer
saturation or complete solubilization calls for increased DOC concentrations, as shown by the fact that the effective
mole ratios for both events, R$" and RS, are identical at 25°C and 50°C. The ability of DOC molecules to
intercalate themselves between DPPC molecules therefore appears to be decreased by tightly packed phospholipid
molecules. Thus, the partition coefficient for the sub-solubilization range, R., is almost 3 times lower at 25°C than it
is at 50°C. On the other hand, the R, R:°! and K values for FATVETs{egg yolk lecithin (EYL)} at 25°C are
virtually identical with those for FATVETs{DPPC} at 50°C. Hence, for a series of phospholipid analogues, the
partition coefficient K for a surfactant/liposome system is bound to depend primarily on the physical state of the
bilayer. The retention properties of FATVETs{DPPC} are impaired at sub-lytic DOC levels thus, 5-fluorouracil
(5-FU) leakage under these conditions amounts to R3” = 0.09, which is somewhat smaller than R (1.2—1.4). This
may be the result of the packing and structural changes undergone by lamellae prior to solubilization of the bilayers.

Abbreviations: EYL, egg yolk lecithin; DPPC, L-«-dipalmitoyl phosphatidylcholine; DOC, sodium deoxycholate; 5-FU, 5-fluorou-
racil; DPH, 1,6-diphenyl-1,3,5-hexatriene; Tris, tri(hydroxymethyl)amino methane; MLVs, multilamellar vesicles; FATVETS, vesicles
obtained by cyclic freezing-thawing and extrusion; V;, overall internal volume of the liposomal suspension; PCS, photon correlation
spectroscopy; D,, total detergent concentration in the medium; D,,, detergent concentration in the aqueous medium; D, detergent
concentration in bilayer; R,, [detergent]/[lipid] effective mole ratio; R:®", R, at complete solubilization; R$*, R, at the onset of the
lamellar-to-micelle transition; R3°”, [detergent]/[lipid] effective mole ratio that induces the release of 50% of the liposomal content;
S.D., standard deviation.

* Corresponding author. Fax: + 34 1 3942032; e-mail: jrchantres@teleline.es

0378-5173/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PII S0378-5173(97)00254-8



174 M.A. Elorza et al. / International Journal of Pharmaceutics 158 (1997) 173—183

The 1,6-diphenyl-1,3,5-hexatriene (DPH) steady-state fluorescence anisotropy results also suggest that DOC alters
acyl chain packing, diminishes transition cooperativeness and decreases the orderliness of acyl chains. © 1997

Elsevier Science B.V.
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1. Introduction

Like some soluble amphiphilic components of
biological fluids, surfactants induce morphologi-
cal and permeability changes in cell membranes
that alter their functionality. The effects of surfac-
tants (detergents) on liposomal structures have
been the subject of much study in various respects
(Lasch, 1995). Surfactants are widely used for
membrane protein solubilization and reconstitu-
tion in laboratory applications, as well as for
producing controlled-size liposomes.

Liposome-detergent interactions play a central
role in liposome-mediated drug delivery mecha-
nisms. Ideally, liposomes, like any delivery sys-
tem, must transfer the drug directly to the target
organ and keep it there for as long as required;
some amphiphilic molecules in physiological fluids
can release some drug from liposomes, however.
Bile acids and salts are amphiphilic physiological
substances and they have been widely used in
studies on the detergent-membrane interaction.
While they interact with liposomes in a somehow
different way from non-ionic and ionic surfac-
tants, the mechanisms by which lipid bilayers are
solubilized are similar for all (Lasch and Schu-
bert, 1993). The action of bile derivatives on
liposomes has been studied by using a variety of
techniques. In most cases, the results were consis-
tent with the ‘thread-like’ model for a mixed
micelle structure (Walter et al., 1991).

The purpose of this work was to investigate the
destabilizing effects of deoxycholate on bilayers of
phosphatidylcholine liposomes used as drug deliv-
ery systems. 5-FU encapsulation and release by
liposomes were previously studied elsewhere
(Elorza et al., 1993). We used deoxy cholate as a
model for small, biologically occurring am-
phiphilic molecules. Because packing of acyl

chains in liposomal bilayer is changed by am-
phiphiles, we also investigated the effect of the
surfactant on the drug retention ability of the
lipid vesicles. Finally, in order to shed some light
on the mechanism of action of deoxycholate, we
studied its effects on lipid organization through
the variation of steady-state fluorescence an-
isotropy measurements of DPH as a function of
temperature.

2. Materials and methods
2.1. Lipids and other reagents

Lyophilized egg yolk lecithin (EYL, >98%
pure), L-z-dipalmitoyl  phosphatidylcholine
(DPPC, 99% pure), sodium deoxycholate (DOC),
5-fluorouracil (5-FU) and the fluorescent probe
1,6-diphenyl-1.3.5-hexatrienec (DPH) were sup-
plied by Sigma. Tritiated 5-fluorouracil ([*H]5-
FU) was obtained from Amersham as an aqueous
solution of 5 mCi (185 mBq) activity.

The stated purity of the phospholipids was
checked by the usual thin layer chromatographic
methods (Kovacs et al., 1986). They were stored
as 2:1 v/v chloroform/methanol solutions in a
nitrogen atmosphere at — 20°C. Phospholipids
were titrated according to Bartlett (Bartlett,
1959). Deoxycholate was recrystallized twice from
hot ethanol. DPH was stored as a 1 M tetrahydro
furan (THF) solution in the dark. [*H]5-FU was
stored as an isotopic dilution of 5 xCi ml—!
specific  activity in  isotonic  tri(hydrox-
ymethyl)amino methane (Tris) buffer. The poly-
carbonate filters used were purchased from
Nucleopore. All other reagents were analytical-
grade chemicals and bidistilled water was used
throughout.
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2.2. Preparation and characterization of vesicle
dispersions

Multillamelar vesicles (MLVs) were formed
from dried lipid films by resuspension in an
aqueous buffer containing 5 mM Tris—HCI and
150 mM NaCl (pH 7.4, 290 mOsm), following
rehydration in a nitrogen atmosphere for 2 h. The
initial phospholipid concentration in the aqueous
medium was 60 gmol ml~! for all preparations.
[PH]5-FU was added at a 2 xCi ml—! activity
level to the buffer solution as required. The osmo-
lality of the solutions was measured with a
Knauer digital cryo-osmometer. Freeze-thaw ex-
trusion vesicles (FATVETSs) were prepared as de-
scribed (Chantres et al., 1996). Extrusion was
performed at 25°C for FATVETs{EYL} and
55°C for FATVETs{DPPC}.

Vesicle dispersions were characterized from
their internal volume, V;, average vesicle size and
size distribution and lamellarity as described else-
where (Chantres et al., 1996). Vesicles shown an
average diameter of 98 +7 nm (polydispersity
index 0.05) and were predominantly unilamellar,
as estimated by 3'P-NMR. The average V;
value + S.D. (expressed in litres of encapsulated
water per mole of phospholipid) were 1.90 + 0.08
1 mol—".

2.3. Turbidity measurements

The solubilization of phospholipid vesicles by
DOC was monitored turbidimetrically. A volume
of 2.0 ml of vesicle suspension was placed in a
cuvette and supplied with a preset volume (10-50
ul) of DOC stock solution stepwise. The initial
phospholipid concentration in the samples was 3.0
mM. The final concentrations of the lipid and
surfactant were calculated from their initial values
and the volume of surfactant solution added. On
mixing, samples were maintained at the experi-
mental temperature for exactly 30 min prior to
measurement.

The absorbance (turbidity) of each vesicle sus-
pension was measured against a blank as a func-
tion of the overall surfactant concentration using
a Beckmann DU7 spectrophotometer at 500 nm.
During measurements, turbidity was checked to

remain at steady-state level for 5 min, the cuvette
being shaken at 30 s intervals. The temperature of
the vesicle suspensions was controlled by means
of a Peltier system and a probe immersed in the
cuvette. Results are given as percentages of the
initial turbidity of the samples containing no sur-
factant.

2.4. Determination of 5-FU release

The amount of [*H]5-FU released from
FATVETs{DPPC} at 25°C was taken to be a
measure of structural integrity of the liposomes.
As noted earlier, lipid films were hydrated in a
buffer containing [*H]5-FU at a 2 uCi ml~!
activity. Excess, non-encapsulated drug was re-
moved from the liposomal preparation by passing
it through a chilled 1.5 x 7.0 cm Sephadex G75
column. Release experiments were started by sup-
plying a volume of 1.5 ml of FATVETs{DPPC}
dispersion with appropriate volumes of DOC
stock solution and isotonic buffer to a final vol-
ume of 2.0 ml (the mixture was thus made 2.8
mM in phospholipid). Next, 0.5 ml aliquots of the
liposomal suspension were placed in pre-washed
collodion bags (Sartorius, M, cut-off 20 kDa).
The bags were transferred into test tubes of 2.5
cm i.d. containing 10 ml of buffer and the tubes
stoppered and immersed in a thermostated bath at
25°C. In order to ensure homogeneity in the
dialysis medium, the tubes were stirred magneti-
cally throughout the incubation period. The
amount of drug released was monitored at 120
min by counting dialysate aliquots diluted with
Normascin 22 cocktail on an Analytical Kontron
BETAmatic scintillation counter. The amounts of
5-FU released, corrected for passive flux (i.e. in
the absence of DOC), are given as percentages of
those initially entrapped by the vesicles. Test con-
trols revealed that the combined amount of label
released at the end of each experiment and that
remaining inside the vesicles (as determined after
lysis with Triton X-100), coincided to within 5%
with the amount initially entrapped by the vesi-
cles. Also, preliminary control experiments re-
vealed that 5-FU dialysed freely across the
dialysis membranes used and that significant ad-
sorption of the cytostatic agent by the membranes
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occurred. In the experiments, 0.5 ml aliquots of
buffer containing [*H]5-FU at a 0.1 xCi ml~!
activity were placed in dialysis bags and the bags
transferred into test tubes containing 10 ml of
buffer, the whole being stirred magnetically. At
appropriate times (2, 5, 10, 30 and 60 min),
aliquots from the bags and the dialysate were
counted as described above. The results showed
both solutions to contain the same concentration
of 5-FU (4 1%) from 2 min on. Next, the bags
were thoroughly rinsed with non-tritiated 5-FU
solution and aliquots from the rinsing liquid were
checked for [H] activity, which was never ob-
served.

Phospholipid solubilization by deoxycholate
was also checked in each sample: surfactant-
treated FATVETs{DPPC} vesicles were ultrafil-
tered through Centrisart devices (Sartorius, M,
cut-off 20 kDa) and lipid phosphorus in the
filtrates assayed according to Bartlett (Bartlett,
1959). The results are given as percent solubiliza-
tion values relative to the initial amount of phos-
pholipid in the samples.

2.5. Fluorescence anisotropy measurements

The steady-state anisotropy of DPH embedded
in lipid bilayers were monitored as described else-
where (Chantres et al., 1996). Steady-state an-
isotropy values were calculated from the following
equation:

IVV B GIVH
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where Iy, and I,y are the parallel and normal
component, respectively, of the fluorescence emis-
sion relative to the vertical polarization plane of
the excitation beam and G is the Azumi-McGlyn
factor (Azumi and McGlynn, 1962).

The r, values thus obtained were used to con-
struct Arrhenius plots in order to determine the
effect of temperature on bilayer ‘microviscosity’,
77, as measured from DPH motion. We used the
relation of van der Meer et al. (van der Meer et
al., 1986) to estimate it:
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where D is the wobbling diffusion constant for
rod-like probes such as DPH, t the fluorescence
lifetime, r, the maximum fluorescence anisotropy
and m, a positive quantity, the difference between
the rotational diffusion of the probe in the mem-
brane and that in a reference isotropic oil. In this
work, we assumed m =1.7 and r,=0.4 (van der
Meer et al., 1986). We used Arrhenius plots to
derive the enthalpy of activation per flow unit,
AH7 . For a lipid system that undergoes no phase
separation or transition, AH” is assumed to be
temperature-independent; hence, a plot of log 7
versus 1/T should be a straight line. The flow
activation energy can be interpreted as the energy
required to dissociate a molecule (or mole) from
the bulk mass, so it must increase with increasing
number of degrees of freedom for interactions
between molecules. Consequently, AH” can be
used as a measure of orderliness in the hydrocar-
bon core of lipid bilayers.

3. Results and discussion
The critical micellization concentration (CMC)
of deoxycholate in the aqueous medium used were

2.7 mM, as determined by using the fluorescent
dye method (Chantres et al., 1996).

100p

L

FATVETS{EYL}
ol @2C

8

80f

% Turbidity (500 nm}

45 -35 -25 -15
40l FATVETs{DPPC} 109 20Gho 1
o 25°C

200 . s0C

% Turbidity (500 nm)

45 35 25 5
log [DOCJgta (M)

Fig. 1. Changes in the turbidity of FATVETs{DPPC} disper-
sions at 500 nm as function of deoxycholate concentration in
the medium (O) at 25°C (bilayer in the gel state), and (®) at
50°C (bilayer in the liquid crystal state). Inset: data for
FATVETs{EYL} dispersions at 25°C. Arrows pointing down-
wards and upwards correspond to bilayer saturation and
complete bilayer solubilization, respectively.
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Fig. 1 shows typical turbidimetric results ob-
tained for FATVETs{DPPC} at 25 and 50°C. For
comparison,  the  results obtained  for
FATVETS{EYL} at 25°C are included in the
figure inset. Turbidity changes in the vesicle sus-
pensions arising from the stepwise addition of
DOC have been rationalized in terms of the three-
stage model (Schubert et al., 1986; Lichtenberg et
al., 1983; Helenius and Simons, 1975). Initially,
the surfactant partitions between the bilayer and
the water phase (stage I). As the surfactant con-
centration is raised, bilayer saturation is gradually
reached (arrowheads pointing downwards in Fig.
1). On saturation, the bilayer is ‘solubilized’; in
the process, bilayers coexist with mixed micelles
(stage II) and a turbidity decay is observed. Fi-
nally, a critical lipid/surfactant ratio is attained
(arrowheads pointing upwards in Fig. 1) where all
bilayers have been replaced by mixed micelles of a
small particle size. These events were previously
studied by *'P-NMR spectroscopy and electron
microscopy, which provided results similar to
those derived from turbidity measurements (Pa-
ternostre et al., 1988).

Correct rationalization of the surfactant effects
on vesicles requires an exact knowledge of the
‘effective’ detergent/lipid mole ratio, R, (i.e. that
in the bilayer), which may be significantly differ-
ent from the ‘total’ mole ratio (referred to the
total concentration of surfactant in the medium).

At sub-solubilizing detergent concentrations, a
partition equilibrium between the bilayer and
aqueous medium is assumed to exist (Schubert et
al., 1986). Hence, the partition coefficient can be
defined as

_ D,/PL
D

K 3)

w

where D,, and D, are the equilibrium detergent
concentration in the aqueous phase and the bi-
layer, respectively and PL the total concentration
of phospholipid. Since, R, = D,/PL, Eq. (3) can
be rewritten as

R

D

K=

: 4)

w

On the other hand, since the total detergent con-
centration is D, = D,, + Dy, one can write

Sol

[DOClotal = Dw * Re [DPPC]
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Fig. 2. Estimation of R, and D,. Variation of the DOC
concentration corresponding to the onset ([J) and completion
(O) of lipid bilayer solubilization, as a function of the phos-
pholipid concentration. Empty symbols correspond to 25°C
and filled symbols to 50°C. Inset: results obtained at 25°C in
FATVETs{EYL}. Bars symbolize S.D. values obtained from
six individual experiments.

D,=D, + R.PL (5)

This linear relation between D, and PL allows the
ready estimation of R and R (viz. the deter-
gent/phospholipid effective mole ratio needed to
saturate phospholipid membranes and that in the
mixed micelles, respectively) for any liposome
sample. In addition, K can also be estimated from
the ratios of the slopes (R:*") to the intercepts at a
zero lipid concentration (D,,).

Fig. 2 shows the variation of the DOC concen-
trations corresponding to the onset of solubiliza-
tion and total solubilization with the total
phospholipid concentration at 25 and 50°C. The
curves obtained at both temperatures are strik-
ingly linear (r?>0.993). The inset of Fig. 2 de-
picts the results obtained for FATVETs{EYL} at
25°C. Table 1 shows the RS, R, D, (aqueous
detergent concentration in equilibrium with satu-
rated bilayers and saturated micelles) and K val-
ues obtained. As can be seen, for
FATVETs{DPPC}, the respective effective mole
ratio (R and R:*") were identical at the two
temperatures. The detergent concentrations in the
aqueous medium (D), in equilibrium with satu-
rated bilayers or mixed micelles, were higher at 25
than at 50°C. The partition coefficient, K, which
describes the detergent partitioning between the
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lipid and aqueous phase, was almost three times
higher at 50°C than it was at 25°C. Therefore, the
ability of DOC molecules to penetrate through
hydrocarbon chains is reduced by tight structural
packing relative to a fluid state. In macroscopic
terms, one may state that the surfactants parti-
tions between water and the lipid phase in a gel
state as poorly as it does in a liquid crystal state.
On the other hand, it should be noted that the
Rzt R and K values for FATVETs{EYL} at
25°C were virtually identical with those for
FATVETs{DPPC} at 50°C. Under these condi-
tions, the bilayers of both systems occur in the
liquid crystal state. The amount of surfactant that
the bilayers can accept depends on the packing
density of the phospholipid molecules, as well as
on surfactant-phospholipid interactions within the
bilayers. Thus, for a series of phospholipid ana-
logues, the partition coefficient K for a surfactant-
liposome system is bound to depend primarily on
the physical state of the bilayer. If such is the
case, the temperature-dependence of K will jump

Table 1

Solubilization parameters for EYL and DPPC vesicles in the
presence of deoxycholate and estimated partition coefficients,
below (7'=25°C) and above (7' = 50°C) the main phase transi-
tion temperature of DPPC bilayers

R, (mol/mol) D, K (mM™1)
(mM)
Temperature 25°C
FATVETs{EYL}
Onset of solubi- 0.3 1.5 0.20
lization
Complete solubi- 1.3 2.2 —
lization
FATVETs{DPPC}
Onset of solubi- 0.3 4.9 0.06
lization
Complete solubi- 1.4 3.8 —
lization
Temperature 50°C
FATVETs{DPPC}
Onset of solubi- 0.3 1.7 0.16
lization
Complete solubi- 1.2 1.8 —
lization
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Fig. 3. (@) Percentage of 5-FU released and ([J) percentage of
phospholipid solubilized from FATVETs{DPPC} as a func-
tion of DOC concentration after 120 min of deoxycholate
addition, at 25°C. The passive flux of drug has been sub-
tracted. Bars symbolize S.D. values obtained from six individ-
ual experiments.

abruptly over the transition temperature. Re-
search aimed at confirming this hypothesis is cur-
rently under way.

The action of surfactants on bilayers can also
be assessed by examining their effects on the
release of liposomal contents (Goni et al., 1993).
Several studies involving 5(6)-carboxy fluorescein
as an entrapped label have been aimed in this
direction. Our group monitored the release of
5-FU, a cytostatic drug and a firm candidate for
liposomal encapsulation as a vehicle for delivery.
Fig. 3 shows the percentage of 5-FU release from
a FATVETs{DPPC} suspension at 25°C after 120
min. 5-FU is a small molecule (M,= 131 Da)
sparsely soluble in water, with an octanol/buffer
partition coefficient of 0.15-0.20 at 20°C at pH
7.4, where it occurs in neutral form (pK, 8§-13).
Passive leakage across DPPC bilayers under our
experimental conditions was subtracted from all
measurements. The leakage pattern observed was
very similar to those reported by others for the
cholate-, n-octyl-f-D-glucopyranoside- and Tri-
ton X-100-induced release of liposomal contents.
The release profile in Fig. 3 exhibits a threshold
deoxycholate/lipid mole ratio corresponding to an
overall DOC concentration of ~ 0.3 mM; beyond
that threshold, the profile acquires a sigmoidal
shape.Eq. (4) and Eq. (5) allow R, values in the
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sub-solubilizing DOC concentration range to be
estimated from

D,

=1 ©)
=+ PL
K+

Thus, the DOC/DPPC effective mole ratio corre-
sponding to the threshold for 5-FU release is
R® = (.02 and the effective mole ratio causing
50% of the liposomal content to be released under
our experimental conditions is R3” = 0.09; both
are therefore smaller than R' (see Table 1),
where bilayer solubilization starts at 25°C. These
results are consistent with those obtained from
phospholipid solubilization measurements. As can
be seen in Fig. 1, solubilization occurs at total
DOC concentrations well above those that induce
5-FU release.

One other interesting observation that relates
turbidimetric and release results is the fact that, as
well no turbidimetric changes occurred after 5
min of exposure to the surfactant as only a small
fraction of encapsulated 5-FU was released after
as long as 120 min. Our results are consistent with
others previously reported. Mechanistic explana-
tions for these results have so far relied mainly on
the model of Schubert et al. (Schubert et al.,
1986b), which assumes the formation of transient
holes at stage I of the ‘bilayer’ solubilization
process.

We used the fluorescence anisotropy results for
DPH to check for DOC-induced alterations of the
lipid bilayer matrix. Fig. 4 shows the variation of
the steady-state anisotropy of DPH fluorescence
as a function of  temperature for
FATVETs{DPPC} in the absence (Fig. 4a) and
presence (Fig. 4b—f) of DOC at total concentra-
tions in the range 0.4-10.0 mM, equivalent to
DOC/phospholipid effective mole ratios at 25°C
of 0.02-0.6. As can be seen, the thermotropic
gel—liquid crystal phase transition of DPPC
molecules in the bilayer structure still took place
at a DOC/phospholipid effective mole ratio of
0.12, as calculated from the r, versus T profile
(Fig. 4e). The transition vanished by a DOC/
phospholipid effective mole ratio of 0.6 (Fig. 4f),
beyond which the r; versus T profile departed
from the typical shape for a lamellar structure (a

smooth decay in ry); in fact, no trace of the
transition remained above a DOC/phospholipid
effective mole ratio of 0.3 (results not shown). It is
interesting to note that, as established above from
turbidity measurements, R (onset of solubiliza-
tion) was also 0.3 at 25 and 50°C; moreover, from
our release results it follows that leakage was
complete at a detergent/phospholipid effective
mole ratio of =~ 0.9. Therefore, our anisotropy,
turbidity and release values are consistent and
suggest that disappearance of the bilayer structure
starts at a DOC/phospholipid effective mole ratio
of &~ 1:3 and is completed at R, ~ 1. At this point,
the liposomal suspension probably becomes a dis-
persion of mixed lipid-detergent micelles.

The ‘microviscosity’ concept has traditionally
been misapplied to bilayers—viscosity is a macro-
scopic concept hardly applicable to a microenvi-
ronment as a lipid bilayer— however, it may still
be used though with a different meaning (van der
Meer et al., 1986). In fact, a comparison of the
fluorescence anisotropy arising from depolariza-
tion motion in a rod-like fluorescent probe such
as DPH embedded in an anisotropic medium (e.g.
a bilayer) with the emission anisotropy of the
same probe dissolved in an isotropic medium such
as a reference oil allows one to derive a constant
m for use in a modified version of the Perrin
equation in order to estimate ‘microviscosity’ val-
ues or construct Arrhenius plots from steady-state
fluorescence anisotropy measurements. Since m
represents the difference between the rotational
diffusion of the probe in the bilayer and that in
the isotropic reference oil, if the emission has the
same r, value, then the fluorophore must rotate
faster in the medium that restricts its movements
than in an unrestrictive medium.

Fig. 5 shows the Arrhenius plots for the r,
versus T curves of Fig. 4a, ¢ and e. The enthalpy
of activation, AH”, was calculated by linear re-
gression of the curves. This parameter is a mea-
sure of orderliness in the bilayer lipid matrix. If
the bilayer undergoes no phase separation or
transition on heating, then AH* will be a con-
stant; otherwise, if a transition occurs, then AH”*
will be almost constant below and above the
transition limits and increase sharply between
them. Fig. 5a, obtained for FATVETs{DPPC} in
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Fig. 4. Variation in the steady-state fluorescence anisotropy profiles (DPH vs. temperature in FATVETs{DPPC}) as a function of
the total concentration of DOC in the medium. (a) without DOC; (b) 0.4 mM; (c) 0.8 mM; (d) 1.0 mM; (e) 2.0 mM; and (f) 10.0

mM.

the absence of detergent, is consistent with this
description. Adding DOC at a detergent/lipid ef-
fective mole ratio up to 0.04 (i.e. up to about 0.8
mM DOC), decreased AH* by about 30% with-
out altering the overall appearance of the In 7
versus 1/T curves (Fig. 5b). Above R, =0.06 (~
1.0 mM DOC), no unique linear least-squares
fitting was possible in the transition range, so we
adopted a double linear least-squares fitting as an
acceptable solution (Fig. 5c). This behaviour
probably reflects the occurrence of various bilayer

domains (e.g. mixed lipid-DOC aggregates and
lipid-rich domains) or distinct structures of mixed
composition with disparate DPH motion charac-
teristics. Above R¥©=0.3 (~5.0 mM DOCQC),
the bilayer was seemingly dissolved (results not
shown), so estimating AH” was pointless.
Highly sensitive DSC experiments (Spink et al.,
1982; 1991), about the thermal behaviour of mix-
tures of DPPC and either taurocholate or tau-
rodeoxycholate, revealed complex thermal
transitions that changed dramatically with R, the
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effect being greater for the dihydroxy bile salt.
Absorbance and flow calorimetry experiments
(Malloy and Binford, 1990) on mixtures of
dimiristoylphosphatidylcholine (DMPC) or dilau-
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Fig. 5. Arrhenius plots of ‘microviscosity’ dependence on
temperature in FATVETs{DPPC} bilayers as a function of the
total concentration of DOC in the medium. (a) without DOC;
(b) 0.8 mM; and (c) 2.0 mM. The straight line is the best linear
regression fit within the temperature range and allows calcula-
tion of the activation energy for the process.
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Fig. 6. Data estimated from steady-state fluorescence an-
isotropy results for FATVETs{DPPC} plotted against the
DOC concentration: (a) Variation of the main transition tem-
perature, T,,; (b) Variation of the transition width at half-
height, AT ,; (c) Variation of the activation enthalpy AH”*.

roylphosphatidylcholine (DLPC) with cholate, de-
oxycholate and lithocolate also revealed the
occurrence of several states between R and R

The fluorescence results obtained are summa-
rized in Fig. 6 as the variation of the main transi-
tion temperature (7,), AT;, and the enthalpy of
activation (AH”) with the DOC concentration.
T, and AT, were estimated by polynomial least-
squares fitting of r-T curves and subsequent
derivation; T, corresponded to the maximum and
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AT, to the width at half-height. In the absence
of detergent, T, was 38°C for FATVETs{DPPC},
as opposed to 41°C for DPPC bilayers in MLV
structures (a result of their smaller radius). Addi-
tion of DOC caused T, to decrease linearly
throughout the concentration range studied.
Based on the theory of regular solutions, the
decay in T, indicates that DOC is more ‘soluble’
in the liquid crystal phase than it is in the gel
phase. Transition cooperativeness, as judged from
AT, ), also decreased with increasing DOC con-
centration in a virtually linear manner. Similarly,
as judged from the enthalpy of activation, the
orderliness of hydrocarbon chains also diminished
from the beginning.

4. Conclusions

The effects of DOC on phosphatidylcholine
bilayers can be summarized as follows:

(a) In terms of structural stability as judged
from turbidity measurements, liposomal bilayer
membranes in a rigid gel state—as in DPPC
liposomes at 7'< T,,—are more resistant to the
lytic action of deoxycholate than are bilayers in a
fluid liquid-crystal state—as in EYL liposomes—
as the likely result of the ease with which DOC
molecules can be embedded into bilayers and
disrupt their structures. Sagawa et al. (Sagawa et
al., 1993) found the cytotoxicity of bile salts to be
correlated with their hydrophobicity and that, in
addition, phospholipid liposomal incorporation
into bile salt micelles decreases with increasing
fatty acyl chains saturation.

(b) As regards retention, the bilayer perturba-
tion induced by sub-lytic concentrations of DOC
is sufficient to cause the loss of entrapped solute.
This is a frequent observation in studying the
action of surfactants on liposomes and occasion-
ally, also on cells. Thus, some authors have drawn
a parallel between the leakage of cytoplasmic
components and the interaction of deoxycholate
with the lipid fraction of cell membranes. Shiao et
al. (Shiao et al., 1989), who studied the action of
various ionic and non-ionic detergents on human
platelets, found that only deoxycholate resulted in

membrane leakage prior to cell lysis. The action is
believed to arise from transient holes formed dur-
ing the packing and structural changes undergone
by lamellae prior to solubilization of the bilayers.

(¢c) Regarding interactions between the acyl
chains of the lipid matrix the perturbating effect
of DOC on fatty acyl chains is obvious, even at
low concentrations in the bulk aqueous phase, as
judged through the steady-state fluorescence an-
isotropy measurements of the probe DPH. All
three parameters derived from r, measurements
were consistent, so DOC: (1) alters acyl chain
packing (see how T, decreases in Fig. 6a); (2)
decreases transition cooperativeness (see AT, in-
crease in Fig. 6b); and (3) diminishes the orderli-
ness of acyl chains (as can be seen in Fig. 6c,
AH7 decreases with increasing DOC concentra-
tion).

In summary, all that data show is the am-
phiphiles present in the biophase can commit to
the effectiveness of the liposomes as drug carriers.
The answer to this, in our opinion, is the use of a
lipidic composition that ensures a tight packing of
the acyl chains into bilayers without compromis-
ing the drug releasing ability of liposomes.
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