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Flunitrazepam induces geometrical changes at the
lipid–water interface
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Abstract

Flunitrazepam (FNTZ) effects on molecular packing and surface curvature in artificial model membranes were
investigated. FNTZ, from the subphase under dipalmitoylphosphatidylcholine (dpPC) monolayers at the air–water
interface, expanded the surface pressure-area isotherm and induced an increment in the limiting area; in this
conditions, the collapse pressure of dpPC decreased, indicating a lowering in the stability of the monolayer.
Thermodynamic–geometric correlations based on molecular parameters predicted a decrement in the aggregation
number and stability, and an increase in the curvature of the self-aggregated structure of dpPC in aqueous medium
in the presence of FNTZ. Accordingly, negative-staining electron microscopy of dpPC aqueous dispersions showed
that the mean diameter of dpPC vesicles decreased 2 and 2.87 times in the presence of 10 nM and 50 mM FNTZ,
respectively, compared with control samples. The release of a soluble marker entrapped in dpPC liposomes increased
slightly respect to the control in the presence of FNTZ. In dpPC–dpPE mixed liposomes 50 mM FNTZ induced a
decrement in the amount of the aminophospholipid exposed to the outer monolayer. Concluding, an FNTZ-induced
expansion of dpPC–water interface region affected the constraints imposed on the lipid–water system by the
molecular geometry, interacting free energies and entropy that determine the shape of a multimolecular structure. In
liposomes composed of a pure phospholipid, the bilayer expansion leaded, through a structure instability, to reduce
the liposome size; in mixed liposomes, phospholipid molecules translocation could be observed as another compensat-
ing mechanism of the initial perturbation. These results may be relevant for understanding benzodiazepines’ effects
non-mediated by membrane receptors. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Benzodiazepines (BZDs), which are drugs ex-
tensively used as anxiolytics, miorelaxants, anti-
convulsants and hypnotics [1,2], can also exert
other actions like the inhibition of convulsions
induced by maximum electric shock [3], inhibi-
tion of status epilepticus [4,5], modification of
ionic conductances [6,7], antagonization of
voltage dependent Ca++ channels [8], inhibition
of Ca++-calmodulin protein kinase activity [9],
regulation of esteroidogenic enzymes [10], induc-
tion of teratogenic effects [11] and relaxant ef-
fects on contractile responses induced by KCl
and acethylcholine in the presence of Ca++ [12],
etc. However, only the former effects could be
correlated to their ability for binding specifically
to membrane proteins at thoroughly studied
receptors.

BZDs also interact nonspecifically with the li-
pidic part of the membrane [13–16]. We have
shown a significantly lower tendency of 1,4-
BZDs for partitioning into a biological mem-
brane (an anisotropic medium) compared with
that for partitioning into octanol (an isotropic
medium), the solvent frequently used as a mem-
brane model [16]. Therefore, the membrane-
buffer partition coefficient values (P) represent
an average value of the preference (compared
with an aqueous phase) of BZDs to establish
nonspecific interactions with molecules present
in the different phases within biological mem-
branes [16]. The P value for FNTZ is strongly
influenced by the physical state of the bilayer
membrane, whose changes may be triggered by
external parameters like temperature and com-
position as well as by the characteristics of the
surrounding media like pH and ionic strength.
Particular interactions may lead to strong local
accumulation of FNTZ within the membrane
due to a coupling to lateral density fluctuations
[17,18].

Small foreign molecules interacting with the
lipid bilayer may behave either as sustitutionally
or as interstitially embedded molecule. This is
not necessarily related to the drug molecular
size but rather to its amphipathic nature and to
its specific interaction with the polar-head group
region of the lipid bilayer [19]. A lot of evidence

indicates that BZDs behave as substitutional im-
purities:
1. The decrease in the value of P as the propor-

tion of cholesterol in dpPC–cholesterol mixed
liposomes increases [18], in spite of the facts
that the partition of FNTZ is favored in more
fluid interfaces and that cholesterol is known
to decrease the order of crystalline lipid phases
[20]; this result has been explained by the
assumption that possible vacancies which
might incorporate FNTZ are already filled
with cholesterol thus inhibiting further FNTZ
incorporation [18,21],

2. The localization of BZDs at the polar head
group region of highly packed membrane
structures was demonstrated by: (a) the delay
in the elution time of the peak of dpPC in
molecular filtration through Sephadex G-200
[17]; (b) by studies on BZDs acid–base equi-
librium in heterogeneous systems [22,23]; and
(c) by EPR using probes with the spin label at
different positions of the hydrocarbon chain
[24].

Packing properties of molecules in bilayer and
non-bilayer structures of membranes depend on
thermodynamic factors coupled to molecular ge-
ometry. The restrictions imposed on the interfa-
cial spontaneous curvature derived from the
molecular shape is represented in the dimension-
less critical packing parameter P=6/(a0lc) where
a0 is the lipid optimal molecular area, 6 is the
hydrocarbon volume, and lc is the maximum
length of hydrocarbon chains [25,26]. A small
molecule located in membranes at the polar head
group region would be expected to induce an
expansion of the molecular area a0, a decrease in
the value of the critical packing parameter and an
increase in the curvature of the interface. Such
phenomena are relevant for understanding the
pharmacological effects of drugs, e.g. structural
rearrangements among bilayer and non-bilayer
phases participate in many cellular processes me-
diated by membrane interactions, recombination
and signaling [27–30]. In the present paper we
investigated the effects of flunitrazepam on molec-
ular packing and surface curvature in artificial
model membranes.
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2. Materials and methods

2.1. Materials

FNTZ (7-nitro-1,3-dihydro-1-methyl-5-(2-
fluorophenyl)-1,4-benzodiazepin-2-one) was from
Hoffman La Roche (Basle, Switzerland). Phos-
pholipids were from Avanti Polar Lipids (Ala-
baster). [3H]-GABA was purchased from New
England Nuclear Chemistry (E.I. DuPont de
Nemours, Boston, MA) and TNBS from Sigma
Chemical (St Louis, MO). Water was bidistilled in
an all-glass apparatus. Other drugs and solvents
used were of analytical grade.

2.2. Preparation of lipid dispersions

Liposomes were prepared by evaporating, un-
der a reduced pressure, a chloroformic solution of
phospholipid; the dry lipid was suspended in 10
mM Tris-HCl, 140 mM NaCl, pH 7.4 by repeat-
ing six consecutive cycles of heating at 60°C for 2
min and vortexing for 30 s. The lipid suspension
was stored at room temperature and used within
24 h.

2.3. Incubation system

Before being used, the suspension, maintained
at 21°C, was diluted at a final lipid concentration
of 1.67 mg ml−1 with the same buffer. Experi-
ments were performed in triplicate.

2.4. Transmission electron microscopy

These experiments were performed essentially
as in Maggio et al. [31]. Liposomes prepared as
indicated above, were incubated for 24 h at room
temperature in the presence of FNTZ at a final
concentration of 0, 10 nM or 50 mM. An aliquot
of the incubate was diluted with sodium phospho-
tungstate (2% w/v) (the osmolarity was kept at
300 mosM with NaCl), mounted on the carbon
grids and observed with a Phillips EM 300 elec-
tron microscope operating with an objective aper-
ture of 20 mm and accelerating voltage of 60 KV.
For determining average sizes of the structures,
200 measurements were done from pictures taken

from representative fields of at least two different
preparations.

2.5. Entrapment into liposomes and
flunitrazepam-induced release of [ 3H]GABA

Dry dpPC was dispersed in 50 mM, pH 7.4
Tris-HCl buffer containing [3H]GABA (70 mM).
Non-trapped [3H]GABA was eliminated by cen-
trifugation (30�000×g, 15 min). The [3H]GABA-
filled liposomes obtained, were resuspended in the
same buffer, without radioligand, containing or
not FNTZ 22 mM and then, they were incubated
between 15 min. and 48 h at room temperature.
The radioactivity released was measured, in a 50
ml aliquot of the supernatant, by scintillation spec-
trometry in a Rackbeta LKB 1224 scintillation
counter with a precision of 5% and a counting
efficiency of 47% for tritium. Control samples
(100% release) was determined by the addition of
10 ml of Triton X-100 (5% V/V final concentra-
tion) in order to destabilize the liposomes.

2.6. Determination of the amount of dpPE in the
external surface of dpPC–dpPE mixed liposomes

Labeling of aminolipids with TNBS was per-
formed essentially as described by Gruber and
Schindler [32]. Mixed dpPC-dpPE (95:5 molar
ratio) liposomes were prepared as indicated above
using 0.2 M borate buffer pH 9, containing 1 M
sucrose. The samples were incubated for 2 h at 45
min, in the absence (control) or in the presence of
50 mM FNTZ (final concentration). Trinitro-
phenylation was started with TNBS at a final
concentration of 0.03%V/V. The reaction was
stopped after 30 min of incubation in darkness by
the addition of 1.5 M HCl. In blank samples, HCl
was added before TNBS in order to inhibit the
trinitrophenylation reaction. The percentage of
the initial dpPE in the external surface of the
outer lamella remaining after the treatment with
FNTZ was calculated as:

%dpPE=
DAwith, FNTZ×100

DAwithout, FNTZ

(1)

where DA=A410–A530 implies a correction for
light scattering.
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2.7. Monomolecular layers at the air–water
interface

Monolayers were prepared and monitored as
previously described [33]. The equipment used
was a Monofilmmeter (Mayer Feintechnik, Göt-
tingen, Germany) with a circular (Fromherz-type)
Teflon-coated trough, having several compart-
ments of different surface area and volume. The
equipment is fitted with two barriers that can
move independently or synchronously by elec-
tronic switching. The signal corresponding to the
surface area (automatically determined by the
Monofilmmeter according to the relative position
of the two compression barriers) and the output
from the surface pressure transducer (measured
automatically by the Monofilmmeter with a pla-
tinized Pt foil 12.5 mm wide×20 mm long×
0.025 mm thick) were fed into a double-channel
X–Y–Y recorder (Yokogawa Corporation,
Japan). Before each experiment, the trough was
rinsed and wiped clean with 70% ethanol and
several times with bidistilled water. The molecular
areas of dpPC at different surface pressures were
measured in a compartment with an initial surface
area of 80 cm2. The absence of surface-active
compounds in the pure solvents and in the sub-
phase solution (buffer 10 mM Tris-HCl, 140 mM
NaCl, pH 7.4 with or without FNTZ 10 mM) was
checked before each running by reducing the
available surface area to less than 10% of its
original value after sufficient time was allowed for
adsorption of possible impurities that might be
present in trace amounts in the subphase. Lipid
monolayers were spread by depositing a volume
between 10 and 20 ml onto the aqueous surface
from solutions in chloroform–methanol 2:1. After
5 min, the monolayer was compressed at a con-
stant rate of 3.6 cm2 min−1 at 2791°C. Repro-
ducibility was within 90.03 nm2 and 91 mN
m−1 for molecular and surface pressure,
respectively.

2.8. Theoretical calculations

The compressibility modulus [34] was calcu-
lated from the virial expansion of the monolayer
surface pressure as:

KA, m=k · T [1/a ]+2B2/a2+3B3/a3+… (2)

where k is the constant of Boltzmann (1.38×
10−23 J °K−1) and T is the absolute tempera-
ture in °K.

The cohesive intermolecular interaction ener-
gies (London–Van der Waals) was calculated
according to Salem [35] as in Eq. (3), consider-
ing the 16 methylene pairs in the hydrocarbon
chain of dpPC:

E=
3 · a · p · n

8 · l · d5 (3)

where a, 5600 KJ mol−1; n, number of pairs of
methylene groups; l, bond length between meth-
ylene groups (0.1253 nm); and d, distance be-
tween hydrocarbon chains (half the diameter
calculated from molecular area)

The thermodynamic–geometric correlations
were based on the Israelachvili’s theory for ex-
plaining self-assembly of amphiphiles in aqueous
medium. The critical packing parameter (Pc=6/
aolc) allowed the prediction of possible structures
compatible with the molecular parameters deter-
mined in monolayers. Values of 0BPcB0.5
corresponded to micelles of different shapes, val-
ues of Pc between 0.5 and 1.00 would corre-
spond to bilayer vesicles, and above 1.00,
although not predicted by the theory, might in-
dicate the possible formation of hexagonal II
phases [25,36].

The minimum free energy per molecule in the
aggregate structure is mo

N=2gao, where g is the
interfacial free energy and ao is the optimal
molecular area. The aggregation number N is
always the smallest one compatible with the
lowest value of mo

N allowed by ao.

2.9. Statistical calculations

The propagation error method was applied in
every case where the S.E.M. corresponded to a
quantity that was calculated from several other
measured variables [37]. A two-tailed Student’s
t-test was used for comparisons [38].
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3. Results

Fig. 1a shows the pressure–area (p–A)
isotherms of dpPC on 10 mM Tris-HCl, 140 mM
NaCl with or without 10 mM FNTZ. At the
present assay temperature (27°C), the typical liq-
uid expanded to liquid condensed two-dimen-
sional phase transition characteristic of dpPC
isotherm at 21°C although evident, is not very
extended along the X axis. In the presence of
FNTZ in the subphase, the whole isotherm is
displaced to the right and becomes highly ex-
panded at low pressures if compared with the
isotherm obtained in the absence of the drug. The
limiting area increases from 0.42 nm2 in the ab-
sence of FNTZ to 0.714 nm2 in its presence and
the collapse pressure decreases from 54 to 49 mN
m−1 (Fig. 1, Table 1).

Table 1
Effect of FNTZ on the molecular and self-aggregation
parameters of dpPCa

Without FNTZParameter (units) With FNTZ

0.42 0.7141. Limiting area (nm2)
2. Collapse pressure 54 49

(mN m−1)
0.8193. Molecular area 0.525

(nm2)
−73.874. E (KJ mol−1) −24.30
405. Compressibility 61

modulus (mN m−1)
0.51426. Pc 0.8022

7. R0 (nm) 2.97.2
2.688. Rout/Rin 1.52

9. Bilayer thickness 3.488 2.236
(nm)

1.2510. mo
N (KJ mol−1) 1.92

253.73637.511. N
(molecules/vesicle)

a Parameters 1–3 were taken from the surface pressure–area
isotherms of Fig. 1. Limiting area is taken at the collapse
pressure point (pc).Values 3–11 were calculated with a value of
molecular area taken at 35 mN m−1. Value 5 was determined
from Eq. (2) using virial coefficients coming from the adjust-
ment of the p–A isotherms to a virial expansion state equa-
tion. Values 6–11 were calculated according to Israelachvili
[25,36] using the program Autagrid [39].

Fig. 1. Effect of flunitrazepam on pressure–area compression
isotherms of monomolecular films of dipalmitoylphosphatidyl-
choline at the air–water interface. (a) Monomolecular films of
dpPC were prepared on subphases of 10 mM Tris-HCl/140
mM NaCl pH 7.4 buffer with or without 10 mM FNTZ at
27°C. Experimental details indicated in Section 2. (b) Com-
pressibility modulus KA as a function of molecular area was
calculated by Eq. (2). The values of KA corresponding to the
molecular area at 35 mN m−1 (arrows in panel a) both in the
presence and absence of FNTZ are indicated by the arrows in
panel b.

The p–A isotherms could be adjusted, particu-
larly in the condensed region, to the virial expan-
sion of the state equation and the following virial
coefficients could be determined: B2=3.4392.05
nm2, B3=1.7993.9 nm4, B4= −2.8292.4 nm6,
B5=0.7690.46 nm8 in the absence of FNTZ and
B2=3.6490.27 nm2, B3=23.8492.28 nm4,
B4= −36.394 nm6, B5=14.4591.7 nm8, in the
presence of FNTZ. These values of the virial
coefficients fed into Eq. (2) let us determine the
isothermal elastic modulus of area compressibility
(KA).The value of KA increased at high p (low
areas) and also due to the presence of FNTZ at
constant molecular area (Fig. 1b).

Table 1 summarizes the effect of FNTZ on
molecular parameters obtained from surface pres-
sure–area isotherms in monolayers at the air–wa-
ter interface, both at collapse pressure and at 35
mN m−1. The last value was chosen because it is
within the a range of possible values for bilayer’s
internal pressure [34].
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Cohesive intermolecular interaction energies
(E), calculated according to Eq. (3) and molecular
parameters for the self-aggregation of dpPC in the
presence and absence of FNTZ calculated accord-
ing to the self-assembly theory of Israelachvili

[33,36,39] are also shown in Table 1. In the pres-
ence of FNTZ, we determined a less negative
value for the cohesive intermolecular interaction
energy indicating a decrease in the stability of the
assembly. The value of Pc in the absence of FNTZ
(0.8022) predicted the tendency of dpPC for self-
aggregating into bilayer vesicles while in the pres-
ence of the drug, Pc decreased markedly to
0.5142, a value still above the limit for vesicle
forming although quite close to the micellar form-
ing range (the formation of micelles is predicted
when the value of Pc is between 0 and 0.5). This
result is consistent with the increase in the curva-
ture of the surface (decrement in the theoretical
vesicle radius from 7.2 nm in the absence of
FNTZ to 2.9 nm in its presence; only qualitative
significance should be given to the values pre-
dicted for vesicle radius. In addition to the de-
crease in the vesicle mean size, the theory also
predicted a 14.33-fold decrease in the aggregation
number as well as a decrease in the stability of the
structure (m0

N increased from 1.25 to 1.92 KJl
mol−1) in the presence of FNTZ compared with
the values obtained in its absence.

The electron micrographs of negative stained
dpPC aqueous dispersions from Fig. 2 showed an
effect of FNTZ on reducing the size of dpPC
liposomes; FNTZ concentrations used were: 0
(Fig. 2a), 10 nM FNTZ (Fig. 2b) or 50 mM (Fig.
2c). The size distribution of dpPC–liposomes in
samples like those shown in Fig. 3 was analyzed
as indicated in Section 2. Weighted means (D)9
S.E.M. are shown in Fig. 3. An important dis-
placement of the distribution curves to lower
diameter values was observed as a function of
FNTZ concentration. Mean liposome diameter
decreased from 525933 nm in the absence of
FNTZ to 255920 in the presence of 10 nM
FNTZ and 183910 nm in the presence of 50 mM
FNTZ. A magnified view of a liposome in the
presence of FNTZ (Fig. 4) suggested that the
reduction in liposomes mean size occurred
through the formation of small vesicles from the
outer lamellas of bigger multilamellar liposomes.
In order to investigate this hypothesis, we per-
formed an experiment to measure the effect of
FNTZ on liposome stability. The percentage of
[3H]GABA entrapped inside dpPC liposomes,

Fig. 2. Effect of flunitrazepam on the size of dpPC liposomes.
Electron micrographs of negative stained dpPC aqueous dis-
persions in the absence (a) or in the presence of FNTZ at a
final concentration of 10 nM (b) or 50 mM (c). Pictures were
taken from the most representative fields of each sample.
Magnification was 12 000× . Bar corresponds to 1 mm.
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Fig. 3. Size distribution of dpPC–liposomes. Data were taken
from the analysis of electron micrographs like those shown in
Fig. 2. Between 48 and 200 liposomes were measured in each
field. Weighted means (D)9S.E.M are shown. Panel a: with-
out FNTZ; panel b: 10 nM FNTZ; panel c: 50 mM FNTZ.
Letters in abscissa correspond to the following size rages:
a=0–85 nm; b=86–165 nm; c=166–250 nm; d=251–415
nm; e=416–585 nm; f=586–835 nm; g=835+ nm.

which was released as a function of time in the
presence of FNTZ was not statistically different
from that in the absence of the drug up to 24 h of
incubation; after 48 h of incubation, the percent-
age of hydrophilic radioligand released increased
significantly in the presence of FNTZ compared
with its absence (Table 2).

FNTZ induced a decrement of the amount of
dpPE in the external surface of dpPC–dpPE
mixed liposomes (Table 3).

4. Discussion

In the study of the effects of drugs on biological
membranes, an important question comes up as
to which concentration regime of the foreign
molecules is the relevant one [40,41]. It has been
pointed out that so-called clinical concentrations
only have little meaning. From the point of view
of physiological effects, the interesting quantity
may not necessarily be the global concentration,
since thermodynamic lateral heterogeneity of the
cooperative membrane assembly may lead to re-
gions with local concentrations that may be
higher than the global ones [19]. The lipid phase
state may affect the capacity of BZDs for parti-
tioning into the membrane [17,18] and so, modu-
late its ability to exert their pharmacological
effects. Conversely, BZD-membrane interactions
involving lipidic domains may alter the delicate
dynamics of lipid organization through changes in
their phase state [24,42,43] as well as in the inter-
molecular packing (present paper). As shown in
Fig. 1 FNTZ could be incorporated to the inter-
face from the subphase inducing a significant
expansion of the monomolecular layer accompa-
nied by a decrease in monolayer stability, as
indicated by the lower values of collapse pressure
observed in the presence of FNTZ compared with
those in its absence (Fig. 1, Table 1).

In the absence of external stress, lipid bilayers
are in a tension-free state because at equilibrium
the internal pressure in the bilayer, which corre-
sponds to the non-vanishing surface pressure in
monolayers, is balanced by the cohesive hydro-
phobic interaction that is responsible for the bi-
layer assembly. Therefore, the lateral pressure

Fig. 4. Effect of flunitrazepam on the destabilization of dpPC
liposomes. Electron micrograph of negative stained dpPC
aqueous dispersions in the presence of 50 mM FNTZ. A big
liposome surrounded by many small vesicles is shown. Mag-
nification was 30 000× . Bar corresponds to 0.25 mm.
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within lipid bilayers manifest itself directly in the
lateral compressibility only when the membrane is
subject to a lateral stress [34]. An elastic compres-
sion can arise with the insertion of a foreign
molecule in the membrane and will create a non-
zero tension T, with a magnitude depending on
the KA, on the molar fraction of drug in the
membrane and on the increase in area upon drug
insertion. Following this rationale it is clear that
the higher the compressibility modulus, the higher
would be the tension generated upon drug incor-
poration and, as a consequence, lower amounts of
drug would be found in the membrane; our previ-
ous results from bilayers [18] are in accordance
with this conclusions. The results shown in Fig. 1
suggest that FNTZ is present in the monolayer all
through the range of p where stable dpPC mono-
layer can be found. However, it cannot be ex-
cluded the possibility that some or most of the
molecules adsorbed at low p could be squeezed
from the monolayer as p increases. Moreover,

even at 35 mN m−1 the monolayer might not be
saturated with FNTZ as suggested by the value of
KA=61 mN m−1 obtained in the presence of
FNTZ at 35 mN m−1 which is even lower than
the highest KA (at pc) in the absence of drug,
suggesting that the monolayer still admits drug
incorporation (note that the limiting area with
FNTZ is bigger than that without FNTZ).

As relative small modifications in molecular
packing can be amplified into marked changes of
the lateral surface pressure, local intermolecular
interactions, as well as into long-range alterations
of the membrane curvature and phase state
[33,44], the recognition and interaction of the
membrane with enzymes, toxins, immunological
agents, and with other membrane surfaces can be
affected as well [45,46]. We showed a dramatic
decrement in the diameter of dpPC vesicles in-
duced by the presence of FNTZ (Figs. 2 and 3) at
concentrations in the bulk aqueous phase which
can be considered as pharmacologically relevant
[13]. These result could be predicted by applying
Israelachvili’s self-assembly theory to the values
of molecular areas obtained from monolayer ex-
periments (Table 1) and was consistent with previ-
ous studies from our laboratory [14], which let us
demonstrate that membrane-BZDs nonspecific in-
teractions could be explained by a partition equi-
librium model (unlimited incorporation of
molecules). The thermodynamic result of the par-
tition equilibrium is consistent with drug
molecules accommodated between lipid
molecules, becoming an integral part of the bi-
layer and inducing its swelling until it converts
into a non-bilayer phase [47]. The present studies
confirm this fact, at least in the case of FNTZ–
dpPC vesicles interaction.

The method used for preparing dpPC liposomes
explained in Section 2 was considered as capable
of leading to the formation of multilamellar vesi-
cles [48]. The multilamellar condition of the lipo-
somes in our electron micrographs from Figs. 2
and 4 might be questioned however, it was de-
scribed that multilamellas might not always be
evident by negative staining electron microscopy
[49]. We interpreted the image from Fig. 4 as a big
liposome surrounded by small vesicles formed,
probably, at expense of outer lamellas becoming

Table 2
Release of [3H]GABA entrapped inside dipalmitoylphos-
phatidylcholine liposomesa

Percentage of [3H]GABA releasedTime (h)

With FNTZWithout FNTZ

41.6594.4548.6092.700.25
48.1593.753 44.2593.35

24 68.4091.90 59.3097.30
48 73.3096.80 105.10920.1b

a Experimental details are explained in Section 2. Values are
the mean9S.E.M. of triplicate determinations.

b Significantly different from the control without FNTZ
(PB0.05, Student’s t-test).

Table 3
Effect of FNTZ on the proportion of dpPE in the outer
monolayer of dpPC–dpPE mixed MLVsa,b

Sample [FNTZ] (mM) % dpPE with respect
to control

0 100Control
50 43Experimental

a MLVs, multilamellar vesicles of dpPC:dpPE (95:5 molar
ratio).

b Values shown are mean9S.E.M. of triplicates.
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Fig. 5. Model of FNTZ–membrane interaction. DpPC may be
represented by a cylindrical molecule (critical parameter value
between 0.5 and 1) and dpPE as a truncated cone (Pc\1).
FNTZ might be capable of partitioning between both mono-
layers although, is more concentrated in the outer one. (a) The
incorporation of FNTZ in pure dpPC MLVs induce a decrease
in the size of the vesicle; and (b) in mixed liposomes in the
presence of FNTZ, a flux of the aminophospholipid from the
outer to the inner membrane leaflet occurs as another respon-
sive mechanism.

partment with a reduction of lamellarity as a
consequence of the destabilizing effect exerted
by FNTZ.

The decrement in the amount of dpPE in the
outer monolayer induced by FNTZ in mixed
MLVs, agreed with theoretical predictions of
amphiphiles self-assembly based on geometric–
thermodynamic concepts mentioned above [36].
Also, experimental data [49] indicated that
dpPE, due to geometrical restrictions (presence
of a relatively small polar group compared with
the volume of hydrocarbon chains), tended to
locate preferentially in the inner monolayer, as
the bilayer curvature radius decreased. At a pH
higher than its pK in water, FNTZ is a neutral
molecule that may be able to contact both
lamellas of a bilayer. However, as the molecular
packing of the external monolayer is lower than
that of the inner monolayer and taking into ac-
count the tendency of FNTZ to increase its par-
titioning in low-order interfaces [18] it is
expected that FNTZ could be more concen-
trated in the outer monolayer. Compensating
fluxes of dpPE assumed to be of a passive na-
ture might have been generated by the mechani-
cal stress originated by FNTZ-induced
membrane curvature increase. Similar phenom-
ena may be triggered by the activity of flippase
and aminophospholipid translocases in natural
membranes [50].

Concluding, the present results indicated that
FNTZ, by interacting with the dpPC–water in-
terface, reduced the molecular packing; this fact
leaded to an increase of the relative volume of
the polar head groups region and to a decrease
in the thermodynamic stability of the self-aggre-
gating structure which was forced towards an
increase in its surface curvature. In membranes
of more complex composition, which had more
responsive mechanisms, the tensions originated
by drug incorporation and curvature increment,
could be compensated by fluxed of lipid
molecules between outer and inner membrane
leaflets changing their lipidic compositions in or-
der to satisfy their spontaneous curvature (Fig.
5). Such phenomenon might trigger some of the
pharmacological effects attributed to BZDs.

from the bigger one. This interpretation was
supported by our results from the release of
[3H]GABA entrapped in liposomes. [3H]GABA,
as a hydrophilic substance, is expected to be
located within polar regions of the liposome,
e.g. the water in the core of the liposome or the
region within the lamellas. Taking into account
the relationship between the volumes of both
compartments, it could be stated that the bulk
of [3H]GABA entrapped should be in the core
of the liposome. The small differences in
[3H]GABA released in the presence of FNTZ
compared to what happened in its absence was
compatible with the rupture of the smaller com-
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