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pathways with different energy barriers
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Abstract

The effect of molecular packing on flunitrazepam’s ability to interact with bio-membranes was studied using
dipalmitoylphosphatidylcholine monomolecular layers at the air—water interface as a model membrane. Flunitrazepam
penetrated from the subphase into monolayers at lateral pressures below 448andll induced their concentration-
dependent expansion. As inferred from the values of compressibility modulus, the elasticity of the liquid-condensed
phase decreased in the presence of flunitrazepam. Although this drug hardly penetrated into high-packed monolayers,
it was easily incorporated in the low-packed ones at an extent sufficient to reach the partition equilibrium. Below a
molecular area of 75 A , contrary to what would be expected, the drug surface concentration increased as a function
of surface pressure, suggesting that after its penetration in disordered phases, it became energetically or physically
trapped in newly-formed liquid condensed clusters. The phenomenon of flunitrazepam penetration and release would
have different energy barriers depending on the membrane phase®t&@02 Elsevier Science B.V. All rights
reserved.
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1. Introduction receptors: an intrinsic site of the GABA receptor

Benzodiazepine$BZDs) are drugs extensively in the central nervous system, which is known as
used as anxiolytics, miorelaxants, hypnotics and the Central Benzodiazepine Recept@BR) [2],

anti-convulsants. FlunitrazepatfNT) is a potent ~ @nd @ second kind of receptor called the Peripheral
anxiolytic BZD; however, it has been mainly used Benzodiazepine Recept¢PBR), which is found

as a night-time hypnotic and it has been applied in several peripheral tissue3]. However, the
to the induction of anesthesia in surgdy. direct involvement of CBR or PBR has not been

The main pharmacological actions of BZDs are demonstrated for several of BZDs’ effects exerted
considered to be mediated by two kinds of specific at global concentrations above their binding affin-

“Corresponding author. Tel.+54-351-4332114: fax:-54. 1Y for these receptorBd]. These evidences strong-
351-4332097. ly suggest the possibility that BZDs could affect
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the receptor binding phenomenon but affecting
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phobic molecules. The bending of a bilayer to a

membrane properties, as was demonstrated forradius of curvatureR, will give rise to an area

other lipophilic substancel%].

Previous studies from our laboratory demon-
strated that BZD-membrane non-specific interac-
tions could be explained by a partition equilibrium
model (unlimited incorporation of moleculed6].
The thermodynamic result of a partition equilibri-
um is consistent with drug molecules accommo-
dated between lipid molecules becoming an
integral part of the membrane; this mechanism
may eventually lead to the swelling of the
membrane until it is converted to a non-bilayer
phase[7].

We showed that BZD partitioning in the

expansion inversely related t& [12]. In turn,
changes in molecular area can be thought of in
terms of variations in molecular packing.

The aim of the present work was to study the
effect of membrane molecular packing properties
on the ability of FNT to penetrate and to remain
at the water—lipid interface in order to improve
our knowledge about BZD-membrane non-specific
interactions. These studies were approached using
Langmuir monomolecular layers at the air—water
interface. This technigue constitutes an informative
and convenient membrane model because it per-
mits subtle control of the membrane molecular

membrane increases in quantity and depth as thepacking[13].

membrane structural order decreases. Moreover,

the localization of BZDs at the phospholipid polar
head group region would explain the effects of
FNT on the decrement of dipalmitoylphosphati-
dylcholine (dpPQO vesicle sizg8,9]. The presence

of FNT in the membrane leads to an increase in

2. Experimental
2.1. Materials

FNT (7-nitro-1,3-dihydro-1-methyl-%2-fluoro-

the relative volume of the polar head group regions pheny)-1,4-benzodiazepin-2-ohevas kindly sup-
and to a decrease in the thermodynamic stability plied by Productos Roche(Buenos Aires,

of the self-aggregating structure, which was forced
towards an increase in its surface curvat{té].

Argenting. DpPC was from Avanti Polar Lipids
(Alabaster AL, USA. [*H]-FNT was purchased

We also demonstrated that those phenomena couldirom New England Nuclear Chemistr¢Boston
be transduced into changes in the curvature of MA, USA). Water was bidistilled in an all glass

membranes from natural origid1]. In a complex

apparatus. The other drugs and solvents used were

system, such as a cell, curvature changes triggeredof analytical grade.

by the drug partitioning towards the plasma
membrane might have been an indirect effect
exerted through modifications of ionic gradients
or by affecting cytoskeleton—membrane linkage.

However, our results supported the idea that this

2.2. Monomolecular layers at the air—water
interface

Monomolecular layers were prepared and mon-

changes in membrane curvature should be inter-itored essentially according to Perillo et §14].
preted as a mechanism suitable to relieve tensionsThe equipment used was a Minitrough Il from

generated initially by the drug incorporation into

KSV Instruments Ltd Helsinki, Finland. Between

the bilayer, and were considered the resultant of 5 and 30l of a chloroformic solution of phos-

the dynamic interaction of many molecular fluxes

pholipid was spread on an unbuffered aqueous

leading to satisfy the spontaneous membrane surface; approximately 5 min were allowed for the

curvature.

The component layers of a bilayer are under
non-uniform tension becoming from the frustrated
spontaneous curvature. This tension is likely to
express itself in a modified partitioning of amphi-
philes and possibly also in the activity of

membrane-embedded integral proteins and hydro-

evaporation of chloroform. Lateral surface pressure
() was measured by the Wihelmy plate method.
Reproducibility was within +£0.001 nn? and
+0.001 mN'm for the molecular area and surface
pressure, respectively.

Three kinds of experiments were performéid:
the release of FNT from the monolayetii)
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determination of the maximum value of lateral

surface pressurér) that allowed drug penetration 100 | .
in the monolayer(,..¢); and (i) the effect of °ses °® ¢ ¢
the monolayer molecular packing on FNT surface B 80F
concentration(I"). In release(i) and penetration 3 60 L:
(ii) experiments, we used a circular Teflon trough "’:’ s
(4.5 cm diameter and 0.5 cm depth Z w0l
X

i In the first kind of experiment, we investigated 20

the release of*H]-FNT, from a mixed mono-

layer prepared with dpPC plygH]-FNT (200:1 ol : ' '

0 50 100 150 200

molar ratio at different initial lateral pressures
(m;), towards the subphase. The amount of

[*H]-FNT released was quantified by liquid _
Fig. 1. FNT released from a dpPC-FNT mixed monomolecular

scintillation counting. Aliquots of 1Qul were _ r
ken f h b-ph diff . d layer to the subphase as a function of time. The values corre-
taken from the sub-phase at difierent times an spond to the percentage released with respect to the total

were added to 2.5 ml of scintillation cocktail amount incorporated in the monolayer, at two different surface
(25% Triton X-100 and 0.2% diphenyloxazol pressures: 10 mhin (open circlg and 30 mNm (closed cir-

in toluena. Radioactivity was measured in a cIe).T_he Fl_\IT releas_ed was quantified by mgasu{ﬁhﬂ-FNT
Rackbeta LKB 1214 scintillation counter from 25 rhadloactl\fe label incorporated together with F(xdl. 1:10
Wallac Oy (Turku, Finland at a 60% counting n the monolayer

efficiency for tritium and with a precision of

Time (min.)

computer through a serial interface using a

- 5%. . specific software. Before each experiment, the
il These experiments were performed at constant trough was rinsed and wiped with 70% ethanol
surface area, but at d!fferenﬂri n arder to and several times with bi-distilled water. The
measure the changes im (Am) induced by absence of surface-active compounds in the pure
_FI_\IT penetration into thg monolayer, after the solvents and in the subphase solutidsi-dis-
injection of 20uM FNT in the subphase. The tilled watep was checked before each run by
values of Aw were plotted againstm, and reducing the available surface area to less than
adjusted to a straight line; the maximum 10% of its original value after enough time was
allowing drug penetration m,.or) was deter allowed for the adsorption of possible impurities
mined from the intersection of the line with the that might have been present in trace amounts.
_ abscise axis. , The monolayer was compressed at a constant
iii The third kind of experiment wag-molecular low rate of 20 mr/s at 28+ 0.5 °C. A lower

areas isotherms;r values were measured at compression raté12 mn?/s) was tested, and
different molecular areas of the phospholipid in  jdentical results were obtained.

the absence or presence of FNT at different ) )
concentrations in the subphase. For these exper- From them-area isotherms the quantity of FNT
iments, we used a rectangular trough fitted with Per unit area(I') was calculated according to the
two barriers that were moved synchronously by folloyvlng equation derived from the Gibbs surface
electronic switching. The signal corresponding tension equatiofl15]:

to the surface aredautomatically determined

by the Minitrough according to the relative I'=
position of the two compression barrigrand

the output from the surface pressure transducerwherec is the FNT concentration in the subphase;
(measured automatically by the Minitrough with y,,, is the surface tension of dpPC monolayer
a platinized Pt foil 5-mm wid&20-mm (calculated from:y;, =+, —, v, being the sur-
longx 0.025-mm thick were fed into a personal face tension of water at 2%C) for a particular

¢ Vip
_— Z1lp 1
RT oc @
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Fig. 2. Surface pressure chandésr) at different initial pres-
sures(r;) in the presence of 2Q.M FNT. The values were
adjusted to a straight line by a linear regression as was
explained in Section 2, in order to determine thg .« value
(indicated by the arrow in the graph

solution was assumed, so the FNT activity coeffi-
cient was equaled to the units. The FNT concen-
tration in the subphase varied from 0 to p®/.

3. Results and discussion

FNT was not surface active. No change in
surface pressure was observed after the addition
of this compound to the subphase without any
lipid film on the surface(results not showp for
this reason the changes in the dpPC monolayers
induced by FNT were interpreted directly as its
interaction with the lipid monolayer. We chose
unbuffered bi-distilled water as a subphase in order
to avoid the presence of additional molecular
species in the system. In spite of that, no changes
in pH were expected because both the monolayer
component(dpPQO and the drug had equilibrium
dissociation constant values below 3. This fact
assured a constant either uncharged or zwitterionic
state of FNZ and dpPC, respectively, at any>pH
3. As we demonstrated previoudl¥0], in a wide
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concentration between the lipidic monolayer and
the aqueous subphas$&6]. This release was fast
and reached approximately 80% in the first 10
min. However, after 3 h, approximately 5% of the
initial amount still remained in the monolayer.
This behavior was similar fotr; =10 or 30 mN

m, although at the latterr, the initial release rate
was slightly fasteFig. 1).

The ..o Value obtained for the FNT penetra-
tion from the subphase to the dpPC monolayer
was 44.8 mNm (Fig. 2), indicating that FNT in
the subphase was unable to penetrate the monolay-
er packed at pressures above this value.

FNT expanded the dpP&-molecular area iso-
therm in a concentration-dependent manner with-
out inducing significant changes in the shape of
the control isotherm(obtained using water as a
subphask (Fig. 39. The well known dpPC phase
transition between liquid expandédE) and liquid
. . . condensedLC) phase states was evident in all
molecular area. An ideal behavior of drug in he jsotherms obtained at different FNT concentra-
tions but, in the presence of FNT, the phase

Water
FNT 50 uM

‘i

(b)

40

50 60 70 80

Motecular area (A?)

90 100

pH range between 3 and 8, the partitioning of FNZ Fig. 3. Variation of surface pressuf@) and compressibility
modulus(K) (b) as a function of dpPC molecular area, in the

absence or in the presence of FNT at different concentrations
in the subphase. The isotherms were done at @8 °C. K
layer towards the clean subphase represented th&ajues were calculated according to E2). The arrows ir(b)
tendency of the drug to reach the equilibrium approximately indicate the phase transition point.

toward dpPC bilayers remained constant.
The release of*H]-FNT from the dpPC mono-
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transition occurred in higher areas than in its Tablel _
absence. Although the decrease in the collapseFNT per unitareain dpPC monomolecular layers
pressure (_)f o_IpPC _monolayers mdu_cgd by FNT was [en11 in the ENT (pmol) per unit area
not quantitatively important, the minimum molec-  supphasdM) (mn?)

ular area suffered a noticeable increment of

A2 A2

approximately 10% in the presence of FNT com- 45 A% 85 (A%
pared with the control. 10 0.558 0.280
Since FNT added to the subphase became from?2° 3%8 cl’-ggg

ethanolic solutions, some isotherms were done in
the presence of ethanol in the subphase at final The molecular areas indicated correspond to gpproximated
concentrations equivalent to those added as FNT Surface pressureém) of 8 and 35 mNm, respectively. The
| 4 d 0.2% | Il th values were calculated from isotherms shown in Fig. 3a, as
solvent (0.04, 0.08 and 0.2%, Av). In all the o 01 ineq in Section 2.
cases assayed, the isotherms were not different
from the control(0% ethanol. o _
Phase transition points were identified by deter- the presence of FNT than in its absence. This

mining the values of compressibility modulgs) ~ indicated that LC phase of dpPC monolayer was
as a function of molecular areas, from-area  less elastic in presence of FNIS8].
isotherm data using the following equation: ~ TheT values for FNT, determined from-area
isotherms according to Eq1), varied from 0.28
o to 0.56 pmofmn? at 10wM FNT, and from 1.4
K= _(A”)'[aA] (2 {0 2.8 pmofmn? at 50uM FNT in the subphase.

TheselI' values were calculated at two different
where A is the molecular area at the indicated pressures, corresponding to two qualitatively dif-
surface pressure. This parameter reflects the phys-ferent phase statdsr=8 mN/m (LE) andw =35
ical state and the bi-dimensional phase transition mN/m (LC)] (Table 1. Plotting I" as a function
of the monolayer. The higher th& values, the  of molecular aredFig. 4), it became evident that
lower the interfacial elasticity. While in gaseous the number of FNT molecules per unit area in the
monolayers, theK value is known to be of the monolayer was concentration-dependent but in a
same magnitude as the surface pressure; in liquidnon-monotonous manner.
phases it varies between 12.5 and 250/mN17]. In this last graph, it was possible to distinguish
An abrupt change iK value indicates, with high  three different behaviors for the values of FNT
sensitivity, the onset of a phase transition. Fig. 3b surface concentration: at the highest molecular
shows theK values corresponding to the isotherms aread(the beginning of compressigrtheI” values
in the upper panel of the same figuiig. 33, in remained constant, then they suffered an important
the absence and in the presence ofu®d FNT in decrease that finished with a marked increment at
the subphaséother concentrations of FNT are not lower molecular areas. It is interesting to note that
shown for simplicity. Both conditions evidenced the minimum inT" values(Fig. 4) coincided with
a typical gaseous behavior K values changing  both: the minimum in the value of the compressi-
towards a condensed behavior as the molecularbility modulus (Fig. 3b) and the two-phas€LE—
area decreased; an abrupt change indicated the bi{.C) coexisting region of the monolayé€Fig. 33.
dimensional phase transition that, in the presence The theoretical amount of FNT per unit area
of FNT, occurred at bigger molecular areas com- achieved in the monolayer as a function of dpPC
pared to the control without FNT. The condensed molecular area and in the presence of ap3@-
nature of the phase state appearing at molecularFNT concentration in the subphase, was calculated.
areas below 50 A was evidenced by the marked We assumed that every FNT molecule placed in
increment in K values and, similarly to what the monolayer at the beginning of compression
happened with the onset of the phase transition, (maximum arearemained in it during the whole
also occurred befor¢higher molecular areasn compression process, without releasing or incor-
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Fig. 4. FNT per unit area present in the dpPC monolayer as a
function of dpPC molecular area, at different concentrations of
FNT in the subphase: 10M (circle), 20 M (square and 50

wM (triangle). The values were calculated from isotherms
shown in Fig. 3a, according to Eq1). The dotted line cor-

responds to the theoretical amount of FNT per unit area assum-
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at high m might be thought of as a penetration
through expanded phases or boundaries and its
subsequent entrapment in the recently-formed con-
densed phases. Thus, the increase inlthealues

at higher pressures would be explained by either
the permanence of FNT molecules trapped in an
energetic minimum of binding energy reached at a
particular lattice of lipid molecules or the drug
physical immobilization inside the growing highly
packed LC domains. In both cases, this increment
in I would be accompanied by the transfer of
lipid molecules across the borders between LE and
LC phases. Clusters of the LE phase are present
through the whole isotherm even above the phase
transition region and condensed clusters do not
coalesce up to surface pressures higher than the
collapse pressurg20]. Moreover, the length of
boundary areas increases as the condensed clusters
grow [20]; this increment is even more marked for
complicated contours such as the curved lobe-

ing both no changes due to the compression process, in theshape of dpPC condensed clusters due to the

total amount of FNT present in the monolayer at maximum
area, and an ideal mixture between FNT and dpPC.

porating new drug molecules from the subphase
(Fig. 4, dotted ling. Comparing this theoretical
curve with the experimental data, it could be
inferred that at high molecular areé&E phase
the FNT was released from the monolayer while,
at low molecular areaé.C phase, it seemed not
only to remain but also to increment its concentra-
tion in the monolayer by incorporating new drug
molecules from the subphase.

Taking these results together, as well as the
concept that, in the limits between LE and LC

influence of the molecular chirality on the domain
shaped21]. This fact would permit the existence
of a net flux of FNT through the LE phase, from
the subphase to the LC phase where it is being
continuously accumulated. Thus, although FNT
hardly penetrates in highly packed monolayers, if
penetration mainly occurs when the monolayer is
low packed, the drug could remain and it could be
concentrated in the lipid layer, even though
increases above the.,..¢ value.

From these result§Fig. 4, Table 2 a slower
release rate of FNT would have been expected
from more condensed layers compared with the
less condensed ones. However, the FNT rate of

clusters, the system is more disordered that in eachrelease was rather similar between low and high

separate phasgl9], it is possible to suggest that
(i) FNT can be more easily incorporated in the

pressures, as indicated in Fig. 1, probably because
the highest rate was reached during the first few

monolayer at lower surface pressures as shown inminutes when chloroform was still in the mono-

Fig. 2; (ii) once in the monolayer, as the pressure
increases, FNT is partially squeezed out until the
phase becomes more packed; diid) this new
molecular arrangement would favor drug binding
to the lipidic monolayer in spite of the increment
in the surface pressure. Not only the penetration
rate of FNT, but also its rate of release are higher
in more disordered phaséfigs. 1 and 2, there-
fore, the increment in drug surface concentration

layer, affecting its propertiesee Section 2 FNT
concentration in the subphase aféeh was approx-
imately 1.7 nM. Considering, as found in biom-
embraneg416], that the FNT-monolayer interaction
could be explained by a partition equilibrium
model, and taking into account that, in this kind
of experiment, FNT molecules were initially incor-
porated only as a component of the monolayer, we
may suggest that the independence from the lateral



D.A. Garcia, M.A. Perillo / Biophysical Chemistry 95 (2002) 157-164 163

pressure of the drug release toward the subphasecia. The authors are career investigators from
was due to the fact that the total amount of drug CONICET (Argenting.

added (incorporated in the interfagewas very

small compared to the total volume of subphase. References

Thus, the main force that drove this behavior at
low pressures might have been the drug tendency
towards the equilibrium concentration between
both phase$the monolayer in a LE phase and the

subphask

4. Conclusions

FNT hardly penetrates highly packed monolay-
ers, but it is easily incorporated into low packed
ones to an extent sufficient to reach the partition
equilibrium. A minimum quantity of drug mole-
cules present in the system, enough to reach a
certain threshold value, and a certain level of order
in the lipidic phase, are necessary to permit a
substantial drug permanence in the membrane.

When FNT molecules present in the monolayers
at the LE phase are submitted to increasing lateral
surface pressures, the partition equilibrium is dis-
placed toward the aqueous phase and some mole-
cules are expelled from the monolayer. At slightly
higher pressures, in the region of phase co-exis-
tence, FNT is pushed out even more noticeably, in
spite of the increment in monolayer elasticity. In
the liquid condensed region, FNT not only remains
in the monolayer, but also seems to be incorporated

in it, the lipid—FNT interaction antbr FNT

entrapment within the lipid lattice being the main
force that assures the drug permanence at the

monolayer.

The phenomena of FNT penetration in the
membrane and release toward the subphase possess
different energetic barriers depending on the
membrane physical state. In physiological condi-
tions, the penetration and release phenomena
would be coupled to local fluctuations of bio-
membrane packing and in this sense, the present [12]
results may contribute to understand the pharma-
cological effects of BZDs from a more dynamical

perspective.
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