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interaction effects of the local anesthetic dibucaine (DBC) with lipid patches in
model membranes by Atomic Force Microscopy (AFM). Supported lipid bilayers (egg phosphatidylcholine,
EPC and dimyristoylphosphatidylcholine, DMPC) were prepared by fusion of unilamellar vesicles on mica and
imaged in aqueous media. The AFM images show irregularly distributed and sized EPC patches on mica. On
the other hand DMPC formation presents extensive bilayer regions on top of which multibilayer patches are
formed. In the presence of DBC we observed a progressive disruption of these patches, but for DMPC bilayers
this process occurred more slowly than for EPC. In both cases, phase images show the formation of small
structures on the bilayer surface suggesting an effect on the elastic properties of the bilayers when DBC is
present. Dynamic surface tension and dilatational surface elasticity measurements of EPC and DMPC
monolayers in the presence of DBC by the pendant drop technique were also performed, in order to elucidate
these results. The curve of lipid monolayer elasticity versus DBC concentration, for both EPC and DMPC cases,
shows a maximum for the surface elasticity modulus at the same concentration where we observed the
disruption of the bilayer by AFM. Our results suggest that changes in the local curvature of the bilayer
induced by DBC could explain the anesthetic action in membranes.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Supported lipid bilayers (SLBs) have been widely employed as
model systems both for the elucidation of basic processes occurring in
biological membranes as well as for some biotechnological applica-
tions [1–8]. The potential of supported lipid bilayers in this area has
attracted great interest in the last few years since drug interaction
withmodel membranes can be used to assess its biological activity [9].

Supported planar bilayers can be formed by the adsorption of
phospholipids on a planar solid support. In pharmaceutical research,
liposomes have been used as drug-delivery systems and as models for
studying drug membrane interactions [9]. A variety of methods has
been used on artificial membranes. The results have demonstrated
that the membrane properties may be strongly affected by the
presence of membrane-associated molecules. The conformation of
acyl groups, the membrane surface and thickness as well as
membrane fusion properties are examples of parameters than can
be affected by drug–membrane interactions [10–12]. In particular,
among these drugs, local anesthetic reversibly inhibits the propaga-
tion of electric impulses along nerves. The literature shows many
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theories about the mechanism of action of local anesthetics [13–16].
Most of them are focused on the direct effect of local anesthetics on
the sodium channel protein — thus inhibiting the propagation of the
action potential responsible for the nervous impulse, while others
consider the interaction of anesthetic molecules with the lipid phase
of the membrane. This particular interaction could induce changes in
the membrane lipids properties such as mobility or conformation, and
affect the sodium channel insertion in the bilayer, making it inactive
and causing anesthesia [17,18].

The interest in SLB systems arose after the development of
analytica – microscopic or spectroscopic – techniques applied to
interfaces [19,20]. These techniques have contributed to our under-
standing of some membrane properties, like rafts and lipid domains
present in this structure [21,22]. Among these techniques, AFM has
been used to monitor time dependent processes such as insertion of
proteins intomodel cells [23,24] and the growth of single lipid domains
in lipid bilayers. In addition, it is possible to follow the evolution of the
interaction of drugs, peptides or other molecules of interest with
Langmuir monolayers (considered as a biomembrane model) through
surface tension curves and several dynamic measurements [25,26].

In this study, we present the real-time observation of the
interaction between the local anesthetic dibucaine (DBC) and lipid
patches in model membranes by Atomic Force Microscopy (AFM). We
have also used adsorption kinetics and dilatational surface elasticity
measurements to analyze dibucaine-membrane interaction. Sup-
ported egg phosphatidylcholine (EPC) and dimyristoylphosphatidyl-
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choline (DMPC) were formed on mica using the vesicle fusion method
[28,29]. Topography and phase images were acquired on the lipid
membrane in the absence or presence of DBC. Local changes in
curvature were observed depending on concentration range of DBC,
leading to an eventual disruption of the bilayer. AFM results, obtained
from bilayers samples, were correlated to dynamic elasticity measure-
ments performed with monolayers. The results presented in this work
support local curvature models for the transport of molecules across
biomembranes.

2. Materials and methods

2.1. Materials

L-α-phosphatidylcholine (EPC) and 1,2 dimyristoyl-phosphatidil-
choline (DMPC) (Avanti Polar-Lipids INC., Albaster, AL, USA) were used
without further purification. Deionized, nanopure quality water was
used for the preparation of vesicles. Freshly cleaved muscovite mica
(TED Pella Inc., USA) was used as a substrate for AFM measurements.
Dibucaine hydrochloride (Sigma Aldrich Co., St. Louis, MO, USA) was
dissolved in deionized water (protonated form) and thereafter diluted
to the desired concentrations.

2.2. Preparation of lipid bilayers

Supported planar bilayers were prepared for AFM imaging by the
methodof vesicle fusion [28,29] as follows. Phospholipidwasdissolved
in chloroform and dried using a stream of dry nitrogen to remove
possible traces of the solvent. The lipid was then re-suspended from
the walls of the eppendorf tube by vigorous vortexing in water. To
obtain small unilamellar EPC vesicles (SUVs), the suspension went
through an average of 15 intermittent cycles of sonication (30 s of
ultrasound – 20 kHz frequency – followed by 30 s pause) in a Sonics &
Materials Inc, VC50. The suspension was kept in an ice bath to avoid
superheating during the whole process. SUV suspension was then
diluted to 0.1mM. For theDMPC case, SUVswere obtained byextrusion
(12 times) through a pair of 0.1 μm polycarbonate filters (Poretics). In
this case, the SUV suspension was diluted to 2 mM. In both cases,
different volumes of the SUV suspension were put into contact with
unmodified freshly cleaved mica. After a controlled period of time
(incubation time) the mica surfaces were observed by Atomic Force
Microscopy at room temperature (25 °C).

2.3. AFM imaging

AFM images were acquired with an Agilent 5500 equipment, using
MAC (magnetic A/C) mode, where a magnetically-coated probe
oscillates near its resonant frequency driven by an alternating
magnetic field. The nominal spring constant of the Type I MAClevers
used here was 1.75 N/m; the radius of curvature of these tips was
estimated to be b10 nm. All imaging was performed in a liquid cell
with deionized water.

DBC was incorporated to the solution by adding small volumes of
anesthetic into the liquid cell, containing the supported bilayer on
mica. Topography images of the bilayer without DBCwere acquired for
at least an hour, in order to determine membrane stability under the
chosen scanning conditions. Subsequently, DBC solution was added
into the AFM liquid cell in single or several steps, according to the
desired experiment. The minimum DBC solution volume for each step
was 0.02 ml; we stopped DBC additionwhen the maximumvolume of
the liquid cell (0.6 ml) was reached. The experiments on EPC and
DMPC intended to observe bilayer changes with increasing DBC
concentration, initially from 0 to 8 mM and later in a narrower range
(according to the effects observed). The DBC concentrations men-
tioned hereafter are the final values in the liquid cell (considering
initial water plus added DBC volume).
2.4. Langmuir monolayers

The surface pressure-area curves for EPC and DMPC were obtained
by spreading chloroform solutions of each phospholipid in a Langmuir
trough (Insight, Brazil) and upon compressing the monolayers at a
surface rate of 2.4 Å2 molecule−1 s−1, after waiting for solvent
evaporation for ca. 15 min, at 24 °C.

2.5. Adsorption Kinetics at air/liquid interface

The adsorption of dibucaine at lipid monolayers was carried out by
surface tension measurements, by the pendant drop method with
axisymmetric drop shape analysis, using an automatic contact-angle-
tensiometer OCA-20, from Dataphysics, Germany, as described
previously [27]. For the experiments, a small drop of the dibucaine
solution in concentration below its critical micelle concentration
(CMC) was formed and a solution of the lipid was suitably touched on
the surface of the drop, in order to form a Langmuir monolayer. After
that, the drop was expanded up to the surface pressure of 30 mN m−1

which corresponds to the lipid packing of a biomembrane [30]. Then,
the surface tension values were followed until the system reached the
equilibrium, considered as a variation b0.5 mN m−1, in 60 s.

2.6. Dilatational elasticity

For dilatational surface elasticity measurements the same appara-
tus was used, with the addition of a frequency oscillator that promotes
sinusoidal disturbance in the drop, resulting in different area values
[31,32]. The dilatational surface elasticity (ε) or surface elasticity
modulus is related with the ability of the system to establish a new
surface tension value after an area change, and its equilibrium value
(E) is defined according to Gibbs:

E = dγ=dlnA: ð1Þ

where γ and A are the surface tension and area, respectively. Under
dynamic conditions, films range from perfectly viscous to perfectly
elastic, with the latter occurring only when no relaxation process takes
place. This is detected experimentally bya zero phase difference givenby
the phase angle, φ, between the perturbation (deformation) and the
response of the system (change in surface tension). On the other hand,
phasedifferences are characteristic of an interfacial viscoelastic behavior.
This feature is accounted for introducing the complex modulus:

E = jejcosu + ijejsinu: ð2Þ

The imaginary part of this quantity accounts for the energy
dissipation process which may involve loss of the monolayer
arrangement, and is related to surface dilatational viscosity. The
drop oscillation was initiated after the surface tension of the system
reached a constant value. The frequency applied was 1.2 Hz, with a
relative deformation of 5.5%. All experiments at air/liquid interface
were carried out at 25±1 °C.

3. Results and discussion

3.1. EPC and DMPC bilayer patches

Topographic images of the supported EPC bilayers are shown in
Fig. 1 (A, B). These images revealed different formation of EPC planar
bilayers and can be attributed to the volume of SUV suspension and
the incubation time used in the preparation of the supported bilayer
[29,33,34]. Fig. 1A illustrate a typical EPC patch on mica obtained after
addition of 2 μl SUV suspension on mica, with 2 h of incubation. The
thickness of the EPC patch observed was 5.5±0.3 nm (average of 100
cross section measurements). However, by increasing the volume
(60 μl) and the incubation time (3 h) we could observe multi-bilayer



Fig. 1. Typical topographic images with respective cross sections of: (A) EPC patches on mica (2 μl SUV suspension in water (0.1 mM) on mica with 2 h of incubation), (B) EPC multi-
bilayer with EPC aggregates (60 μl SUV suspension in water (0.1 mM) on mica with 3 h of incubation) and (C) DMPC patches on the DMPC bilayer surface (10 μl SUV suspension in
water (2 mM) on mica with 2 h of incubation).
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formation with EPC aggregation on the surface (Fig. 1B). Yuan and
Johnston [33] have studied the conditions for obtaining a uniform EPC
planar bilayer on mica. In agreement with our experiments, they
observed EPC patches formed after 15 min. of incubation and
complete EPC bilayer, after 45 min. Reviakine and Brisson [34]
described several features of the process of supported bilayer
formation from SUVs on mica, including EPC bilayer formation. They
showed that the adsorption of intact vesicles preceded the formation
of bilayer patches. Egawa and Furusawa [29] observed EPC vesicles
adsorbed on mica after short incubation times (5 min) and EPC
patches with increasing incubation times, up to 4 h, when a complete
EPC bilayer was formed on mica. Therefore, even though our
incubation times were longer, the observed trend in our results for
EPC bilayer formation are consistent with the literature.

Previous works [35–38] revealed that the interaction between DBC
and PC phospholipids occurs at the bilayer surface. Thus we have also
prepared DMPC bilayers since they are usually more ordered and
compact than EPC bilayers, while keeping the same polar head group.
Our experiments show the formation of extensive DMPC bilayers with
DMPC patches on the surface (suggesting the formation of a new,
Fig. 2. Topographic images of EPC (A, B; z-scale: 8 nm) and DMPC (C, D; z-scale: 12 nm) s
suspension in water (0.1 mM) on mica with 2 h of incubation) — first image. (B) the same EP
suspension in water (2 mM) on mica with 2 h of incubation) — first image. (D) the same DM
incomplete, DMPC bilayer), as shown by the topographic image in
Fig. 1C. Indentations carried out on these samples with the AFM tip
have actually shown that multi-bilayers (at least 6–7 bilayers high) are
formed on themica (see supplementary information). The thickness of
the DMPC patches on the extensive DPMC multi-bilayer surface was
measured as 5.0±0.6 nm (average of 50 cross section measurements).
These results could be compared to the literature; Dvorak et al [39]
have also observed extensive DMPC multi-bilayer formation which
they attributed to the long incubation time. It is important to notice
that our experiments were carried out above the gel to fluid phase
transition temperature of DMPC (24 °C, according to Granick et al.
[40]).

For both DMPC and EPC bilayers, we have chosen to investigate the
DBC interaction with use of multi-bilayer surfaces. Due to the
electrostatic interaction, different elastic behaviors could be expected
for the bilayer patches formed directly on mica, as compared to those
on top of the multi-bilayers — the latter more closely resembling a
biological system. Moreover, since in our experiments DBC is
protonated, the presence of the multi-bilayer would also screen any
possible DBC interactions with the mica surface as well.
upported bilayers on mica to assess the stability of domains. (A) EPC patch (2 μl SUV
C patch in image (A) after scanning the surface for 140 min. (C) DMPC patch (10 μl SUV
PC patch in image (C) after scanning the surface for 90 min.



Fig. 3. Topographic images of EPC multi-bilayer with EPC aggregates on the surface (60 μl SUV suspension inwater (0.1 mM) on mica with 3 h of incubation) acquired with increasing
DBC concentration in the liquid cell. (A) No DBC in the liquid cell. (B) After 2nd addition of DBC (final concentration in the liquid cell: 2.72 mM). (C) After 8th addition of DBC
(final concentration in the liquid cell: 6.30 mM). DBC effect: progressive disappearance of the EPC aggregates. A double tip artifact can be observed in the figures but it does not affect
the qualitative behavior reported here.
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To assess the stability of EPC and DMPC bilayers during consecutive
scanning in aqueous media, successive images of the same bilayer
region were acquired. As shown in Fig. 2, scanning the lipid patches
for a few hours did not cause any significant change in the bilayer
overall morphology, indicating that bilayers were stable under these
conditions.

3.2. Interaction between DBC and supported lipid bilayers

Topographic images of supported EPC and DMPC bilayers were
acquired at the same region before and after DBC addition. In the EPC
case, we observed a few morphological changes with increasing DBC
concentration. A selection of topographic images with 0mM, 2.72 mM
and 6.30 mM of DBC is shown in Fig. 3. After the first addition (image
not shown), the EPC morphology was similar to that obtained in the
absence of DBC. However, after the second addition (2.72 mM) we
observed a progressive disappearance of the EPC aggregates on the
bilayer surface with increasing DBC concentration in the liquid cell
(Fig. 3 B and C). However, although the aggregates vanished in the
images, we could not observe significant changes at the EPC bilayer
edges (arrows, Fig. 3), indicating that theywere still stable under these
conditions. For DMPC bilayers, Fig. 4 shows the time evolution of
morphological changes with a single DBC addition (5 mM concentra-
Fig. 4. Topographic images of DMPC patch (10 μl SUV suspension in water (2 mM) on mica w
cell(final concentration in the liquid cell: 5 mM). (A) No DBC in the liquid cell. (B) After 1 h
(arrows) and disappearance of the bilayer patch.
tion). About 1 h after DBC addition we could observe the rupture of
small DMPC patches (Fig. 4B— arrows). Increasing the DBC incubation
time led to a progressive disruption of the bilayer patch, eventually
washing out any step feature representative of a bilayer image. Fig. 5
shows a sequence of cross sections for different times after DBC
addition into liquid cell with DMPC bilayer patch. We can observe
from this figure that the patches gradually shrink in size; rupture
occurs after ca. 1.5 h from the beginning of the experiment. These
results could also be attributed to variation of the partition coefficient
(P) with DBC concentration [42]. However, based on previous works
reported in literature [36,41] we believe this is not the case.
Furthermore, a possible variation of P does not invalidate our AFM
data since, for both experiments reported here (one of them where
DBC concentration is kept constant), morphology changes follow the
same trend.

Fig. 6 shows the phase image of the EPC and DMPC bilayers before
and after DBC addition, acquired simultaneously with the scans shown
in Figs. 3 and 4. In both cases, we can observe a different contrast over
the bilayer surface after DBC addition (Fig. 6 B, C, E and F). The contrast
in the phase images is often interpreted as differences in surface
viscoelasticity or tip-surface energy dissipation [28]. The stability in
the simultaneously acquired topography images indicates that the
variations in phase images are not tip-related (for example, due to DBC
ith 2 h of incubation) acquired along the time after a single DBC addition into the liquid
of DBC addition. (C) After 2 h 30 min DBC addition. DBC effect: progressive disruption



Fig. 5. Time evolution sequence of cross sections of a DMPC patch on the extensive DMPC bilayer surface (10 μl SUV suspension in water (2 mM) on mica with 2 h of incubation)
without DBC and after DBC addition into liquid cell (final concentration in the liquid cell: 5 mM). Right: topography image of DMPC patch without DBC showing the position where
the cross section was acquired.
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interaction with the tip). In this particular case, we believe that DBC
changes the viscoelastic properties of the lipid bilayer. To test this
hypothesis, experiments on viscoelastic properties of phospholipid
layers have also been performed at the liquid–air interface, and are
presented in Section 3.4.

In association with the contrast observed in the phase images,
height variations (0.05–0.2 nm) throughout all multibilayer surfaces
show up in the topography images — newly “budding” structures.
Fig. 6. Phase images of EPC (A, B, C— 60 μl SUV suspension inwater (0.1 mM) onmica with 3 h
2 h of incubation) supported bilayers, showing a progressive contrast formation on the s
concentration in liquid cell: 2.72 mM). (C) EPC after 8th addition of DBC (final concentration i
DBC addition (final concentration in the liquid cell: 5 mM). (F) DMPC after 2 h 30 min of si
Fig. 7 shows topographic images for the regions where contrast is
observed in the phase image. Amino local anesthetics such as
dibucaine can form micelles in solution when the concentration
exceeds the CMC [37]. In addition, the literature suggests that DBC
binds to polar head group of EPC, i.e., that DBC is inserted mainly on
the bilayer surface [35–38], eventually as a dimer [37,43]. In fact, Ueda
et al [38] suggested that dibucaine destabilize lipid bilayers by
competing for the phosphate group and breaking previously existing
of incubation) and DMPC (D, E, F— 10 μl SUV suspension inwater (2 mM) onmica with
urfaces. (A) EPC without DBC in liquid cell. (B) EPC after 2nd addition of DBC (final
n liquid cell: 6.30 mM). (D) DMPC without DBC in liquid cell. (E) DMPC after 1 h of single
ngle DBC addition (final concentration in the liquid cell: 5 mM).



Fig. 7. (A) Phase image of EPC multi-bilayer with EPC aggregates on the surface. Blue square: region of the EPC bilayer surface where a small area topographic image (B) was acquired.
(C) Phase image of the same structures in (A) after DBC addition. Blue square: contrast after DBC addition. (D) Topographic image of the EPC bilayer at the region marked by the blue
square. (E) Phase image of DMPC bilayer. Blue square: region of the EPC bilayer surface where a small area topographic image (F) was acquired. (G) Phase image of the same structures
in (E) after DBC addition. Blue square: contrast after DBC addition. (H) Topographic image of the DMPC bilayer at the region marked by the blue square. The topographies shown at
(B) and (F) basically show noise levels in the images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(lipid–water) hydrogen bonds. Thus, the structures observed in Fig. 7
could be interpreted as dibucaine aggregates bound to the bilayer
surface. However, our experiments were made below the dibucaine
CMC range reported in literature (30–140 mM) [37,43]. In order to
have a more quantitative analysis of the height and radius of the
“budding” structures, we have determined the number, radius and
height of particles associated to them using commercially available
softwares.2 For DMPC these measurements show that the height
increases (from 0.1 to 0.3 nm) with the incubation time while the
radius is kept approximately constant (~34 nm) as shown in Fig. 8.
Moreover, the shape of the structures does not characterize the
formation of different lipid domains on the surface, since the height
variation is smooth, with no clear edges or boundaries defining these
structures. Considering that this effect is due to DBC interaction with
the PC polar head group, we can argue that DBC is not homogeneously
distributed along the bilayer surface; its concentration in the surface
could, however, build up in time leading to the increasing number of
surface structures and associated variation in the phase image. Indeed,
the number of surface structures increases from 10 to 70 in each
1.5×1.5 μm2 area as time proceeds along the experiment. The increase
in height of these structures occurs usually prior to the membrane
rupture, indicating that local stresses may have reached a maximum
value.

Changes in morphology of model membranes due to their
interaction with anesthetic molecules have been reported in litera-
ture. Leonenko et al. [12] studied the effects of the general anesthetic
halothane on PC bilayers. They observed the appearance of new
thinner domains (with 3.5 nm in height) in an initially uniform bilayer
(5.5 nm in height), after incorporation of the anesthetic. Thus AFM
images in that work show patches with a height difference of 2 nm.
However, halothane is a neutral and general anesthetic with action
in the Central Nervous System while DBC is a protonated (at the
2 The values in Fig. 8 represent the average values for the particles found at each
topographic image along the time of the experiment.
experimental condition) local anesthetic which acts on the voltage-
dependent sodium channels on excitable membranes. In our case,
changes in the bilayer surface morphology are much smaller;
moreover, the height and radius dependence on DBC concentration
or incubation time, shown in Fig. 8, suggests changes of the local
curvature of the bilayer induced by DBC. Despite phospholipid
molecules present a critical packing parameter [44] coherent with
planar structures, we can not reject the possibility that in the presence
of a certain DBC amount, changes in the critical curvature radius
may occur. The change in the membrane curvature has been
considered as a possible mechanism for local anesthetic action in
membranes. Baciu et al [45] observed that protonated local anes-
thetics (Lidocaine, Prilocaine) and Ketamine induced increasing
Fig. 8. Measurements for height and radius for the small ‘structures’ formed on the
DMPC bilayer surface as a function of time after DBC addition (final concentration in
liquid cell: 5 mM).



Fig. 10. Adsorption kinetics for DBC on EPC (black curve) and DMPC (red curve)
monolayers, both at an initial surface pressure of 30 mN m−1. (For interpretation of the
references to colour in this figure legend, the reader is referred to theweb version of this
article.)
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curvature of the membrane after penetrating its surface. The authors
also reported the formation of pores associated to the incorporation of
the drug. These results altogether lead us to propose that DBC induces
local curvature changes followed by the disruption of the lipid
bilayers. These assumptions were further investigated through
adsorption kinetics and elasticity measurements as reported in the
next section.

3.3. DBC adsorption at lipid monolayers

The lipids used in this study have the same polar zwitterionic head
group, phosphatidylcholine, however they differ in the apolar portion
of the molecule. DMPC holds a completely saturated double chain
with 14 carbons, while EPC is a mixture of many natural lipids
extracted from hen egg yolk, containing different chain length and
unsaturatedmolecules, mostly 16:0 (sn1) and 18:1 or 18:2 (sn2) apolar
chains. Consequently they present different behaviors at the air/liquid
interface as shown by their π–A curves in Fig. 9. EPC monolayers
display, at 24 °C, an incipient phase transition around 30mNm−1. Both
DMPC and EPC monolayers exhibit π–A isotherms presenting an
expanded characteristic with minor differences in the surface
compressional modulus values, Cs−1=−(dπ/d lnA). At 30 mN m−1

and 24 °C, Cs−1 are about 73.5mNm−1 and 88mNm−1, respectively for
EPC and DMPC monolayers. Whereas the Cs−1 value for DMPC agrees
with those in the literature [46], measured in a temperature lower
than that used in the present study, the value for EPC is lower, much
likely due the phase transition of DMPC, observed at 24 °C. Therefore
DMPC is slightly more condensed than EPC monolayers, as expected
by the saturated structure of the former phospholipid.

Fig. 10 shows the adsorption kinetics at 2.72 mM DBC for EPC and
DMPC monolayers. As presented in the previous section, at this DBC
concentration changes in the surface morphology begin to be
detectable from the AFM images, in the case of EPC. Previous report
[47] showed that the adsorption kinetics of a protein in a lipid
monolayer by the pendant drop technique can be related with both
injection and subphase formation methods in a Langmuir through.
The first methodology consists in the injection of the soluble molecule
in the subphase of a preformed lipid monolayer. This method is quite
equivalent to the AFMmeasurements. The second one is the spreading
of the lipid monolayer on the surface of the molecule solution.
Comparing the methodologies, the authors concluded that adsorption
of protein molecules on the new monolayer, from the subphase, is
similar to the adsorption by the injection method, and it takes the
advantage of the bulk homogeneity [47]. In addition, for both
Fig. 9. Surface Pressure isotherms for (black) EPC and (red) DMPC monolayers.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
experiments performed in our work, membrane prepared from
vesicles for AFM analysis and phospholipid monolayer in the
adsorption kinetics experiments, the hydrophilic head groups can be
accessed by DBCwhich binds to the polar head group of phospholipids
[35–38].

Surface tension curves for EPC and DMPC show slightly different
behaviors. For EPC the curve presents a simple decay, indicating a one
step adsorption. For DMPC, however, an induction time, with an initial
increase in the surface tension values, is observed, followed by a
continuous decrease, until the system reaches the equilibrium.
However, it is worthwhile to stress that both phospholipid mono-
layers were kept initially at 30 mN m−1 (correspondent to a surface
tension of 42.8mNm−1) and, in this sense, the interaction of dibucaine
with EPC is instantaneous (considering the time resolution of our
experiments of 200 ms) since the decreasing in surface tension is
recorded from the very first measured point. The equilibrium of
adsorption, however, is reached only after ca. 15 min. The differences
in surface phases (DMPC more condensed than EPC) for these two
monolayers at 30 mN m−1 should be the reason for the quite different
profile observed for the adsorption kinetics of these two lipids. We
could suggest that for the more expanded EPC monolayers, the
penetration of dibucaine molecules is easier; the larger probability of
bidimensional deformation of themonolayer could be due to the loose
surface packing. On other hand, for DMPC, which produces more
condensed monolayers, the observed induction time is probably
related to the electrostatic interaction of dibucainemolecules with the
polar head groups [48] of the phospholipid in an initial step, with no
significant changes in the orientation of the phospholipid molecules,
since they already present a tight packing. After that, the anesthetic is
able to adsorb at the interface, by inserting within the phospholipid
molecules, causing a decrease in the surface tension until the system
reaches the equilibrium.

3.4. Dilatational surface elasticity measurements

The effect of dibucaine on DMPC and EPCmonolayers could also be
investigated by dilatational surface elasticity. For an insoluble one-
component system this kind of technique can give information on
how easily the system recovers a surface tension value, after a
perturbation in area variation. The higher the dilatational elasticity
modulus, E, the more difficult is the change in the surface packing
by compression-expansion sequences. The E values for DMPC and
EPC at 30 mN m−1 are 110 mN m−1 and 87 mN m−1, respectively, in



Fig.11. Effect of dibucaine on dynamic dilatational surface elasticity modulus (E) of DMPC (right) and EPC (left) monolayers, as measured at 30mNm−1 by the pendant drop technique
using the axissymmetric drop shape analysis method. Arrows: concentrations where the maximum appears coincide with those for which a disruption of the bilayer was observed in
AFM experiments. Red point: E value for pure phospholipid in the absence of DBC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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accordance with their equilibrium compressional moduli already
presented before. In Fig. 11 (A) and (B) one can see the effect of
dibucaine on E for both phospholipids. In common there is the
presence of a maximum in a given dibucaine concentration, which is
dependent on the kind of phospholipid — around 2.7 mM for DMPC
and 5.0 mM for EPC. FromAFM experiments the concentrations where
themaximum appears are close to the values for which a disruption of
the bilayer was observed (arrows, Fig. 11).

Studies of DMPC mono and bilayers [49] have shown that their
surface elasticities decrease in the presence of alkanol series which are
also known to act as an anesthetic and penetration enhancer. However
in that study the authors only compared the equilibrium value of
elasticity (or better, its inverse, the isothermal compressibility) at the
onset of the liquid expanded phase and for a constant tetradecanol
concentration. In the present work we could attest that there is a
dependence with the DBC concentration for this effect. The same
general trend is obtained for both phospholipids, that is, a significant
decrease of elasticity in the presence of small amounts of the
anesthetic, as comparedwith the elasticities for the pure phospholipid
monolayers, followed by a maximum with subsequent increasing of
DBC concentration.

We suggest that, at low concentrations, DBC is incorporated into
the interface, mainly affecting the ordering of the monolayer.
However, the new mixed monolayer formed in this way may become
more packed with the addition of DBC, until a certain critical DBC:lipid
molar ratio is reached, for which themonolayer can even be disrupted.
From this point E exhibits a steep decrease indicating that the
monolayer can no longer be regenerated. Despite the similar behavior
observed for both lipids, the concentration range and the relative
decrease in E, compared to the values observed for the respective pure
monolayers are different. For the DMPC monolayer, the maximum is
observed at lower DBC concentration and smaller relative E value
compared to the pure monolayer. It is also important to notice that for
DBC in EPC the maximum E value surpass the one obtained for pure
EPC monolayers, indicating that in a small range of concentrations,
DBC may help to restore the equilibrium surface tension condition or
surface packing of the EPC monolayer.

The decrease in E values after the maximum can indicate a local
disruption of themonolayer. FromAFM experiments we observed that
the disruption effect occurs first where a large perimeter/area ratio
favors the DBC insertion — for example at the edges of the DMPC
patches and the EPC aggregates. This effect, as well as the height
variations along the bilayer surface in the topography images, was
observed for DBC concentrations above the maximum E value. A
similar effect has been reported by Moradat and Kirat [50] who
observed bilayer disruption under detergent action. Those authors
attributed this effect to the formation of lipid-detergent mixed
micelles in the solution. Nomura et al [51] reported a decrease in
EPC liposome sizes in the presence of the same detergent, as an
indication of the mixed micelles formation. In fact mixed micelles
containing phospholipids were also observed in the presence of
cholesterol [52], sodium taurocholate [53] and other lipids [54]. From
our results the disruption of the monolayer under dilatational stress
above a certain amount of dibucaine may represent a driving force for
DBC-lipid mixed micelles formation. Therefore, this mechanism could
also be a likely explanation for the observed disruption in AFM images.

This assumption can be understood based on our AFM and
elasticity measurements. According to the latter, the lipid monolayer
becomes more packed with the continuous addition of DBC thus
providing a maximum in elasticity. If we correlate these results to the
bilayer observations with the AFM, we may assume that the initially
small height variations (~0.1 nm) in the topography images represent
a first-stage DBC insertion mechanism in the bilayer, closer to the PC
polar head. Since our bilayer images present some roughness
(~0.2 nm), we can not detect the height variation except in regions
where larger molecule concentrations can be found, leading to a low
spatial frequency roughness in the topography images. At a second
stage, a deeper DBC insertion in the bilayer – at least for DMPC – leads
to larger local stresses, increasing the local curvature in the process,
which may eventually induce the formation of DBC-lipid mixed
micelles. Once the stress can no longer be accommodated by the
bilayer, rupture occurs. This scenario can also be expected to occur at a
faster rate in regions where DBC insertion is facilitated, like the patch
edges. The presence of a mixed material prior to the rupture agrees
with the observed variations in the AFM phase images.

4. Conclusions

In summary, our results suggest a modification of the molecular
packing of EPC and DMPC bilayer or monolayer surfaces due to the
DBC interaction with the polar head group of the lipids. A progressive
disruption of these layers is observed with increasing incubation
times and DBC concentration, probably due to mixed micelle for-
mation. Dilatational elasticity measurements show that this property
is strongly affected by the presence of DBC in the drop's subphase
solution, for both lipids. Changes in local curvature, as observed in
our samples, can be responsible for different structural characteristics
of the membranes studied, thus giving support to transport models
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where the lipid phase is indeed relevant to the biophysical properties
of biological membranes.
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