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ABSTRACT. The surface topography of dipalmitoyl phosphatidylcholine
(DPPC) monolayers, spread at the air/water interface, in the absence and the
presence of procaine, has been investigated by self-assembly Langmuir-
Blodgett (LB) technique and atomic force microscopy (AFM), operating in
tapping mode. The LB monolayers were transferred on mica, at a controlled
surface pressure, characteristic for the liquid expanded to liquid condensed
phase transition of pure DPPC monolayers. Our data indicate that procaine
penetrates into and specifically interacts with DPPC monolayers stabilizing the
phospholipid membrane interface.
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INTRODUCTION

Changes in physical and chemical properties of lipid membranes
due to the distribution of local anesthetics within these membranes are of a
major importance [1-4] for understanding the molecular mechanism of
anesthesia. In spite of numerous investigations, the molecular mechanism
of anesthesia and the involved interfacial phenomena in anesthetics action
are still not well understood [5]. As a first step, the anesthetics action
presumes that the anesthetic molecules modify the lipid membrane structure
and thus, they change the biological membrane properties [5].
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Previously, we have reported that the local anesthetics, like procaine,
expand the lipid monolayers spread at the air/water interface, at low and
intermediate surface pressures, depending on the pH’s, ionic strengths and
surface characteristics of the chosen lipid [6-24].

The interfacial characteristics of the mixed lipid and procaine
monolayers results from the adsorption on and the penetration of procaine
into lipid membrane models in substantial agreement with other related
published data [1-5, 22-29].

The objective of the present work is to analyse the effects of procaine
on the structural and topographical characteristics of lipid monolayers using
atomic force microscopy (AFM) and Langmuir-Blodgett technique (LBT).
We have chosen a synthetic phospholipid, namely L-a dipalmitoyl phosphatidyl
choline (1, 2-dipalmitoyl -sn- glycero-3-phospho-choline: DPPC), which forms
stable monolayers at fluid interfaces [30-32]. Here, we investigate the structure
and surface topography of the DPPC monolayers spread on aqueous solution
in the absence and the presence of procaine and the formation of liquid
condensed domains is evidenced.

RESULTS AND DISCUSSION

The surface pressure versus mean molecular area isotherms were
recorded for pure DPPC monolayers, spread at the air/water (pH 5.6)
interface, and for mixed DPPC and procaine monolayers, obtained by
spreading DPPC monolayers on procaine (10 M) aqueous phase (pH 5.2),
at 20 °C. For pure DPPC monolayer, the compression isotherm shows a
phase transition at a lateral surface pressure of about 8 mN/m, from liquid
expanded (LE) to liquid condensed (LC) state [30]. The mixed DPPC and
procaine monolayer also presents a LE/LC phase transition, evidenced on
compression isotherm, at around 15 mN/m.

In addition, the compression isotherms show a collapse phenomenon
at very high surface pressures, characterized by collapse area (A.) and collapse
pressure (11;). The collapse characteristics and the limiting molecular areas
(Ao), characterizing the LC phase of DPPC monolayers, are given in Table 1.

Table 1. Surface characteristics of DPPC monolayers spread at the air/water interface
both in the absence and in the presence of procaine (P) in aqueous phase.

Monolayer P (M) Ao (A?) Ac (A%) e (MN/m )
DPPC 0 54 42 55
DPPC and P 10° 78 42 63
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From Table 1, it is observed the expanded effect of procaine, namely
the limiting molecular area (A,) for LC state and the collapse pressure (1T¢)
are much higher in the presence of procaine than for pure DPPC monolayers.
These data indicate that procaine has a notable effect both on the DPPC
phase transition and on the collapse of DPPC monolayers, at the air/water
interface. Due to the same collapse areas, (A.), it is found that the procaine
is excluded from DPPC monolayers at collapse, but still remains adsorbed
on DPPC monolayer surface thus, increasing the monolayer collapse pressure
and stability. This effect might correspond to pressure-driven exclusion of
procaine from zwitterionic DPPC monolayers.

Similar expansion effects were previously reported for octadecanoic
acid [22, 24] and for tetradecanoic acid [23] spread on procaine aqueous
phase. The magnitude of the effect increased with increasing procaine
concentration in the aqueous phase.

The surface topography of pure DPPC monolayers, transferred at 8
mN/m on mica surface, is given in the AFM images, Figs. 1 and 2. The 2D
topographies show a heterogeneous DPPC monolayer with characteristic
features and the domains formation is clearly evidenced.

Brighter areas (Figs. 1 and 2) are assigned for high domains of the
DPPC in LC state, but darker areas correspond to lower domains characteristic
for LE phase. The boundaries of DPPC domains are typically observed and
are thought to be the borders between various DPPC areas with different tilt
of molecular orientations [19, 30, 32]. We suggest that the lighter domains
correspond to well organized probably almost vertically oriented DPPC
molecules, while the darker areas correspond to less orderly DPPC molecules.
The LC domains are distributed within the LE matrix of DPPC monolayers.

The analysis of surface topographies, Figs. 1 and 2, clearly indicate
the phase separation between LC and LE phases, which is consistent with
the two surface phase transition recorded at the lateral surface pressure of
8 mN/m, as it is evidenced on compression isotherms. The AFM images of
DPPC monolayers show nano island LC domains (with long axis of isolated
20 nm up to 100 nm domains, Fig. 1B). The large LC domains are observed in
Figs. 1A and 2 (with long axis from 500 nm up to 2 and 3 pm). Also, micro
islands of LC phase are identified particularly at big scanned areas (e.g., 25
MM x 25 um) with major axis up to 3 or even 8 um.

The large LC domains are almost circular or elongated (Fig. 1A and
Fig. 2A). The nano LC domains are predominantly circulars, square or elongated
associated as asymmetric clusters, like windmill shape (Fig. 1B and 2) as
previously observed by fluorescence microscopy [23], by direct compression
of DPPC monolayer at the air/water interface. The large LC domains are
higher with 0.8, 1.5 or 2 nm than the LE phase. It is to be noted that the
large LC domains show almost the same height as the surrounding nano
LC domains.
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Ultimately, near the DPPC monolayer collapse a homogeneous structure
results from the close packed DPPC molecules, well oriented vertically at the
air/water interface, as a consequence of strong molecular interactions.

(A) (B)

Figure 1. AFM topography images of DPPC monolayers, for 3 ym x 3 ym (A) and
1 ym x 1 ym (B) scanned areas. Monolayers were transferred by Langmuir-Blodgett
technique on mica surface, at 8 mN/m, for the liquid expanded (LE) to liquid condensed (LC)
phase transition. The z-scale is 5 nm for image A and 3 nm for image B. Image B
was recorded by scanning on small area marked in image A.

(A) (B)

Figure 2. AFM topography images of DPPC monolayers, for 2 ym x 2 ym (A) and
1 um x 1 pm (B) scanned areas. Monolayers were transferred at the phase transition
(8 mN/m) on mica surface. The z-scale is 5 nm for image A and 3 nm for image B.
Image B was recorded by scanning on small area marked in image A.
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The presence of procaine (0.001 M in aqueous phase, pH 5.2)
causes changes in surface properties of DPPC monolayers as determined
on compression isotherms and in the structure of DPPC layers as observed
on AFM images.

The LE/LC phase transition is evidenced on compression isotherms
for mixed DPPC and procaine monolayers, at 15 mN/m. Thus, a substantial
increase in transition lateral surface pressure is recorded for mixed monolayers
as compared with pure DPPC monolayers (i.e., 8 mN/m) on water.

@) (B)

500 500 nr

(©) (D)

Figure 3. Topographies (A and C) and phase images (B and D) of DPPC monolayers
spread on aqueous phases of 0.001 M procaine, transferred on mica at 8 mN/m.
A and B: scanned area 5 um x 5 ym; C and D: 3 ym x 3 um. AFM images (C and D)

were recorded by scanning on small areas marked in images A and B,
respectively. The z-scale is 5 nm for A and C topographies.
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For the beginning, the AFM images for mixed DPPC and procaine
monolayers, transferred on mica at the lateral surface pressure of 8 mN/m,
are examined (Fig. 3) and compared with AFM images of pure DPPC
monolayers (Figs. 1 and 2). A phase separation is also found and visualized in
AFM images for mixed DPPC and procaine monolayers (Fig. 3) in a similar
way with the situation for pure DPPC monolayers (Figs 1 and 2). Thus, the
LC domains within mixed DPPC and procaine monolayers are detected at
low value of lateral surface pressure (about 8 mN/m). The LC domains in mixed
monolayers are smaller (Fig. 3) than those observed in DPPC monolayers
on a pure water substrate (Fig. 1A), at the lateral pressure of 8 mN/m, which is
characteristic for the phase transition within the pure DPPC monolayers.

As the compression of mixed DPPC and procaine monolayers
continued, the LC domains increased in size and number (Fig. 4, for 14 mN/m).

Furthermore, for mixed DPPC and procaine monolayers at the LE/LC
phase transition (about 15 mN/m) recorded on compression isotherm, it was
observed a continuous increase in the LC domains, which carry various
interesting shapes. In other words, at 10° M procaine concentration, the
LE/LC phase transition of mixed monolayers was observed by AFM images
(Fig. 5, at the transition lateral surface pressure of about 15 mN/m), while
the formation of LC phase was detected at much lower pressures, like 8

mN/m (Fig. 3) and at 14 mN/m (Fig. 4).
Clearly, procaine induces nucleation of liquid condensed domains

before the phase transition recorded on compression isotherms for mixed
DPPC and procaine monolayers. It appears that the onset of the LE/LC
phase transition starts before the transition lateral surface pressure for

mixed monolayers.

At lateral pressures above the phase transition, e.g. 20 mN/m, still
some very large LC domains are visualized in AFM images. Near the collapse,
the mixed DPPC and procaine monolayers are well ordered as in the case of
pure DPPC monolayers showing a very low roughness (rms about 0.2 nm).

Undoubtedly, the presence of procaine in aqueous phase brings
strong modifications on the structure and morphology of DPPC monolayers,
even at low lateral surface pressure of 8 mN/m, which is characteristic for
LE/LC phase transition of pure DPPC monolayers.

We suggest that procaine coexists with less ordered DPPC molecules
and is preferentially located at the domain boundaries. This would indicate
that the lighter domains correspond to almost highly oriented DPPC molecules.
The dark domains probably correspond to less organized DPPC molecules
mixed with procaine. Thus, AFM images reveal a phase separation between
DPPC condensed phase (high areas) and DPPC expanded phase enriched
in procaine (low areas).
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Figure 4. Topographies (A and C) and phase images (B and D) of DPPC monolayers
spread on aqueous phases of 0.001 M procaine, compressed to 14 mN/m and transferred
on mica surface. A and B: scanned area 3 um x 3 ym; C and D: 1 ym x 1 ym. AFM
images (C and D) were recorded by scanning on small areas marked in images A
and B, respectively. The z-scale is 5 nm for A and C topographies.

The mixed DPPC and procaine monolayers present LC nano
domains co-existing with small round LE procaine rich phase in the center
of the LC large micro domains (Fig. 3A and B), where the LC nano domains
form a network of filament unique structure. Also, the LC nano domains are
situated at the edges of the large LC domains forming larger aggregates
(Fig. 3C and D), belts (Fig. 4A and B) or stripes (Fig. 4C and D).
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By increasing the surface pressure (Fig. 4, at 14 mN/m), the stripes
are formed by the alignment of many smaller LC domains, that have almost
the same height with the large LC domains of DPPC monolayers.

The phase images (Figs. 3B, 3D, 4B and 4D) show the morphological
character more clearly than the corresponding topography (Figs. 3A, 3C,
4A and 4C) due to the difference in the surface physical and chemical
properties between the condensed and expanded DPPC monolayers.

(A) (B)

Figure 5. Topographies (A and B) of DPPC monolayers spread on aqueous phases of
0.001 M procaine, compressed at about 15 mN/m and transferred on mica surface by
LB technique. A: scanned area of 5 um x 5 ym. (B): 3 um x 3 ym were recorded by
scanning on small areas marked in image A. The z-scale is 5 nm.

Thus, almost in the center of the large LC domains, many nano LC
domains are observed (with axis of 50 to 150 nm), particularly in small scale
images (Figs. 3 and 5). The large LC domains have the same height as the
edges of the aligned stripes.

The large LC domains are about 2 nm higher than the fluid LE
phase and are surrounded by a mixture of LE phase and LC nano domains,
in which LC domains are aligned in a striped pattern (Fig. 5). The large LC
domains are rather well packed at high lateral surface pressure (15 mN/m)
that corresponds to the phase transition of mixed DPPC:P monolayers
evidenced on compression isotherm.

Thus, a unique morphology of mixed DPPC and procaine monolayers
is observed, showing large LC domains, which contain a network of
filaments of LC domains surrounded by LE procaine rich phase, where the
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procaine is adsorbed preferentially at the edge of the LC domains. At the
transition surface pressure (15 mN/m), numerous filaments in the center of
the large LC domains are formed (Fig. 5A) and larger patches at their edges
appears (Fig. 5B).

The differing shapes of LC phase within the mixed DPPC and
procaine monolayers reflect a different structure of DPPC monolayers under
the action of procaine. These data suggest that procaine affects DPPC
morphology in the LC phase. Nevertheless, the morphological changes
within mixed DPPC and procaine monolayers support the participation of
procaine in anesthesia.

Higher amounts of procaine in agueous phase give numerous
filaments in the center of the LC micro domains and evidently larger LC
patches at their edges.

Qualitatively, the same effects were observed at lower procaine
concentrations. However, the magnitude of the procaine effects was smaller
and was diminished with decreasing of procaine concentrations.

This situation might be related to the fact that the procaine adsorbs
and penetrates preferably at the boundaries between LC domains, with a
different tilt direction, and in the expanded DPPC phase, as also found by
epifluorescent microscopy [23]. However, the binding of procaine molecules
to the surface of the DPPC condensed domains could also perturb the lipid
chains organization. In this regard, the maximum height in mixed monolayers
is about 3.6 nm as determined in Fig. 3. This height corresponds to the mixed
DPPC and procaine condensed domains, and is decreased as compared to
the height of the condensed domains existing in pure DPPC layers (Fig. 1A,
where maximum height of 4.3 nm was found). The phase contrast images,
given in Figs. 3 and 4, show also clearly the morphological character
corresponding to the given surface topography.

The tertiary amine procaine is an amphiphilic molecule which exists
in the charged form [13] at the working pH of about 5.6. The hydrophilic
amine moiety is responsible for water solubility and DPPC membrane surface
binding and the hydrophobic moiety appears to control the organization within
the DPPC membrane model. The interaction of procaine molecules with
zwitterionic DPPC molecules may lead to an ordering effect on the DPPC
monolayer interface and to a disordering effect on the hydrocarbon interior
of DPPC monolayers, in substantial agreement with AFM observations.

In order to explain the mode of action of procaine, positively charged
under the working conditions, on the zwitterionic phospholipids monolayers,
we assume that positively charged procaine molecules adsorb onto the lipid
membrane surface. This will allow the hydrophobic portion of procaine
molecule to be embedded into the hydrocarbon part of the expanded liquid
phase and at the domain boundaries of lipid monolayers.
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The positively charged amine group of procaine molecules can
interact electrostatically, at the monolayer/water interface, with the negatively
charged group of the zwitterionic DPPC molecules. The electrostatic interaction
will appear in both the condensed and the expanded liquid state of DPPC
monolayers increasing the stability of the lipid membrane.

The findings in this study suggest that procaine accumulates in the
lipid phase of cell membranes, and thus might change the physical properties
of the membrane lipid and consequently, procaine molecules influence the
protein conformation. The effect of procaine and other local anesthetics on
DPPC membrane structuration at various lateral surface pressures is under
further investigation in our laboratories.

CONCLUSIONS

Combined surface chemistry, Langmuir-Blodgett (LB) self-assembly
technique, and atomic force microscopy have been used to determine the
spreading, structure and topography of DPPC monolayers at the air/water
interface.

During compression at the air/water interface, DPPC monolayers
present a structural transition at a lateral surface pressure of about 8 mN/m,
from liquid expanded (LE) to liquid condensed (LC) structures, showing LC
domains with heterogeneous structures. Finally, near the DPPC monolayer
collapse a homogeneous structure results from the close packed DPPC
molecules, well oriented in a matrix at the air/water interface, which is a
consequence of the strong molecular interactions.

The LB self-assembled monolayers were transferred from Langmuir
films onto mica, at controlled surface pressures characteristic for the phase
transition in DPPC monolayers by using vertical transfer method. In the
presence of procaine (10° M) in aqueous phase, the stability of DPPC films
is highly increased as it is reflected by the increased collapse and phase
transition pressures of DPPC monolayers.

The DPPC monolayer structure is influenced by the presence of
procaine in aqueous phase and a more expanded monolayer structure is
observed for 10 M procaine. AFM images confirm, at the microscopic and
nanoscopic levels, alimost the same type of structural changes deduced from the
compression isotherms for DPPC monolayers as a function of surface pressure.

Structural characteristics and the surface topography of DPPC
monolayers are highly dependent on the lateral surface pressure for a
particular concentration of procaine in the aqueous phase. In addition, the
appearance of a new liquid condensed (LC) phase is strongly evidenced in
the mixed DPPC and procaine monolayers.

The results reveal some specific molecular interactions between
DPPC and procaine in substantial agreement with molecular interactions
and with molecular structure of these biocompounds.
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EXPERIMENTAL SECTION

Materials

Synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine: DPPC, and
procaine, 2-(diethylamine)ethyl-para-(amine) benzoate, hydrochloride (P- HCI),
were purchased from Sigma Chemical Co., and used without further purification.
For the study of the procaine effect, P- HCI was first dissolved in two-distilled
water, giving a chosen procaine concentration, e.g., 10° M procaine, in the
agueous solution.

Langmuir-Blodgett (LB) film

DPPC was dissolved in a mixture of chloroform: ethanol (9:1, v/v),
giving a 1 mM phospholipid in organic solution. The DPPC solution was
spread at the air/water interface with a microsyringe both in the absence and
the presence of procaine in aqueous solutions. After spreading, the system
was allowed to stand for 10 min, without causing the surface disturbance.
Then, the compression isotherms in terms of surface pressure versus mean
molecular area of DPPC were recorded. All measurements were performed
with KSV equipment. The speed of the compression was 10 mm min™ (i.e.,
8 A?%/(molecule x min). For AFM observations, a single layer (LB film) was
transferred on freshly cleaved mica surface, using a vertical dipping method
at different surface pressures maintained constant (e.g., 8 mN/m). The LB
film transfer took place at a rate of about 5 mm/min.

AFM observations

Atomic force microscopy (AFM) is a surface imaging technique with
a nanometer-scale resolution [32-35]. AFM studies were performed using
the AFM JEOL 4210. The cantilevers with a resonance frequency of 250 —
350 kHz were used. Triplicate samples were prepared for each monolayer
composition and at least four separate areas were imaged for each sample.
Through this study, AFM images were obtained at several constant surface
pressures in order to examine the effect of procaine on the phase behaviour
of DPPC monolayers spread at the air/water interface.
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