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ABSTRACT:Lipid monolayers prepared by the Langmuir technique are commonly used as model biomembranes.
They have been extensively studied for years with a wide range of techniques, and during the last decade atomic
force microscopy (AFM) [l] has emerged as a powerful tool for imaging the structure of the supported lipid films.
AFM offers the view at nanometric scale of the transferred monolayers which provides information on the
topographical organization of the films [2-41. In the present work we have studied the morphology of three lipid
monolayers: zwitterionic DPPC, anionic DPPC:PI (9: 1, mo1:mol) and cationic DPPC:SA. (9:1, mol:mol).The structure
of these three mixed monolayers transferred on mica is determined by M M , and compared with the phase properties
of the films at the air-water interface.

1. EXPERIMENTAL SECTION
1.1 Chemicals
The phospholipids used in the study were 1,2-dipalmitoylphosphatidylcholine (DPPC),
phosphatidylinositol fiom soy bean (PI) , and the fatty acid stearylamine (SA) fiom Sigma Chemical Co.
The purity was checked by thin-layer chromatography. Chloroform (HPLC grade fiom Fisher Scientific
Co.) was used as the spreading solvent for all lipids. Water was double destilled and deionized (Mili-Q
system, Millipore Corp.). Lipids were spread on water subphase at 25 "C.

1.2 Methods
1.2.1 Compression Isotherms
The compression isotherms were performed on a Langmuir film balance KSV5000 equipped with a
Wilhelmy platinum plate. The PTFE (surface area 17000 mm2, volume 1000 cm3) and the plate were
thoroughly cleaned before each run with hot water and C13CH:CH30H (2:l v/v), to avoid carry over of
lipid. Lipid mixtures for spreading were prepared by premixing appropriate amounts of the components
fiom stock solutions, so that the fmal concentration was 1.36 mM. Monolayers were formed by adding
small drops of the solutions on the water subphase, with a microsyringe ( Hamilton Co., Reno, NV). After
10 minutes, the monolayers were compressed (symmetrical compression) with an area reduction rate of
60 mm2/min, up to their collapse pressure. The temperature of the subphase was 25+1 'C. Each run was
repeated three times, and reproducibility was f 0.05 nrn2/molecule.
1.2.2 Langmuir - Blodgett Film. Atomic Force Microscopy
In order to investigate the morphology of the LB films with different composition, films at 15 rnN/m
surface pressure were transferred onto mica (Hydrophilic substrate). The preparation of the Langmuir Blodgett film was performed using a KSV5000 balance. The subphase was high purity water (MiliQ,
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electrical resistivity> 18 MQcm, at pH 6.8) with a temperature 25f l°C. Phospholipid solution was
spread, drop by drop. The compression barrier speed was 5mN.m-'.min-' and dipping speed was
0.1mm.min-' for all experiments. The transfer ratios were T.R. z 1 for all experiments.
The technique consists on scanning the sample surface with a sharp probing tip, fmed at the end of a
cantilever, and, using an optical method, to measure the deflection of the cantilever due to the forces
between it and the sample surface during the scan. The displacement in three dimensions is provided by a
high sensitive piezoelectric scanner. We used the tapping mode (TM-AFM), where the tip is forced to
oscillate in the z direction above the sample and touches its surface periodically. The Atomic Force
Microscope (AFM) used was a Nanoscope I11 Extended Multimode fiom Digital Instruments and the tips
(Point Probes, Nanosensors, Wetzlar-Blankenfeld, Germany) were in silicon monocristaline with a spring
constant of 38-74 N/m .and a resonance frequency between 270-377 kHz. Mica substrate used was
ASTM-V2 Green mica (Asheville-Schoonmaker Mica CO, Virginia, USA). Images at high resolution
were taken on the low edge of the sample.

2. RESULTS
2.1 Compressibility studies

The comprenssion isotherms of different lipid mixtures of two components selected ~ o m
a previous
experiments, DPPC, DPPC-PI (9: l), DPPC-SA (9:l), were obtained, and the plots of surface pressure (n)
vs mean molecular area at 25°C are shown in figure 1A. The three monolayers have a different behaviour,
but they show the presence of liquid expanded and liquid condensed phases as the film is compressed
except for the anionic monolayer. This one is in a more expanded state. The cationic monolayer presents
the lowest area per molecule trough most of the surface pressure range. The compressibility modulus as a
function of the molecular area of the mixed films are represented in the figure 1B. The compressibility
modulus is defined as

Its value can be used to characterise the phase behaviour of a monolayer, according to Davies and Rideal
[5], where for liquid expanded state (LE) values range between 12.5 and 50 &/m, and for liquid
condensed (LC) phase compressibility modulus is 100< C,' > 250.
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Figure 1. Isotherms of surface pressure versus mean molecular area for monolayers of DPPC (A) DPPCJPI (e) and DPPCISA
on Subphase of water at 25 'C. Compressibility modulus versus mean molecular area for the same monolayers.
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The cationic monolayer is in a liquid-condensed phase at molecular areas below 0.49 nm2/molecule,
above this value and up to 0.55 nm2/molecule is in a liquid intermediate phase, and for bigger areas the
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monolayer adopts liquid-expanded state. In the case of the DPPC monolayer, C,' , indicates the presence
of a liquid-condensed phase at areas below 0.58 nm2/molecule, a liquid-intermediate phase between 0.58
and 0.63 nm2/molecule, and liquid-expanded phase at molecular areas above 0.63 nm2/molecule. Finally,
the anionic monolayer, C;' values show a liquid-expanded phase above 0.7 nm2/molecule and a liquidintermediate state at smaller areas, without passing through a liquid-condensed phase before the collapse.
These values are interesting for description of the monolayer behaviour, to check the miscibility of the
components in the monolayer at air-water interface and to help on the comprehension of the topographic
images taken by AFM tapping mode.

2.2 AFM results
The three monolayers, DPPC-PI (9:1), DPPC, DPPC-SA (9:1), at deposition pressure of 15 mN/m and
2S°C, occupy 0.795, 0.664 and 0.554 nm2/moleculerespectively. Their C<' are between 50 mN/m and
100 m N / a indicating that the three monolayers are in a liquid intermediate (LI) state and the molecules
are not in a hlly extended length.
Figure 2A is a zoom area of a typical AFM image of a fiesh DPPC film (measured within 2 h. after
deposition) transferred in the beginning of LC phase. Three features are seen here:l-The LC domains,
namely macrodomains; there are three typical shapes globular, lobular and ovoid for the big, intermediate
and the small LC domain respectively. Outside LC domains, numerous microdomains like grains and
clusters of grains are observed.2- the macrodomain boundaries are not smooth but exhibit irregular
structures.3- Holes l i e defects are observed within the macrodomains, particularly for the globular at the
edge region. The height of the macrodomain is 0.984+0.05 nm, the width of the intermediate and small
macrodomains are 314.4k27.3 nm and 168.7f59.3 nm, respectively, while the diameter for holes is
48.83k5.86nm. In the DPPC AFM image, LE and LC phase coexist. This observation is in agreement
with other reported previously, where LE and LC phase were observed at least to the onset of collapse [6].
The LC domains are not present at airlwater interface, but they are probably induced in the transferred
film by the thinning of the water layer between the lipid and the mica surface [7-81.

Figure 2. AFM tapping mode images of (A) DPPC and (B) DPPCISA (9:1) monolayers deposited at 15 mNIm on mica by
Langmuir-Blodgett deposition. Length scales for DPPC and DPPCISA (9:l) are as follows: (A) lpmxlpm; (B) 1.5
pmxl.5pm.

DPPC-SA (9: 1) monolayer observed by AFM (figure 2B) shows a homogenous and practicaly complete
matrix with some irregular discontinuites and different circular holes within the film. The height of this
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matrix is 0.671B.03 nm and the diameter of the big holes is156.2f37.1 nm, and for small ones is
75.8k15.2 nm. Almost all lipids are presented in a continues LC domain, as stearylamine is a saturated
large fatty acid that at the pH of the experiments is positively charged, probably is more attached to the
mica surface and better compacted with the DPPC molecules due to the cohesive Van der Waals forces
that hink the chains up.
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Figure 3. AFM tapping mode images of DPPCPI (9: 1) monolayen deposited at 15 mN/m on mica by Langmuir-Blodgen
deposition. Length scales DPPCPI (9: 1) is 10pmx lOpm.
DPPC-PI monomolecular film seemed soft under AFM tip and it is always difficult to get a stable image

[9], due to its negative charge. That is the reason we take images of this monolayer 100 times diluted. An
inhomogeneous monolayer is observed with long longitudinal islands where the amplitude is 286k45.6
nm and the periodicity is 116.02k9.76 nm. The height of these long macrodomains is 1.093k0.11 nm and
inside of them there are a few elongated holes. In the anionic monolayer, the ripples or elongated
macrodomains present on the mica substrate are formed by phosphatydilinositol, and are due in part to the
hydrogen bonds between the polar head and the water. In addition, lower cohesion stability is expected in
mixed DPPC-PI monolayers, due to reduced Van der Waals interaction between the saturated (DPPC) and
unsaturated (PI) acyl chains[lO]. These unsaturations present in the lipid matrix give an expansion of the
LC macrodomain.
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