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Imaging mixed lipid monolayers by dynamic atomic force microscopy
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Abstract

Phase imaging with tapping mode atomic force microscopy (AFM) and force modulation microscopy were used to probe
the mechanical properties of phase-separated lipid monolayers made of a mixture (0.25:0.75) of the surface-active lipopeptide
surfactin and of dipalmitoylphosphatidylcholine (DPPC). The 7—A4 isotherms and the result of a molecular modeling study
revealed a loose, 2-D liquid-like organization for the surfactin molecules and a closely packed, 2-D solid-like organization for
DPPC molecules. This difference in molecular organization was responsible for a significant contrast in height, tapping mode
phase and force modulation amplitude images. Phase imaging at light tapping, i.e., with a ratio of the set-point tapping
amplitude with respect to the free amplitude 4,,/49=0.9, showed larger phase shifts on the solid-like DPPC domains
attributed to larger Young’s modulus. However, contrast inversion was observed for Ay,/4g<0.7, suggesting that at
moderate and hard tapping the image contrast was dominated by the probe-sample contact area. Surprisingly, force
modulation amplitude images showed larger stiffness for the liquid-like surfactin domains, suggesting that the contrast was
dominated by contact area effects rather than by Young’s modulus. These data emphasize the complex nature of the contrast
mechanisms of dynamic AFM images recorded on mixed lipid monolayers. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction physics to characterize supported lipid films (for a
review, see [1]). It can be used to characterize the

Atomic force microscopy (AFM) has become a molecular structure of lipid films [2], the formation
well-established technique in biochemistry and bio- of structural defects [3], the effect of external agents

on film structure [4] and the organization of phase-

separated films [5-8]. Besides the widely used static
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properties. In tapping mode atomic force microscopy
(TMAFM), the probe is excited externally and the
amplitude and phase of the cantilever are monitored
near the resonance frequency of the cantilever. Phase
imaging with TMAFM, which is based on detecting
the phase lag of the cantilever oscillation relative to
the signal sent to the piezo driver of the cantilever,
has proved useful to elucidate variations in material
properties such as adhesion, friction and viscoelastic-
ity [9-13]. Czajkowsky et al. [6] used TMAFM in the
phase shift mode to directly visualize phase-separated
lipid bilayers with different surface charge character-
istics. Force modulation microscopy (FMM) is an-
other dynamic mode which measures the amplitude
and phase shift of the cantilever while the sample or
the probe is vibrated, thereby allowing to probe spa-
tial variations of viscoelasticity [14—18]. While phase
imaging and FMM have been widely used to char-
acterize polymeric materials [10-13,16,18], applica-
tions dealing with lipid films are scarce [6]. Such
measurements are of great potential interest in bio-
physics, e.g. for gaining insight into the nanome-
chanics of biomembranes.

Surfactin (Fig. 1) is a lipopeptide produced by
various Bacillus subtilis strains which exhibits strong
surface activity and important biological properties
[19]. The interactions of surfactin with biological
membranes are known to determine its biological
activity and involve insertion into the lipid bilayers,
permeability changes and membrane disruption
[20,21]. Hence, there is a substantial interest in
understanding the molecular organization and nano-
mechanical properties of mixed surfactin/lipid films.
In a previous study [22], static contact mode AFM
was used in combination with X-ray photoelectron
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Fig. 1. Primary structure of surfactin showing the numbering of
the carbon atoms of the B-hydroxy fatty acid side chain and
the torsional angles (o).

spectroscopy (XPS) to investigate mixed monolayers
of surfactin and of dipalmitoylphosphatidylcholine
(DPPC). Height images of mixed monolayers showed
phase separation, the step height measured between
the lower surfactin domains and the higher DPPC
domains being 1.2+0.1 nm. Here, we use phase
imaging and FMM to probe the film nanomechanical
properties and gain insight into the contrast mecha-
nisms of dynamic AFM images. Interpretation of the
images is supported by a molecular modeling study
of mixed monolayers at a hydrophobic/hydrophilic
interface.

2. Materials and methods

Surfactin with a PB-hydroxy fatty acid chain of
15 carbon atoms (MW: 1036) was used in this study.
It was produced and purified as described previously
[23]. Primary structure and purity of the surfactin-
Cis (>95%) were ascertained by analytical RP-
HPLC (Chromspher 5 um CI8 column, 1X25 cm,
Chrompack, Middelburg, The Netherlands), amino
acid analysis, and electrospray mass spectrometry
(Finnigan MAT 900 ST) measurements.

LB monolayers were prepared at 20°C with an
automated LB system (LFW2 3”5, Lauda, K&nigsho-
fen, Germany). Surfactin and DPPC purchased from
Sigma (St. Louis, MO, USA) were dissolved at | mM
in chloroform/methanol (2:1). Pure solutions and
(0.25:0.75) molar mixtures of surfactin and DPPC
were spread on a milliQ water (Millipore, Milford,
MA, USA) subphase adjusted at pH 2.0. After evap-
oration of the solvent, monolayers were compressed
at a rate of 150 cm?/min. They were deposited at a
constant surface pressure of 20 mN/m, i.e., well be-
low the collapse pressure, by raising vertically freshly
cleaved mica through the air-water interface at a rate
of 10 mm/min. The transfer ratios were all close to
1:1. This procedure yielded supported monolayers in
which the polar head groups are in contact with the
mica surface and the alkyl chains exposed to the air.
For determining the compression isotherm curves,
films were compressed at a rate of 61.8 cm?/min.
The difference between molecular areas of two inde-
pendent sets of measurements was less than 2.5%.

Theoretical analysis of the organization of a sur-
factin molecule embedded in a DPPC matrix was
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performed using a semi-empirical method [24]. In a
first step, the conformation and the orientation of a
surfactin molecule were analyzed at a hydrophobic/
hydrophilic interface. The atomic coordinates of the
surfactin ring structure provided by Bonmatin et al.
[25] were used as a starting point. Twelve carbon
atoms were added to the methyl moiety outside of
the ring using the Hyperchem 5.0 software (Auto-
desk, Sausalito, USA) to complete the P-hydroxy
fatty acid chain. The total conformational energy
that represents the sum of the van der Waals inter-
actions, the torsional potential and the electrostatic
interactions was calculated for a large number of
surfactin conformations in a systematic analysis
bearing on all torsional angles (&) (Fig. 1). Those
angles were affected by systematic 60° changes using
two successive analyses. The first one was performed
on angles oq to o generating 46656 (6°) conforma-
tions. The second analysis was performed on angles
from s to o generating 7776 (6°) conformations. In
total, 54432 conformations were generated. Confor-
mations with probabilities of existence < 5% were
discarded. Selected conformations were then submit-
ted to a simplex minimization procedure [26]. This
calculation was carried out in a medium of inter-
mediate dielectric constant of a hydrophobic/hydro-
philic interface. The most probable conformation
based on a Boltzmann statistical weight was selected
and its orientation at the hydrophobic/hydrophilic
interface was defined by calculations of the hydro-
phobic and hydrophilic centers as described else-
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Fig. 2. Surface pressure—area (7—A) isotherms, at the air-water
interface, of pure surfactin and DPPC monolayers and of mixed
(0.25:0.75) surfactin/DPPC monolayers recorded at 20°C with a
water subphase at pH 2.0.
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Fig. 3. Molecular model of a surfactin molecule embedded in a
DPPC matrix at a hydrophobic/hydrophilic interface (horizontal
line). The hydrophilic medium is located under the interface.
The two acidic chains of the Asp and Glu residues and the
B-hydroxy fatty acid chain of the surfactin are showed in the
figure.

where [24]. In the second step, the conformation of
a surfactin molecule embedded in a DPPC matrix
was established using the hypermatrix procedure
from Tammo (Theoretical Analysis of Molecular
Membrane Organization) software as detailed else-
where [27]. The position of the central surfactin mol-
ecule was fixed and two layers of DPPC molecules
were added one by one around it in order to main-
tain a minimal energy. Molecule visualization was
performed using WinMGM software [28] from Ab
Initio Technology (Obernai, France).

AFM measurements were performed in air at
room temperature (20°C) using a commercial optical
lever microscope (Nanoscope III, Digital Instru-
ments, Santa Barbara, CA, USA). Scan rates were
typically in the range of 1-2 Hz. FMM imaging was
performed using oxide-sharpened microfabricated
Si3sN4 cantilevers (Park Scientific Instruments,
Mountain View, CA, USA) with typical radius of
curvature of 20 nm and spring constants ranging
from 0.01 N/m to 0.5 N/m. The imaging force was
kept as low as possible (=1 nN). The cantilever was
vibrated using a piezoelectric actuator driven at its
resonant frequency, i.e. approx. 7.2 kHz. Integral
and proportional gains of the feedback loop were
typically equal to 7 and 8, respectively. The driving
amplitude was varied from 50 mV to 400 mV.
TMAFM was performed using silicon cantilevers
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(Nanosensors, Aidlingen, Germany) with a reso-
nance frequency of 280-300 kHz and a spring con-
stant of 21-78 N/m. Integral and proportional gains
of the feedback loop were typically equal to 0.2 and
2, respectively. The cantilever was vibrated slightly
below its resonant frequency. Driving amplitudes of
100 mV and 200 mV were tested and the ratio of the
amplitude of the set-point oscillation to the free os-
cillation was varied from 0.9 to 0.1.

3. Results and discussion
The surface pressure-area (m—A) isotherms, at the

air-water interface, of pure surfactin and DPPC
monolayers, and of mixed surfactin/DPPC mono-

é /

layers at 0.25 surfactin molar ratio are presented in
Fig. 2. At 20 mN/m, DPPC and surfactin occupy 46
and 142 A2/molecule, respectively. The shape of the
isotherms indicates that, at 20 mN/m, the DPPC
monolayer is characterized by a 2-D solid-like orga-
nization, while surfactin has a 2-D liquid-like orga-
nization. The area of DPPC at 20 mN/m reflects a
vertical, or slightly tilted, orientation of the lipid
molecules [29]. In contrast, the large area of surfactin
would correspond to an orientation in which the
peptide ring is lying horizontally [30]. At higher sur-
face pressure, the surfactin isotherm shows a hori-
zontal plateau. Then, a sharp increase of surface
pressure is observed at very low areas per molecule,
reflecting a condensed state in which the peptide
rings are probably perpendicular to the interface [31].

Fig. 4. Tapping mode height (A,C) and phase (B,D) images (2 um X2 um) of a mixed surfactin/DPPC monolayer in air recorded at
rsp =0.9 (A,B) and rgp, =0.3 (C,D). z-range: 10 nm (A,C), 5° (B) and 25° (D).
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Fig. 5. Tapping mode height (A) and phase (B) images (2 um X2 pum) of a mixed surfactin/DPPC monolayer recorded while decreas-

ing the ry, ratio. z-range: 10 nm (A) and 20° (B).

To gain further insight into the monolayer organi-
zation, a theoretical analysis at a hydrophobic/hy-
drophilic interface was performed. Fig. 3 presents
the most probable computational model of a surfac-
tin molecule embedded in a DPPC matrix. In this
model, the peptide ring of the surfactin is positioned
in the plane of the interface with the two acidic
chains close to each other and protruding in the hy-
drophilic medium and the B-hydroxy fatty acid chain
folded on top of the ring. By contrast, the DPPC
molecules are closely packed with their alkyl chains
almost vertically oriented. This gives rise to a height
difference between the two molecules of 1.33 nm.

Dynamic AFM imaging was performed on mixed
surfactin/DPPC monolayers supported on mica with
the aim to better understand the film mechanical
properties. Tapping mode was conducted while vary-
ing the set-point amplitude ratio rp, i.e. the ratio of
the amplitude of the set-point oscillation to the free
oscillation. Fig. 4 shows height and phase images
recorded at two ry, ratios, i.e. 0.9 and 0.3 (driving
amplitude of 200 mV, corresponding to an actual
oscillation amplitude of approx. 75 nm). The height
images are not significantly affected by changes in
the ry, ratio. They reveal phase separation for the
mixed surfactin/DPPC monolayer, the height differ-
ence between the two domains being 1.2+0.1 nm,
which is in accordance with the step height deduced
from the theoretical analysis and with the height dif-
ference measured in contact mode AFM images [22].
Previous characterization of mixed monolayers pre-

pared at different surfactin molar ratios by contact
mode AFM and XPS [22] revealed that: (i) the lower
and higher levels in the AFM topographic images
can be unambiguously assigned to surfactin and
DPPC, respectively; (ii) surfactin and DPPC are
completely immiscible in the conditions investigated;
(iii) the measured step height results from a differ-
ence in molecular orientation.

Strikingly, the phase images show a contrast inver-
sion on decreasing the rg, ratio: the 2-D solid-like
DPPC domains show larger phase shifts than the 2-
D liquid-like surfactin domains at re, =0.9 (approx.
0.5° higher phase shift), while the opposite is ob-
served at rg, =0.3 (approx. 6.5° smaller phase shift).
Fig. 5 shows height and phase images recorded while
progressively decreasing the ry, ratio. Contrast inver-
sion occurs at ry, =0.7 and below that value, the
contrast increases with decreasing rgp. Similar trends
were observed at a driving amplitude of 100 mV,
except that the contrast was less pronounced, while
amplitudes smaller than 100 mV failed to give satis-
factory, reproducible results. This suggests that at
small amplitudes, the response is strongly influenced
by the surface contamination layer [10] and empha-
sizes the need to operate at sufficiently high ampli-
tudes in order to be sensitive to sample—probe inter-
actions.

The question of the physical origin of the phase
shift is a complex issue. However, assuming that
phase shift images reported here essentially measure
the energy dissipation associated with the intermit-



60 M. Deleu et al. | Biochimica et Biophysica Acta 1513 (2001) 55-62

tent contact between probe and sample [13], an ex-
planation may be proposed to account for the con-
trast inversion. Previous work on polymeric materi-
als [10] has shown that the phase image contrast
depends on the rg, ratio and on the free oscillation
amplitude A, the effective probe-sample force in-
creasing with decreasing ry, and increasing A4o. Our
observation of a larger contrast upon decreasing ry,
and increasing A4y is thus consistent with these data.
To account for the contrast inversion, it is necessary
to recall that the surface stiffness S increases with the
effective modulus of the probe-sample contact E*
and with the contact area A4 according to:

(S)yoc(A)/? E* (1)

Since in tapping mode, the probe-sample contact
area varies with time during each contact, it is ap-
propriate to use time-averaged values of the contact
area and surface stiffness over one cycle of oscilla-
tion, i.e. {(4) and (S) [10]. Eq. 1 indicates that the
stiffness (S) is proportional to E*, which is dominat-
ed by the modulus of the sample when the probe is
harder than the sample. However, the stiffness is also
proportional to (4)!/> and a softer material leads to
a larger contact area. Hence, the stiffness may be
larger on a region of smaller Young’s modulus if it
is dominated by the contact area. This behavior has
been observed experimentally [10]: at light and mod-
erate tapping, the phase contrast of polymeric sam-
ples was shown to result from differences in adhesion
and sample stiffness, respectively, while at hard tap-
ping, the contrast was inverted and dominated by
contact area. This leads us to suggest that the con-

trast inversion observed at moderate (As,/A49=0.5)
and hard (4s,/49=0.2) tapping on the mixed mono-
layers results from probe-sample contact area effects.
The above discussion is purely qualitative since the
relationship between the changes in the A4,,/A4y ratios
and the film indentation depth is not known. To gain
quantitative information, it would be most interest-
ing in future studies to perform approach curves
which give the variations of the amplitude and phase
as a function of the indentation depth. Another im-
portant issue would be to assess the possible influ-
ence of the Ay,/Ay ratio on the lateral resolution of
height images. One may anticipate that contact area
effects at low A,p/A4o ratios will decrease the resolu-
tion.

Force modulation microscopy probes the relative
stiffness by recording variations in the amplitude of
the probe deflection across the surface, stiffer areas
resulting in a higher deflection amplitude. It is im-
portant to realize that the microscope software is
configured so that a region of higher amplitude in
the amplitude image appears darker. Fig. 6 shows
height and amplitude images recorded for a mixed
surfactin/DPPC monolayer (driving amplitude of
100 mV). The image contrast increases with driving
amplitude as illustrated in Fig. 7. Strikingly, the am-
plitude image indicates a larger stiffness (approx.
0.06 nm higher amplitude) for 2-D liquid-like surfac-
tin domains than for 2-D solid-like DPPC. The con-
trast mechanism may tentatively be understood with-
in the same framework as the one developed for
phase imaging (Eq. 1). The unexpected contrast
would thus be due to the influence of probe-sample

(A) and 0.5 nm (B).
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Fig. 7. Height (A) and amplitude (B) images (2 pum X2 pum) of a mixed surfactin/DPPC monolayer recorded while increasing the driv-

ing amplitude Aq4. z-range: 20 nm (A) and 0.5 nm (B).

contact area. These results, similar to those reported
for patterned alkanethiol monolayers on gold [15],
suggest that for lipid monolayers FMM may probe
variations of contact area rather than of Young’s
modulus.

To conclude, the results emphasize the complex
nature of the contrast mechanisms of dynamic
AFM images recorded on lipid monolayers. Molec-
ular modeling reveals a loose organization for the
surfactin molecule and a closely packed organization
for DPPC, in agreement with the A isotherms.
This difference in molecular organization gives rise
to significant contrast in both tapping mode phase
and force modulation amplitude images. The image
contrast is highly dependent on the ry, ratio and
driving amplitude, respectively.
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