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ABSTRACT This work presents a methodology to measure and quantitatively interpret force curves on supported lipid
bilayers in water. We then use this method to correlate topographic imaging contrast in atomic force microscopy (AFM)
images of phase-separated Langmuir-Blodgett bilayers with imaging load. Force curves collected on pure monolayers of both
distearoylphosphatidylethanolamine (DSPE) and monogalactosylethanolamine (MGDG) and dioleoylethanolamine (DOPE)
deposited at similar surface pressures onto a monolayer of DSPE show an abrupt breakthrough event at a repeatable,
material-dependent force. The breakthrough force for DSPE and MGDG is sizable, whereas the breakthrough force for DOPE
is too small to measure accurately. Contact-mode AFM images on 1:1 mixed monolayers of DSPE/DOPE and MGDG/DOPE
have a high topographic contrast at loads between the breakthrough force of each phase, and a low topographic contrast at
loads above the breakthrough force of both phases. Frictional contrast is inverted and magnified at loads above the
breakthrough force of both phases. These results emphasize the important role that surface forces and mechanics can play
in imaging multicomponent biomembranes with AFM.

INTRODUCTION

In addition to its barrier function, the cell membrane plays
an active role in cellular processes, including the controlled
transport of ions and proteins into and out of the cell (Voet
and Voet, 1990), transduction of extra- and intracellular
signals (Berridge and Irvine, 1984), and mediation of cell-
cell and cell-matrix adhesion (Hammer and Tirrell, 1996).
The development of a molecular-level understanding of
membrane/water interfacial chemistry has been complicated
by the difficulty of applying surface spectroscopy tech-
niques to fragile tissue samples in biologically relevant
media. This understanding could lead to the rational design
of effective drug delivery vehicles and improve the biocom-
patibility of synthetic surfaces. These complications can be
circumvented in part by depositing lipid membranes onto
solid supports for analysis using ellipsometry, infrared spec-
troscopy, reflectivity, and evanescent-wave excitation of
membrane-associated fluorophors (McConnell et al., 1986;
Sackmann, 1996). Amphiphilic constituents of cell mem-
branes (Zasadzinski et al., 1991; Hui et al., 1995; Dufreˆne et
al., 1997; Vie et al., 1998), pulmonary tissue (Lipp et al.,
1997; Discher et al., 1996; Nahmen et al., 1997), and the
stratum corneum (Grotenhuis et al., 1996) have been depos-
ited onto solid supports to assess their morphology and
function under physiological conditions. Supported mem-

branes have also been explored for use as biosensors that
rely on binding cells or ligands to cell-surface receptors
(McConnell et al., 1986; Yu et al., 1997), often in conjunc-
tion with the electrical-insulating properties of the bilayer
(Stelzle et al., 1993; Cornell et al., 1997; Plant, 1999).

The high spatial resolution of the atomic force micro-
scope (AFM) has made it an important tool for imaging
supported lipid and fatty acid layers at the submicron scale.
The molecular-level order of fatty acid monolayers (Black-
man et al., 1990; Hansma et al., 1991; Schwartz et al., 1992;
Chi et al., 1993; Schaper et al., 1993) and lipid bilayers
(Weisenhorn et al., 1991; Zasadzinski et al., 1991; Hui et
al., 1995) has been precisely measured to assess defect
formation and stability under different conditions. AFM has
also been used to image the mesoscale structure of phase-
separated planar fatty acid (Overney et al., 1992; Koleske et
al., 1997; Chi, 1999) and lipid films (Solletti et al., 1996;
Grotenhuis et al., 1996; Nahmen et al., 1997; Vie et al.,
1998; Meine et al., 1998; Leporatti et al., 1998) as a means
of visualization to complement Brewster angle microscopy
and fluorescence microscopy. The shapes of adsorbed
hemimicelles and more complicated microstructures have
been measured by non-contact imaging based on electro-
static repulsion between probe and sample (Manne et al.,
1994; Manne and Gaub, 1995). Because typical contact-
mode AFM images are obtained at a constant probe-sample
interaction force set point, the features observed are a direct
result of the strength of local probe-sample interactions.
Interpretation of the AFM images collected on supported
lipid bilayers in water requires an understanding of the
contribution of probe-sample surface forces and mechanical
deformation at various imaging set points.

Changes in the probe-sample interaction force as the
probe approaches the sample provide substantial informa-
tion about the forces felt between the probe and the sup-
ported bilayers. This information is found by collecting and
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analyzing AFM force curves. In principle, the strength of
electrostatic (Butt, 1991a,b) and hydration (Ho et al., 1998)
forces between probe and sample, as well as the mechanical
deformation of probe and sample (Domke and Radmacher,
1998) can be identified by fitting features of the force curve
to theoretical models that predict force as a function of
probe-sample separation distance. However, because the
AFM does not make an absolute measurement of probe-
sample separation distance, the position of the probe with
respect to a fixed reference must be specified at some point
in the force curve. We address this issue (Dufreˆne et al.,
1997, 1998) by measuring the differences in height, force,
and adhesion across domains of phase-separated lipid bilay-
ers, with one domain serving as a reference.

Here, we present a methodology to collect and analyze
AFM force curves that establishes a reliable distance refer-
ence for force curves measured on supported lipid bilayers
in water. The validity of the method is demonstrated by
comparing differences in topography measured in contact-
mode AFM images of phase-separated lipid bilayers in
water to distance scales of force curves measured on their
pure components. Bilayers are prepared on mica by Lang-
muir-Blodgett (LB) deposition of a desired monolayer onto
a monolayer of the phospholipid distearoylphosphatidyleth-
anolamine (DSPE). Pure monolayers of DSPE, dio-
leoylphosphatidylethanolamine (DOPE), and monogalacto-
syldiglyceride (MGDG) were each deposited onto DSPE
monolayers on mica for force curve measurements. The
force curves show an abrupt breakthrough of the bilayer at
a repeatable, material-dependent force. The breakthrough
forces for DSPE on DSPE and MGDG on DSPE are sizable,
whereas those for DOPE on DSPE are too small to measure.
Topography images of phase-separated, mixed bilayers of
DSPE/DOPE on DSPE show a high topographical contrast
at imaging set points below the breakthrough force for
DSPE, and low contrast above the DSPE breakthrough
force. At this high load, the domain boundaries are still
clearly evident in friction, verifying their presence in the
sample. Similar results are observed for images of MGDG/
DOPE on DSPE. We show that the molecular mechanism
responsible for the contrast observed in these systems at low
loads is a selective puncturing of the DOPE domains by the
AFM probe.

These effects are probably also seen when other lipid
layers are probed, and a few examples exist in the literature
(Blackman et al., 1990; Radler et al., 1994; Ducker and
Clarke, 1994). This study cautions that AFM height imaging
alone cannot rule out phase separation in multicomponent
lipid bilayers, because the imaging contrast can be a strong
function of imaging load. When collected and analyzed
using our methods, AFM force curves provide a guide for
choosing the set point appropriate for imaging multicom-
ponent lipid bilayers in water. They also provide a powerful,
quantitative probe of membrane/water interfacial chemistry.

EXPERIMENTAL METHODS

The lipids used in this study, DSPE, MGDG, and DOPE, were purchased
from Matreya, Inc. (Pleasant Gap, PA) and Sigma (St. Louis, MO). Their
purity was confirmed by electrospray mass spectroscopy. All lipids were
dissolved at 0.5 mg/ml in a 4:1 mixture of high performance liquid
chromatography grade chloroform and methanol. Triply distilled water was
used for all measurements and cleaning procdures. LB films were depos-
ited onto freshly cleaved mica by using a thermostated (25°C), computer-
controlled LB trough (KSV 5000, KSV Instruments, Helsinki, Finland)
which monitors surface pressure (P) using a Wilhelmy plate. A DSPE
monolayer was first deposited on the mica substrate on the upstroke by the
following procedure. Coupons of mica (1 cm2) were submerged in the
water subphase and a DSPE solution was added dropwise to the water
surface. After 5 min, the film was compressed to 25 mN/m at 1 mN/min
and deposited on the upstroke (5 mm/min). The monolayer of interest
(DSPE, MGDG, DOPE, or a mixture thereof) was subsequently deposited
onto the DSPE monolayer atP 5 25 mN/m and 5 mm/min on the
downstroke. The bilayer-covered mica coupons were transferred under
water to the AFM.

The AFM cantilevers used in this study had a nominal spring constant
of 0.5 N/m and the probe was coated with a hydrophilic monolayer
(Dufrêne et al., 1998). Chips of oxide-sharpened siliconoxynitride probes
(Thermomicroscopes, Sunnyvale, CA) were coated in a high-vacuum,
electron beam thermal evaporator (CVC Products, Inc., Rochester, NY)
with a 4-nm chromium adhesion layer and 60-nm gold layer. The chips
were rotated during deposition to apply metal to both sides of the cantilever
and minimize the effect of stress in the deposited films. The probes were
functionalized with a hydrophilic self-assembled monolayer by immersion
in a 10-mM ethanolic solution of mercaptohexadecanol for several hours.
Before use each chip was rinsed in pure ethanol and water and mounted in
a cleaned fluid cell. Gold-coated silicon wafers co-incubated with the AFM
probes have very low contact angles with water (,5o), which is consistent
with the formation of well-ordered monolayers (Bain et al., 1989).

AFM measurements were carried out at 256 5°C using a commercial
instrument (Nanoscope IIIa, Digital Instruments, Inc., Santa Barbara, CA)
with an optical lever detector. A silicon O-ring was rinsed in ethanol, dried,
and placed onto the mica substrate in the transfer beaker. Using clean
stainless steel tweezers, the mica and O-ring were lifted from the beakers
and placed onto the AFM scanner. The AFM cantilever chip was mounted
onto a liquid cell and carefully lowered onto the O-ring, sealing it between
the cell and substrate. After waiting 1 hour for thermal and mechanical
equilibration, AFM images were acquired in constant deflection mode to
verify the composition and cleanliness of the surfaces. No changes in the
images or force data were observed up to 14 h after deposition, ruling out
bilayer depletion effects over the time course of this experiment.

Force curves were acquired in a 163 16 array, each with 1024 data
points, over a 1-mm2 region that was not previously contacted. A triggering
mechanism initiated retraction after 150 nm of cantilever deflection or
about 75 nN of load. The radius of curvatureRof the probes was measured
by imaging a nanofaceted SrTiO3 crystal (Shieko et al., 1993). Spring
constantsk were determined by calibration against a second, micro-
machined cantilever of precisely controlled stiffness (Tortonese and Kirk,
1997). The spring constants for cantilevers with similar dimensions did not
vary more than 10% from the mean value for each cantilever.

The detector and piezo signals (Fig. 1A) were converted to force-
displacement curves using the algorithm outlined below. The piezo re-
sponse (z) was independently measured as a function of applied voltage at
several slew rates using a capacitance displacement sensor (Capacitec,
Boston, MA). Using this calibration, piezo hysteresis (and, to a limited
extent, creep) were fitted using a second-order polynomial expression. The
detector sensitivityS, in V/nm, was determined by equating it to the slope
of the force curve in the high load region between 2.0 and 4.0 V. The
accuracy of this calibration depends on the assumption that there is min-
imal deformation of the probe and surface in the high load region. In some
cases, erratic data were observed in the high load region because of
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cantilever buckling (Hoh and Engel, 1993) and were disregarded. The
probe-sample forceF was calculated from the displacement of the canti-
lever d, assuming first-order Hookean behavior.

The AFM does not measure absolute probe-sample separation distance
D. Rather, it measures relative changes in the probe-sample separationx9,
the distance between the base of the AFM probe and the base of the
substrate (Fig. 2). Using the point of highest loading as a reference, the
following relationship must be obeyed:

x9 2 x90 5 ~d 2 d0! 2 ~z2 z0!, (1)

where the subscript0 refers to the value obtained at the point of highest
loading. The probe-sample displacementx is the difference between the
probe-sample separation at a specific loadx9 and at the point of highest
loadingx90:

x 5 ~d 2 d0! 2 ~z2 z0!, (2)

Fig. 1 B shows a force-displacement curve produced by these transforma-
tions when using raw data (Fig. 1A) collected while probing DSPE
monolayers on DSPE in water. Note that changes inD and deformation
effects are embodied inx.

RESULTS

We present an approach to analyzing AFM force curves on
lipid bilayers in aqueous systems that produces force curves
whose distance scales correlate with topographical features
in AFM images. A major difficulty in reaching this goal is
the observation that probe-sample interaction forces are
greatly affected by the variations in shape and surface
chemistry of commercial AFM probes (Lee et al., 1996). To
minimize these effects, AFM probes used in this study are
modified with self-assembled monolayers of 1-mercapto-
hexanol. We have also measured the radius of curvature of
the probe apex and scaled the applied load by the radius to
account for probe curvature effects, as we describe in the
next section. Fig. 2 illustrates the modified probe.

The lipid bilayers we investigate are constructed by a
two-step LB deposition process to produce surfaces of de-
fined chemistry and mechanical properties. First, freshly
cleaved mica is rendered hydrophobic by depositing a
monolayer of DSPE (Fig. 3A) on the upstroke at a surface
pressure of 25 mN/m. The monolayer of interest (DSPE,
MGDG, DOPE, or mixtures thereof) is subsequently depos-
ited onto the DSPE monolayer on the downstroke at 25
mN/m. The result is a composite bilayer on mica, with the
headgroups of the lipid of interest facing the aqueous me-
dium (Fig. 2). The 18-carbon dialkyl phospholipid DOPE
(Fig. 3 C) has a single degree of unsaturation in each tail,
which encumbers its close packing in Langmuir monolay-
ers. That is demonstrated by its pressure-area isotherm,
which is a liquid-expanded (LE) phase at all surface pres-

FIGURE 1 Detector signal vs. sample piezo voltage (A) and normalized
force (F/R) versus probe-sample displacementx (B) force curves for
probing DSPE monolayers on DSPE monolayers in water with a modified
AFM probe. Bold lines are probe approach traces, and dotted lines are
retract traces. The raw voltage data were offset to a value of 0 V in the
noncontact region of the plot. The data between 2.0 and 4.0 V serve as a
calibration regime in which the probe remains at the same depth in the
sample.

FIGURE 2 Geometry of the interaction between alkanethiol-SAM-mod-
ified AFM probe and LB bilayers on mica when out of contact and at the
point of highest loading. The curved shape of the AFM probe apex can be
modeled as a sphere of radiusR. A monolayer of DSPE, MGDG, DOPE,
or a mixture thereof is deposited onto a monolayer of DSPE in the
configuration shown. The probe-sample displacementx is the distance
between the base of the AFM probe and the base of the sample, and is a
function of the probe-sample separation distanceD and penetration of the
probe into the sample. The probe-sample displacementx is set to zero at the
point of highest loading (see Experimental Methods).
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sures (Fig. 4). Both DSPE and MGDG (Fig. 3B) have
18-carbon, fully saturated dialkyl tails, and their monolayers
are compressed into the liquid-condensed (LC) phase at
surface pressures above 5 mN/m (Fig. 2). Mixtures of the
saturated lipids and DOPE have been observed to phase-
separate into islands of saturated lipid surrounded by DOPE
(Dufrêne et al., 1997).

Forces on lipid bilayers

AFM force curves are often used as a guide to determine the
imaging load, also called the set point. Fig. 1A shows a raw

force curve collected on a DSPE monolayer on DSPE in
water. The DSPE force curves show a small jump-in on the
loading part of the curve, and a moderate adhesion is
measured as the probe is extracted from the sample. The
range of the jump-in is more clearly demonstrated by plot-
ting the data as scaled forceF/R vs. probe-sample displace-
ment x (Fig. 1 B). The probe-sample displacement is the
difference between the separation distance of probe base
and sample base at a given load and at the point of highest
loading (Fig. 2). As such,x decreases as the probe ap-
proaches the sample (decreasing the probe-sample separa-
tion distanceD) or penetrates the sample.

Fig. 5 shows approach force-displacement curves for the
three lipid systems (DSPE, MGDG, and DOPE) monolayers
on DSPE monolayers. The jump-in events are evidenced by
a large spacing between the data points, indicating abrupt
movements of the cantilever. The distance over which the
jump-in occurs is about 2 nm for DSPE and MGDG, and
about 3.5 nm for the DOPE. The force required for jump-in
varies substantially for the three systems. Statistical analysis
of a 256 force curve shows that the jump-in occurs at
indistinguishably small loads for the DOPE, atF/R5 1056
15 mN/m for the DSPE, and atF/R 5 2206 10 mN/m for
the MGDG. The repulsive force curve on DSPE at 100
mN/m . F/R . 10 mN/m has been found to be consistent
with the elastic deformation of the lipid bilayers and short-
range surface forces (Dufreˆne et al., 1998). As a result, the
charge-neutral probe appears to be in contact with the
charge-neutral surface at loads aboveF/R 5 10 mN/m, and
the ;2-nm jump-in must involve an abrupt post contact
puncturing of the LC lipid bilayers. We refer to the load at
which the jump-in occurs as the breakthrough force. Similar
post-contact jump-in events have been observed between

FIGURE 3 Chemical structures of the lipids studied here. DSPE (A) and
MGDG (B) have fully saturated dialkyl tails, whereas DOPE (C) has one
degree of unsaturation in each tail.

FIGURE 4 Pressure-area isotherms for DSPE, MGDG, and DOPE on a
pure water subphase (T 5 25°C). At the deposition pressure (Pdep 5 25
mN/m), the DSPE and MGDG are in the LC phase, and the DOPE is in the
LE phase.

FIGURE 5 Force-displacement curves for probing DSPE, MGDG, and
DOPE monolayers on DSPE monolayers in water with the modified AFM
probes. Symbols represent data regularly sampled during the approach of
the probe. Lines are presented to guide the eye. Large spaces between the
data points indicate abrupt jumps of the cantilever. The DSPE and DOPE
curves are separated by 3.3 nm atF/R 5 12 mN/m, the imaging load used
for the images in Fig. 6.
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depleted lipid bilayers using the surface-force apparatus
(Helm et al., 1989, 1992; Marra and Israelachvili, 1985) and
while probing fatty acid layers adsorbed onto silica using
the AFM (Ducker and Clarke, 1994).

Imaging of phase-separated lipid bilayers

Fig. 6, A andB, shows 153 15 mm AFM topography and
friction images, respectively, of a 1:1 mixed monolayer of
DSPE/DOPE on a DSPE monolayer, imaged at a scaled
load ofF/R 5 12 mN/m, well below the breakthrough force
for DSPE (F/R 5 105 mN/m). A white circle has been
placed in the lower right hand corner as a placeholder for
future reference. Phase segregation is observed with three
domains distinguishable in topography images in the form

of high, medium, and low domains. By varying the concen-
tration of the components’ monolayer, we have determined
that the high domains are DSPE and the medium-height
domains are DOPE (Dufreˆne et al., 1998). The low domains
are vacancies in the bilayers. They are likely formed as the
underlying DSPE is locally exposed to water and desorbed
during the reorganization of the DSPE-DOPE monolayer on
deposition onto pure DSPE. The DSPE-DOPE monolayers
deposited onto mica on the upstroke or onto tightly held
hydrophobic alkanethiol SAM on the downstroke (Boland
et al., 1999), do not have the lower domains and have very
round separated lipid domain shapes, implicating the under-
lying DSPE monolayer in the reorganization. The presence
of the vacancies does not appear to alter the surface chem-
istry of the DSPE and DOPE phases; force curves measured

FIGURE 6 Topography (A) and friction (B) AFM images of 1:1 DSPE-DOPE mixed monolayers on DSPE monolayers in water imaged in contact mode
at a scaled load ofF/R 5 12 mN/m (below the DSPE breakthrough force). The three domains distinguishable in (A) are labeled. A section analysis (C)
for the topography image (white line) shows that the DSPE domains are;3.5 nm above the DOPE domains and the vacancies are;1.6 nm below the DOPE
domains. A section analysis (D) of the friction image (white line) shows a higher friction force (;0.004 V) when scanning through the DOPE domains or
vacancies. (All friction images presented were collected on the trace, and more positive friction signals correspond to higher frictional force.) Afeature
of the image is marked with awhite dotfor reference. Image sizes are 153 15 mm.
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on the mixed monolayer compare favorably to those mea-
sured on pure monolayers. The size or number of the holes
did not increase with time over a 24-hour period, as may be
expected for a bilayer depletion mechanism (Helm et al.,
1989, 1992; Marra and Israelachvili, 1985).

Cross-sectional analysis of the topographic image (Fig. 6
C) shows that the DSPE domains are 3.5 nm above the
DOPE domain, which is significantly larger than the known
thicknesses that would have been predicted from space-
filling models. This height difference compares well with
the difference in probe-sample displacement between the
DSPE and DOPE force curves at this imaging load (Dx 5
3.3 nm, Fig. 5). The DSPE domains are 5.1 nm above the
low domains, approaching the thickness of a DSPE bilayer
as measured by x-ray diffraction (6.4 nm; Seddon et al.,
1984). The DOPE domains are only 1.6 nm above the
vacancies, less than the thickness of a half-bilayer of DSPE

(3.2 nm). These results clearly indicate that on contact, the
apex of the AFM probe penetrates the DSPE and DOPE
domains to different degrees. The probe appears to deform
the surface of the DSPE domains but to penetrate com-
pletely the DOPE domains into the tails of the underlying
DSPE monolayer.

Fig. 6 D is a cross-section of the friction force image of
the mixed DSPE and DOPE monolayer. It shows a slightly
higher friction signal (0.004 V higher) when scanning
through the DOPE phase. The higher friction on DOPE may
be attributed to deeper probe penetration into the DOPE
domains, giving rise the formation of additional probe-
sample contact area (Dufreˆne et al., 1997).

Strikingly, topography images of the same DSPE-DOPE
monolayer collected at an imaging load ofF/R5 124 mN/m
(above the breakthrough force for DSPE) show an extinc-
tion of topographic contrast across domains (Fig. 7A). A

FIGURE 7 Topography (A) and friction (B) AFM images of the same sample region shown in Fig. 6 imaged in contact mode atF/R5 124 mN/m (above
the DSPE breakthrough force). The DSPE domains of Fig. 6A are barely visible in the topography image (A), but are very distinct in the friction image
(B). A section analysis (C) for the topography image (white line) shows that the DSPE domains are;0.3 nm above the DOPE domains and the vacancies
are;1.6 nm below the DOPE domains. A section analysis (D) of the friction image (white line) shows an inversion and enhancement of the friction signal
compared to Fig. 6C, with a much higher friction force (;0.025 V) when scanning through the DSPE domains. The white reference dot in (A) has shifted
slightly due to thermal drift. Image sizes are 153 15 mm.

1112 Schneider et al.

Biophysical Journal 79(2) 1107–1118



cross-section (Fig. 7D) shows that the DSPE domains are
only 0.6 nm higher than the DOPE domains at this high
imaging load. Again, that is in good agreement with the
difference in probe-sample separation distance (Dx 5 0.8 nm)
obtained from the force-displacement curves. The DOPE
domains remain at 1.6 nm above the vacancies, indicating
that the higher load has not compressed the DOPE any
further. Another striking feature of high imaging loads is
that the frictional contrast (Fig. 7,B andD) is increased and
reversed for the DSPE and DOPE phases, with the pene-
trated DSPE domains showing the higher friction signal
(0.025 V higher).

Returning the imaging load to a value below the break-
through force restores the original topography and friction
contrast. Fig. 8,A andB, shows contact-mode images of the
same DSPE-DOPE monolayer on a DSPE monolayer col-
lected at an imaging load ofF/R 5 62 mN/m, below the
DSPE breakthrough force. Apart from some lateral drift of
the sample, the original domains of Figs. 6 and 7 are
distinguishable in both topography and friction. Surpris-
ingly, very little damage is observed in the DSPE domains
after the high-load imaging. A section analysis of the to-
pography image (Fig. 8A) and the friction image (Fig. 8B)
compares favorably with those of Fig. 6,C and D, again
indicating that the original state of the mixed monolayer has
not been significantly perturbed by the high-load imaging.

This strongly load-dependent topography contrast is not a
special feature of the DSPE-DOPE system. Fig. 9,A andB,
shows contact-mode AFM images of a 1:1 mixed mono-
layer of MGDG and DOPE on a DSPE monolayer obtained
at an imaging load (F/R 5 170 mN/m) below the MGDG
breakthrough force (F/R 5 220 mN/m). As for the DSPE-
DOPE system, three domains are distinguishable in the
topography and friction images. Comparison of adhesion
data (not shown) identifies the high domains as MGDG and
the medium-height domains as DOPE, along with the va-
cancies. Images of a sample prepared under identical con-
ditions but imaged atF/R 5 290 mN/m (above the break-
through force for MGDG) also show a removal of
topography contrast (Fig. 10A) and an enhancement and
reversal of frictional contrast (Fig. 10B). In Fig. 10A, the
presence of the domains can be detected only by the absence
of vacancies in the MGDG-covered regions of the image.

DISCUSSION

Image contrast mechanisms

Our results suggest that topographic and friction contrast
mechanisms observed in the phase-separated lipid films are
dominated by the abrupt penetration of lipid films at a
repeatable, material-dependentF/R. Fig. 11 schematically
presents a model for the mechanism of load-dependent
topographic imaging contrast between the DSPE and DOPE
domains. At low loads, a selective penetration of the DOPE

phase occurs (Fig. 11A) that produces a step height at least
as large as the thickness of the DSPE monolayer. This
imaging mode accounts for the large step height and image
contrast reported for supported lipid bilayers (Dufreˆne et al.,
1997). At higher loads, the breakthrough force of the DSPE
monolayers is exceeded, resulting in the penetration of both

FIGURE 8 Topography (A) and friction (B) AFM images of the same
sample region of Figs. 6 and 7 imaged in contact mode atF/R 5 64 mN/m
(below the DSPE breakthrough force) after the high-load imaging. The
high contrast in topography (A) and the low contrast in friction (B) are
restored with very little damage to the film. The white reference dot in (A)
has shifted slightly due to sample drift. Image sizes are 153 15 mm.
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domains and little topographic contrast between the two
phases (Fig. 11B). We were surprised that the aggressive,
high-load imaging that led to penetration of DSPE did not
greatly damage the film, particularly considering the deep
penetration of the probe. Because the DSPE monolayers are
able to reseal the furrow created by the AFM probe without
major reorganization, it is possible that the lipids are never

removed from the surface, only deformed locally in a re-
versible, elastic way.

A macroscopic description of a general tribological pro-
cess predicts that the friction forceFf is dependent on both
the area of contactA and critical shear stressSc of the
contact interface (Bowden and Tabor, 1967):

Ff 5 ScA. (3)

FIGURE 9 Topography (A) and friction (B) AFM images of a 1:1 mixed
monolayer of MGDG-DOPE on a DSPE monolayer in water imaged in
contact mode atF/R 5 170 mN/m (below the MGDG breakthrough force).
The three domains distinguishable in (A) are labeled. Image sizes are 153
15 mm.

FIGURE 10 Topography (A) and friction (B) AFM images of another
1:1 mixed monolayer of MGDG-DOPE on a DSPE monolayer imaged in
water atF/R 5 290 mN/m (above the breakthrough force). Image size is
15 3 15 mm.
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The area of contact of the probe scales with the depth of
probe penetration, whereas the critical shear stress is a
material-dependent property that scales with the surface
compressional modulus of the film. The surface compres-
sional moduli of the DOPE and DSPE films in these bilay-
ers are 79 and 183 mN/m, respectively (Dufreˆne et al.,
1998). Within this simple model, at low imaging loads, the
higher frictional force on the DOPE monolayer results
largely from the large contact area of the probe with the
DOPE phase (;3 times larger). At high loads, the probe
penetrates both monolayers, and so the contact area is
similar in both monolayers. Frictional contrast at high loads
results from the high critical shear stress of the DSPE
monolayer.

Table 1 summarizes the height differences across do-
mains (step heights) andDx data from force-displacement
curves for the two lipid systems at various loads. These
differences show the remarkable agreement between these
two values supporting the model presented in Fig. 11. The
force curve and image data can be matched to obtain a
measurement of the bilayer thickness as well. Each of the

force curves (Fig. 5) shows an onset of repulsive forces at
x 5 4.5 nm. Images of DOPE monolayers on DSPE taken at
loads aboveF/R 5 2000 mN/m (wherex 5 0 nm on the
force curves) show vacancies at a depth of;1.6 nm, and
therefore, atx 5 0 the probe is;1.6 nm above the mica
surface. The onset of measurable repulsive forces for the
DSPE on DSPE force curves (Fig. 5) occurs at a distance of
4.5 1 1.6 5 6.1 nm above the mica surface, which is in
agreement with the DSPE bilayer thickness obtained from
scattering data (6.4 nm). It should be noted that the preci-
sion of the absolute thickness measurement is limited by the
measurement of the vacancy heights at high loads, about
60.2 nm. Taken together, these data clearly demonstrate
that the force-displacement curves obtained using our
method are a reliable measure of the absolute depth at
which the probe resides within supported lipid bilayers at a
particular load. This opens the door for the use of AFM
force curves as a quantitative probe of membrane/water
interfacial chemistry, a subject we will address in future
publications.

These observations also send an important message for
those using the AFM as a tool to image soft materials, such
as cells or their molecular components: topographic and
frictional contrast in AFM results from a convolution of
load-dependent morphological and material properties. In-
deed, the fairly high breakthrough forces measured in this
study could easily be achieved during tapping-mode imag-
ing of samples using ultrasharp probes. We suggest that a
thorough analysis of AFM force curves collected over dif-
ferent areas of the sample be undertaken to determine the
form of the surface forces or whether different breakthrough
forces exist across the sample. Because of variations in
AFM probe geometry and cantilever spring constants, we
also suggest that this analysis include probe characterization
of the type used here.

Force curve treatment and interpretation

The ability to measure accurately force and separation in
surface force measurements is critical for characterizing
complex systems, such as the lipid bilayers, in which a
number of interactions can contribute to an observed behav-
ior. Developing accurate AFM force measurements has
been challenging because of the scale of the measurement.
The force curves presented in Fig. 5 differ significantly
from conventional AFM force curves in that their form is
independent of the specific probe used. These improve-
ments in force measurements have resulted from the scaling
of force by the radius of curvature of the probe, the identi-
fication of a point of contact, and the control of the chem-
istry of the probe. The following discussion describes the
rationale and assumptions associated for the scaling of the
force by the radius of the curvature of the probe and the
identification of a point of contact.

FIGURE 11 Depiction of AFM probe penetration while imaging DSPE-
DOPE films at loads below (A) and above (B) the breakthrough force for
DSPE.

TABLE 1 Probe-sample displacement and step height

Monolayer F/R (mN/m) Dx (nm) Step height (nm)

DSPE-DOPE 12 3.36 0.4 3.56 0.4
DSPE-DOPE 130 0.86 0.4 0.66 0.4
MGDG-DOPE 170 2.76 0.4 2.86 0.4
MGDG-DOPE 290 0.36 0.4 ;0

Summary of differences in probe-sample displacementDx and differences
in height (step height) between mixed-monolayer domains as a function of
scaled load (F/R). Excellent agreement is observed betweenDx and step
height for these systems both above and below the breakthrough forces of
DSPE (F/R 5 105 6 15 mN/m) and MGDG (F/R 5 220 6 10 mN/m).
Uncertainties are based on statistical analysis of a series of force curvesDx
and a bearing analysis of the images (step height).
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Scaling force by radius has been widely used in macro-
scopic surface force measurements that use the sphere-on-
flat geometry. The AFM probe can be regarded as spherical
only when sample penetration and the range of surface
forces between probe and sample are much smaller than the
probe curvature. The gold-coated probes we use here had
curvatures on the order of 40 nm, whereas the penetration of
the sample was less than 6 nm. The Derjaguin approxima-
tion (Derjaguin, 1934) allows the force between a sphere
and flat Fs to be converted to an energy per unit area
between parallel planesEp:

Fs~D!/R5 2pEp~D! (4)

Derjaguin’s approximation applies to many forms of inter-
action as long as the range of the interaction and the sepa-
ration between the surfacesD are much less than the radius
of the probeR. Fortunately, long-range electrostatic surface
forces can be neglected in this study, since the probe and
surface are both charge-neutral. Application of the Der-
jaguin approximation to the AFM data allows us to convert
surface forces into surface energies and thus compare mea-
surements with a wide range of probe sizes.

Our identification of a point of contact in the force curves
of the loading of the bilayer by the modified probe depends
on the assumption that there is a critical load above which
insignificant change in the probe-sample displacementx
occurs. The validity of this approximation is supported by
experimental observation that the depth of the vacancies in
the DOPE phase does not measurably decrease when imag-
ing at ultrahigh loads. That is, topography images of mixed
monolayers on DSPE in water imaged atF/R5 2500 mN/m
show vacancy depths (1.9 nm) nearly identical to those
measured atF/R 5 250 mN/m. Because the bottom of the
vacancies represents exposed mica, we conclude that the
probe does not move significantly closer to the mica be-
tweenF/R 5 250 mN/m andF/R 5 2500 mN/m, a force
range that includes the calibration regime.

The physical basis for treating the deformation of the
surface as negligible atx 5 0 is based on the fact that the
compliance of the AFM mechanical loopK is determined by
the sum of its elementski:

1/K 5 O
i

1/ki . (5)

As a result, the most compliant components in the system
(i.e., cantilever, probe, or sample) will dominate the com-
pliance of the system. Young’s moduli E of the probe and
sample (Table 2) indicate that the most compliant material
on the sample is the LB layer by at least an order of
magnitude. The Young’s moduli clearly explain why the
monolayer of the lipid adjacent to the water is deformed by
the probe. It can easily be shown that the deformation of the
next most compliant material, the alkanethiol SAM on the
probe, is very small. However, these parameters do not

explain the apparent stiffness of the inner monolayer adja-
cent to the mica. The increase in stiffness of the inner lipid
monolayer results from the fact that the stress field gener-
ated by the probe extends into the stiff substrate as the probe
indents the monolayer (Ogilvy, 1993; Radmacher et al.,
1995). Macroscopic models of elastic layers on hard sur-
faces suggest that the substrate effects will dominate the
mechanical response of the lipid monolayer at penetrations
of 2 nm (Meijers, 1968). At this point, the sample stiffness
exceeds the cantilever stiffness, and further movements of
the sample piezo act only to deform the cantilever.

The success of this technique depends greatly on choos-
ing the appropriate regime of the detector voltage versus
sample piezo position curves to calibrate the detector and
serve as a reference for the position of the probe at high
loads. We have found that data between loads ofF/R 5
1500 mN/m andF/R 5 2000 mN/m are most suitable for
cantilevers withk 5 0.5 ; 0.7 N/m. Loads ofF/R 5 1000
to F/R 5 1500 mN/m are necessary to place the probe at its
ultimate location, yielding a linear detector voltage versus
piezo position curve and a straight vertical line atx 5 0 on
the force-displacement curve. At ultra-high loads (F/R .
2200 mN/m), the curve deviates from a straight line. This
effect has been observed when collecting high-load force
curves and is attributed to a bucking of the cantilever in the
vicinity of the reflected laser spot (Hoh and Engel, 1993).
Buckling effects divert the reflected laser spot back toward
the center of the detector, causing the true deflection to be
underestimated. This is manifested as an abrupt deviation
from linearity in the force curve. The degree of cantilever
buckling at a given load is a function of cantilever spring
constant and geometry (Warmack et al., 1994). The use of
longer, less stiff cantilevers to probe LB layers leads to
buckling at loads lower thanF/R 5 1000 mN/m, distorting
the data and preventing an accurate detector calibration.
Buckling effects can greatly affect both topographic and
friction images (Warmack et al., 1994). Therefore, all im-
ages presented here were collected at loads below the onset
of buckling, as judged by force-displacement curves.

TABLE 2 Comparison of Young’s moduli for
different materials

Material
Young’s modulus,

E (GPa) Reference

Silicon nitride 192 Buchaillot et al., 1997
Gold 82 Stedfeld, 1979
16-carbon alkanethiol SAM 2 Salmeron et al., 1993
LB layer* 0.16 Dufrêne et al., 1998
Muscovite mica 140 Stedfeld, 1979

Comparison of Young’s moduli for the materials used in the deformation
force curves.
*Obtained by a Hertzian fit to an AFM force curve obtained using a similar
self-assembled monolayers-modified probe (see text).
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CONCLUSIONS

We have combined information from AFM force curves and
images of phase-separated mixed monolayers of DSPE/
DOPE and MGDG/DOPE to explain the molecular mecha-
nisms responsible for the topographic imaging contrast ob-
served in these systems. By control of the AFM probe
chemistry and thorough characterization of the probe radius
and cantilever spring constant, we have shown that a break-
through force exists that is a repeatable, material-dependent
quantity. When imaging phase-separated lipid layers at a
force between the breakthrough forces of each phase, to-
pography contrast is obtained by preferential penetration of
one phase. The topography contrast is removed when im-
aging above the breakthrough force of both phases. Fric-
tional contrast is highest for penetrated domains; when
comparing two penetrated domains, that with the highest
critical shear stress has the highest friction. These results
provide a framework for the analysis of AFM force curves.
This analysis should be conducted before imaging lipid
films to establish an appropriate set point for imaging. AFM
force curves interpreted using this method could also serve
as a powerful quantitative probe of membrane/water inter-
facial chemistry.
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