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ABSTRACT: It has been demonstrated that many biological
processes are influenced by mechanical changes in membranes
comprised of a variety of lipid components. As a result, the
ability to map physicomechanical properties of surfaces with
high temporal and spatial resolution is desirable. Tapping
mode atomic force microscopy (AFM) has proven to be a
useful technique for imaging biological surfaces due to its
ability to operate in solution; however, access to information
concerning the mechanical properties of these surfaces can also
be obtained by reconstructing the time-resolved tip/sample force interactions during the imaging process. An advantage of such
an approach is the direct correlation of topographical features with mechanical properties. Reconstruction of the tip/sample force
is achievable by a technique called scanning probe acceleration microscopy (SPAM), which treats the cantilever as an
accelerometer. The acceleration, which is directly related to the tip/sample force, of the cantilever is obtained by taking the
second derivative of the cantilever deflection signal during a tapping mode AFM experiment in solution with standard cantilevers.
Herein, we describe the applicability of SPAM to study mechanical properties of supported lipid bilayers with nanoscale spatial
resolution via numerical simulations and experiment. The maximum and minimum tapping forces respond to changes in specific
surface mechanical properties. Furthermore, we demonstrate how these changes can be used to map relative changes in the
Young’s modulus and adhesive properties of supported total brain lipid extract bilayers containing exogenous cholesterol. Finally,
the ability of SPAM to distinguish nanoscale lipid raft domains based on changes in local mechanical properties is demonstrated.

■ INTRODUCTION

Of particular interest are technologies to quantitatively and
temporally monitor, track, and/or characterize mechanical
properties of biologically relevant surfaces with nanoscale
spatial resolution.1 In particular, there is a need to further
develop technologies in scanning probe microscopy that are
capable of simultaneously tracking morphology and mechanical
surface properties in a noninvasive manner under physiolog-
ically relevant conditions. A potential advantage of such
technologies is the ability to directly correlate surface
topography with mechanical properties with nanometer spatial
resolution. A promising technology in this regard is scanning
probe acceleration microscopy (SPAM),2 which is based on
tapping mode atomic force microscopy (AFM). Tapping mode
AFM, a widely used dynamic imaging technique, maps surface
topographies by systematically monitoring the oscillation
amplitude of a cantilever affixed with an ultrasharp tip probe
that physically interacts with the surface.3,4 In this imaging
mode, the cantilever is commonly driven near its resonance
frequency ω by means of a bimorph element near its base.
Intermittent tip/sample contact causes the cantilever oscillation
amplitude to decrease from the “free” amplitude A0 to a tapping
amplitude A, as the sample surface is a repulsive barrier that
limits the oscillation amplitude of the cantilever. For rigid

surfaces, the oscillation amplitude of the cantilever decreases
linearly as a function of the separation distance between the tip
and the sample D0. As a result, the surface topography can be
determined by raster scanning the tip in the xy plane across the
surface and implementing a feedback loop that continuously
corrects the vertical (z) extension of the piezoelectric scanner
to maintain a constant set-point ratio, s = A/A0. SPAM
reconstructs the time-resolved tip/sample force during each
individual tapping event in a tapping mode AFM experiment in
solution. These tapping events contain information related to
the mechanical properties of the surface such as Young’s
modulus and adhesion. The underlying principle behind SPAM
is that in tapping mode AFM the cantilever acts as an
accelerometer from which the tip/sample forces can be
extracted during regular operation.2 This method utilizes the
second derivative of the deflection signal to recover the tip
acceleration trajectory. As SPAM can be applied in solution, it
has potential to probe biologically relevant surfaces, such as
supported bilayers, cells, and other biological surfaces under the
influence of external factors.
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The first method to extract time-resolved tip/sample forces
during regular tapping mode AFM imaging was reported by
Stark et al., who accomplished this by taking the inverse Fourier
transform of the Fourier-transformed cantilever trajectory
divided by its transfer function.5 Since then, several methods
have been developed to reconstruct the time-resolved tip/
sample forces.2,6−14 These approaches, including SPAM,
present several experimental advantages over other traditional
AFM techniques. As they are based in the tapping mode, these
methods maintain the high spatial resolution associated with
tapping mode imaging and are relatively nondestructive, which
is important when imaging fragile biological samples. Other
methods that measure mechanical properties of surfaces (i.e.,
force volume imaging and nanoindentation) can require large
deformation of soft samples, leading to decreased spatial
resolution and possibly damaging the surface, whereas tapping
mode forces are adaptive to changes in surfaces properties.
Furthermore, reconstructing tapping forces allows for mapping
surface properties at scan rates used for simple tapping mode
AFM imaging, which are typically much faster than other
methods, as images can be captured in minutes. Finally, as the
cantilever is typically oscillated at a frequency in the range of
8−10 kHz in tapping mode AFM in solution, the forces
associated with thousands of individual tip/sample tapping
events can be measured every second.
A particularly important application of using time-resolved

tip/sample forces is mapping the mechanical properties of
supported lipid bilayers, which can be used as models of cellular
membranes. Membranes are vital components of all living
systems with many biochemical reactions occurring on these
surfaces. Cell membranes are two-dimensional liquid-crystalline
structures comprised of fluid assemblies of amphiphilic
molecules.15−17 Biological membranes are typically comprised
of a large, diverse mixture of lipid components, and this
composition plays a necessary role in membrane structure and
function. To function properly, biological membranes require
high lateral fluidity while retaining structural integrity. As
physical entities, the physical properties of biological
membranes must enable them to perform a variety of functions
properly and withstand mechanical and chemical stresses in
their physiological environment. Because of the immense
complexity of biological membranes, model membranes,
consisting of a variety of lipid components, have played an
integral part in understanding membrane function and physical
properties.1,18−20 Alterations in lipid organization can pro-
foundly affect many cellular functions, including signal
transduction and membrane trafficking.21,22 One of the major
components of lipid membranes is cholesterol. Cholesterol is
an important regulator of lipid organization, and sophisticated
mechanisms are employed to maintain cholesterol levels in
membranes in vivo.23 The failure of these control mechanisms
are associated with a variety of diseases, such as atheroscle-
rosis.24 Cholesterol has pronounced effects on the mechanical
and physical properties of lipid bilayers, including molecular
fluidity,25,26 compressibility,27 stiffness,28 resistance to shear
stress,15 and thickness.20,29 As a result, cholesterol plays a vital
role in regulating the biophysical/mechanical properties of
membranes, with pronounced consequences for cell physiology.
Here, supported total brain lipid extract (TBLE) bilayers

with the addition of varying amounts of exogenous cholesterol
were used as a model system to demonstrate how time-resolved
tip/sample tapping forces can be used to understand some
physical properties of supported lipid bilayers. TBLE is

comprised of a complex mixture of physiologically relevant
membrane components, i.e., acidic and neutral phospholipids,
gangliosides, cholesterol, sphingolipids, and isoprenoids (Figure
1), increasing its applicability as a model system. For example,

brain lipid extract has been used as a model surface in studying
the interaction of amyloid proteins with membranes26,30,31 and
as a mimic of the blood brain barrier.32 Numerical simulations
of a complete tapping mode AFM experiment are presented to
demonstrate how specific features of tip/sample tapping forces
change in response to the material properties of a surface.
These simulations aid in the interpretation of experimental data
obtained on the TBLE/cholesterol supported bilayer systems.
The dependence of the tip/sample tapping forces on the set-
point ratio is briefly presented, as understanding this relation-
ship is critical in successfully comparing results between
experiments. SPAM experiments on a variety of supported
TBLE/cholesterol bilayer systems are presented, providing
insights into the local compressibility of the supported bilayer
perpendicular to the plane of the surface and the adhesion of
the supported bilayer with respect to the AFM tip. Finally, a
supported TBLE bilayer with 30% exogenous cholesterol was
heated, resulting in the formation of lipid raft domains, which
was used to demonstrate the lateral resolution of mapping
relative mechanical properties of supported bilayers with
SPAM.

■ MATERIALS AND METHODS

Numerical Simulations. Tapping mode AFM experiments in
solution were simulated using MATLAB and SIMULINK (Math
Works Inc. Natick, MA). The SIMULINK model is shown in
Supporting Information Figure 1. In these simulations, the cantilever
was modeled as a single degree of freedom damped driven harmonic
oscillator33−36

ω̈ + ̇ + − + =m z bz k z D a t F[ sin( )]eff 0 0 ext (1)

where meff is the effective mass of a cantilever, b is the damping
coefficient, k is the cantilever spring constant, a0 is the drive amplitude,
ω is the drive frequency, D0 is the resting position of the cantilever
base, Fext is the tip/sample force, and z is the position of the cantilever
with respect to the surface (Supporting Information Figure 1). The
second mode of the cantilever deflection can play a significant role in
cantilever motion near surfaces in fluids;37 however, such contribu-
tions from the second mode are negligible when imaging soft
biological samples in solution.38 While imaging in the tapping mode,
the separation distance between the cantilever and surface is
continually changing due to the oscillation of the cantilever. The tip

Figure 1. Schematic of a total brain lipid extract (TBLE) bilayer.
Supported TBLE bilayers are comprised of a physiologically relevant
ratio of membrane components, i.e., acidic and neutral phospholipids,
gangliosides, cholesterol, sphingolipids, and isoprenoids. In these
studies, exogenous cholesterol was added to the supported TBLE
bilayer system.
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is also allowed to intermittently strike the surface once during each
oscillation cycle. As a result, there are two tip/sample interaction
regimes: (1) when the tip and surface are not in contact and (2) when
the tip and surface are in contact during the tapping event when the
separation distance z is smaller than the interatomic distance (aDMT).
A tip near a surface in solution experiences van der Waals forces and
electric double layer forces, which can be described by the Derjaguin−
Landau−Verway−Overbeek (DLVO) theory;39 however, the forces
associated with the electric double layer effect are negligible under high
salt concentration, which results in a relatively short Debye length.38

As experiments described later were performed under a high salt
condition (PBS buffer), the external force can be approximate and
simplified using the van der Waals interaction between a sphere and
flat surface39
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where H is the Hamaker constant and Rtip is the tip radius.40 During
the second interaction regime where the probe tip contacts the surface,
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where Etip, νtip and Esample, νsample are respectively the Young’s modulus
and Poisson coefficient of the tip and the sample.
The cantilever deflection signal, rather than the position (z), is

actually monitored in real AFM systems. While the position and
deflection signal differ minimally for systems characterized by low
damping (high values of Q), these signals differ drastically in a highly
damped (or low Q) systems such as those associated with fluid tapping
mode AFM.37,41,42 The deflection signal (y) is related to position by

ω= − +y z D a tsin( )0 0 (5)

A feedback loop equipped with an integral gain was incorporated into
the model to allow for the complete simulation of the scanning process
in tapping mode AFM (Supporting Information Figure 1). This
feedback loop was implemented by determining the cantilever
oscillation amplitude for each cycle, comparing it to a specified set
point amplitude, and adjusting the cantilever position with respect to
the surface to maintain the set point amplitude. Model surface
topographies were used that consisted of a 5 nm step. The ability to
change the values of the Hamaker constant and surface Young’s
modulus during the simulation was implemented, and this was
coordinated with changes in the model surface topography.
Sample Preparation. Total brain lipid extract (TBLE) (Avanti

Polar Lipids) and cholesterol were dissolved in chloroform (ACROS
Organics) and mixed at appropriate ratios based on mass percentage.
The chloroform was removed using a Vacufuge (Eppendorf). The
resulting lipid films were resuspended in phosphate buffered saline
(PBS) (pH 7.3) at a concentration of 1 mg/mL. By using liquid
nitrogen, bilayers and multilayer lipid sheets were formed by five
sequential freeze−thaw cycles. The lipid suspensions were then
sonicated for 30 min at 40 °C to promote vesicle formation. The
suspended vesicle solution was diluted 20 times, and 35 μL was
injected directly into the AFM fluid cell onto a freshly cleaved mica
surface. Over time, small, supported bilayer patches formed on the
mica surface. The relative concentrations of different components in
TBLE and solvents of extractions are available from the Avanti Polar
Lipids Web site.
AFM Imaging Conditions. In situ AFM experiments were

performed with a Nanoscope V Multimode scanning probe micro-
scope (Veeco, Santa Barbara, CA) equipped with a tapping fluid cell

and a V-shaped oxide-sharpened silicon nitride cantilever with an
advertised spring constant of 0.27 N/m (Budget Sensors). While 0.27
N/m was the average spring constant of the cantilevers provided by
the manufacturer, the individual cantilevers used in this study had
spring contants ranging from 0.4 to 0.5 N/m when calibrated in our
lab. Images were acquired with the use of a closed-loop “vertical
engage” J-scanner. Scan rates were set at 1.95 Hz with cantilever drive
frequencies ranging from approximately 8 to 9 kHz. Images were
captured at 5 × 1.25 μm and 512 × 128 pixel resolutions. The
temperature was controlled using the Bio-Heater accessory for the
multimode AFM (Veeco, Santa Barbara, CA) and monitored with a
thermister incorporated into the fluid cell.

Scanning Probe Acceleration Microscopy (SPAM). SPAM
analysis was used to reconstruct every tapping event during AFM
imaging as described.2 Briefly, cantilever deflection trajectories were
simultaneously captured during imaging through an AFM signal access
module (Veeco) by using a CompuScope 14-Bit A/D Octopus data
acquisition card (Gage Applied Technologies, Lachine, QB, Canada)
and custom-written software. Trajectories were captured at 2−5 MS/s
and 14-bit resolution with a resolution of 1−2 V. The trajectory of the
cantilever was filtered using a Fourier transform based harmonic comb
filter. In this process only intensities corresponding to integer
harmonic frequencies are kept, and these are used to reconstruct a
deflection signal, yrec(t), by inverse Fourier transform based on the
equation
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−

=
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where ωoper is the operating frequency and δ is the Dirac’s delta
function. The summation is carried out up to N, which is the highest
harmonic still distinguishable above the noise level. N was typically
20−25 in these experiments. Once yrec(t) is obtained, the second
derivative of the cantilever trajectory is taken and multiplied by the
effective mass, meff, of the cantilever to obtain the time-resolved
tapping force between the tip and sample based on substituting eq 5
into eq 1 and rearranging to obtain

ω ω ω ω̈ = − ̇ − − +y
m
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1
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eff
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2
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The SPAM analysis was not performed in real time; rather, the tapping
forces were reconstructed from digitized cantilever deflection
trajectories after the image was captured.

Using a thermal tuning method,43 the spring constant and
resonance frequency were obtained for the determination of meff by
the equation

ω
=m

k
eff 2 (8)

This was done by measuring cantilever displacement in response to
thermal noise in a frequency domain near the cantilevers resonance
frequency. The area under the resonance peak, fit with a Lorentzian
function, is related to the power of the cantilever displacement, and
from this information the spring constant can be determined by the
equation

=k
k T

P

B

(9)

where kB is the Boltzmann constant, T is the temperature, and P is the
area of the power spectrum due to thermal noise. The acquired meff

was used to convert the tip acceleration into units of force.

■ RESULTS AND DISCUSSION

Numerical Simulations Demonstrate That Time-
Resolved Tip/Sample Force Changes in Response to
Surface Mechanical Properties. To understand changes of
the time-resolved tip/sample force interaction in response to
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mechanical properties of surfaces, numerical simulations of the
entire fluid TMAFM imaging process were performed on
predetermined surface morphologies. The effect of changing
the sample Young’s modulus on the imaging process was
explored using eqs 3 and 4. Changes in the adhesive forces
between the tip and surface were modeled by adjusting the
Hamaker constant in eqs 2 and 3 because the Hamaker
constant is related to the surface free energy (γ) between two
materials by39

γ
π

= ≈
× −

H

a

H

24 2.1 10DMT
21

(10)

Changes in Young’s modulus and the Hamaker constant were
synchronized with the predetermined surface topography to
simulate the imaging process on a wide array of scenarios. For
the simulations performed here, the model surface topography
consisted of a 5 nm plateau with varying physical properties
(Hamaker constant and Young’s modulus). Simulations were
performed with typical experimental parameters and properties
of commercially available silicon nitride cantilevers that were
used in experiments. These parameters and cantilever proper-
ties were drive frequency of 8−10 kHz, spring constant of 0.5
N/m (this value was chosen to match the measured spring
constants of cantilevers used in the experimental portion of this
study), free amplitude of 25 nm, and a set point ratio of 0.7
(tapping amplitude of 17.5 nm). Simulation scan parameters
were chosen to correspond to imaging a 2 μm line with a scan
rate of 2 Hz.
To verify the ability of the model to capture features

associated with operating tapping mode AFM in fluids,
simulated deflection trajectories and time-resolved tip/sample
forces for a single oscillation cycle were compared to those
obtained from experiment (Figure 2A,B). For this comparison,
values of the Young’s modulus and Hamaker constant were set
to simulate imaging either a mica or supported lipid bilayer
surface. The model captured the characteristic anharmonic
deflection trajectory associated with tapping mode AFM.41 The
simulated time-resolved tip/sample force interaction also
corresponded well with those obtained from real AFM
experiments, as recovered by the SPAM technique. There are

two main features of the time-resolved tip/sample force that
were used in this study: (1) the maximum tapping force (Fmax)
per oscillation cycle (defined as the peak or largest positive
force experienced between the tip and surface (as indicated in
Figure 2A) and (2) the minimum tapping force (Fmin) per
oscillation cycle (defined as the minimum or largest negative
force experienced between the tip and surface also indicated in
Figure 2A). To further validate the model, simulations were
performed of imaging a model surface (Figure 2C) on which
the Young’s modulus and Hamaker constant were changed on
the step portion to approximate a lipid bilayer supported on a
mica surface. The dynamic changes of the simulated time-
resolved tip/sample force trajectory of the entire scan line
captured the features observed in the tip/sample forces
associated with imaging a supported lipid bilayer on mica
obtained from experiment (compare Figures 2D and 2E). Such
features included a reduced Fmax and Fmin associated with the
tip/sample force when imaging the model step in simulation or
the supported lipid bilayer in experiment.
With a working model of in solution tapping mode AFM,

simulations aimed at determining the effect of altering the
mechanical properties of surfaces on the measured topography
and time-resolved tip/sample force interaction were performed
(Figure 3). For these simulations, the Young’s modulus was 60
GPa before and after step, and the Hamaker constant was 3.5
aJ. The true height of the model step was 5 nm. The Young’s
modulus on the step region of the model surface was
systematically altered in a series of simulations while keeping
the Hamaker constant at 0.35 aJ and all other imaging
parameters constant (Figure 3A−D). As the step became more
compliant to compression (smaller value of Young’s modulus),
the simulated measured height of the step decreased and was
always smaller than the true 5 nm height (Figure 3A). The
increased compliance of the step resulted in the tip pushing
further into the surface and a longer contact time between the
tip and surface (Figure 3B). While changes in the Young’s
modulus did not alter the magnitude of Fmin between the tip
and surface, Fmax increased with larger values of Young’s
modulus (Figure 3C), as a result of the κeff term in eq 3. As
tapping mode AFM images surfaces by maintaining the total

Figure 2. Simulations of the tip/sample force interaction associated with imaging a single scan line capture features of experiment. (A) Simulations
of the cantilever deflection trajectory (blue) and tip/sample force interaction (red) are comparable to (B) experiment. Fmax and Fmin are indicated for
both the simulation and experiment. To simulate the imaging process, a (C) model surface was constructed that contained a 5 nm step, which
resembles our experimental supported bilayer patch/mica system. The Young’s modulus and Hamaker constant on the step could be altered with
respect to the regions before and after the step. Before and after the step, E = 60 GPa and H = 3.5 aJ. (D) Simulated force trajectories corresponding
to imaging the entire model surface (the 5 nm step had E = 20 GPA and H = 0.35 aJ for the presented example) are comparable to (E) experimental
reconstructed force trajectories taken from a single scan line in which a bilayer patch on mica was imaged (exposed mica before and after the
supported bilayer patch).
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force per oscillation cycle (accomplished by maintaining the
set-point amplitude), the larger Fmax associated with imaging
the more rigid surface was compensated for by the shorter
contact time between the tip and surface. As a result, only the
magnitude of the Fmax increases with larger values of Young’s
modulus while Fmin is unresponsive to changes in the Young’s
modulus (Figure 3D). The relationship between Fmax and
Young’s modulus can be described by a power law.
The impact of changing the surface free energy between the

tip and surface on the time-resolved tip/sample force was
explored by simulations performed with variations in the value
of the Hamaker constant (based on eq 6) on the step region of
the model surface while keeping the Young’s modulus set at 5
GPa and all other parameters constant (Figure 3E−H). As the
Hamaker constant was increased from 0.5 to 2 aJ, the simulated

measured height of the step became smaller (Figure 3E). By
increasing the Hamaker constant, a larger magnitude (more
negative) tip/sample attractive force was felt between the tip
and surface. The increased attractive force between the tip and
surface resulted in the tip being pulled deeper into the
compliant surface, as can be seen from plotting the position of
the tip with respect to the surface (Figure 3F). Despite being
pulled deeper into the surface, the contact time between the tip
and surface did not appreciably change, as can be seen from the
position and time-resolved force plots (Figure 3F,G). While
increases in Hamaker constant resulted in larger (more
negative) attractive forces between the tip and surface at the
beginning and end of each tapping event (Figure 3G), the total
force per oscillation cycle was maintained by the feedback loop,
which is a prerequisite to successful tracking of the surface
topography. To compensate for the increased attractive force
associated with each tapping event, the Fmax increased with
larger values of the Hamaker constant (Figure 3G). The larger
Fmax associated with increases in the Hamaker constant arose
from the increased attractive force between the tip and sample
pulling the probe deeper into the surface, which enlarged the
force associated with the Hertzian term in eq 3. As a result,
both Fmax and Fmin changed in magnitude linearly in response to
the Hamaker constant; however, the sign of the forces was
different (Figure 3H). Collectively, these simulations demon-
strated that specific features of the time-resolved tip/sample
tapping force are responsive to changes in the mechanical
properties of the surface. Specifically, Fmin linearly changed in
response to increased adhesive force between the tip and
surface as simulated by changing the Hamaker constant. These
changes in Fmin were independent of the Young’s modulus
under these simulation conditions. Despite the complication
that Fmax is dependent on both the Hamaker constant (linearly)
and Young’s modulus (power law), estimations of the rigidity
(Young’s modulus) of the surface can still be made because the
contribution to Fmax due to changes in the Hamaker constant
can be estimated from Fmin.

The Role of Set-Point on Time-Resolved Tip/Sample
Force. While simulations indicated that the Fmax and Fmin can
be useful indicators of the mechanical properties of surfaces, the
impact of imaging conditions (such as set-point) on the
observed time-resolved tip/surface force must be fully under-
stood so that comparisons across samples can be easily made.
To determine how the relative magnitude of Fmax and Fmin

changed with varying the set-point ratio, experiments on the
same TBLE bilayer patches supported on mica were performed
(Figure 4). The temperature was maintained between 23 and
24 °C for these experiments to prevent any variations in the
phase of the supported bilayer patch. The presence of exposed
mica acts as an internal reference to study the relative values of
tapping forces on the supported TBLE bilayer. Supported
bilayers have a considerably lower elastic modulus compared to
mica, so this system provides a surface with a soft region
(supported bilayer) and hard region (mica). The set-point ratio
had no discernible effect on the measured height of the
supported bilayer patches (Figure 4A,B), as the mean distance
between the height of the mica substrate (∼0 nm) and the top
of the supported bilayer (∼3.6−3.9 nm) did not appreciably or
systematically change as a function of set-point ratio. However,
this observed supported bilayer height was smaller than would
be expected for an uncompressed TBLE bilayer (∼5 nm),
indicating that the supported bilayer was compliant under the
applied imaging force of the probe. As demonstrated in the

Figure 3. Simulations demonstrating the role of the Young’s modulus
and Hamaker constant on the measured topography and tip/sample
interaction forces. The column of plots on the left present results for
simulations that varied the Young’s modulus with a constant Hamaker
constant: (A) the measured topography of a soft step on a hard
substrate, (B) the position of the cantilever with respect to the sample
surface during a tapping event, (C) the tip/sample force associated
with a tapping event, and (D) Fmax and Fmin plotted as a function of
Young’s modulus. The column of plots on the right present results for
simulations that varied the Hamaker constant with a constant Young’s
modulus: (E) the measured topography of a soft step on a hard
substrate, (F) the position of the cantilever with respect to the sample
surface during a tapping event, (G) the tip/sample force associated
with a tapping event, and (H) Fmax and Fmin plotted as a function of the
Hamaker constant. The changes in Young’s modulus and Hamaker
constant were made only on the 5 nm step of the model surface (as
shown in part C).
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simulations, the Fmax associated with imaging regions of
different rigidity decreased with decreasing elastic modulus;
therefore, surface maps of the maximum tapping force can
indicate regions of the surface with varying elastic modulus
(Figure 4C). The magnitude of Fmax is smaller in regions
associated with the supported bilayer, indicating that the
supported bilayer is softer than the mica, which is expected.
Contrast was also observed in surface maps of Fmin for the
supported bilayer patch/mica system (Figure 4D), and this
contrast between supported bilayer and mica can be attributed
to adhesion to the tip.
While the measured height of the supported bilayer did not

change as a function of set-point ratio, the magnitudes of Fmax
and Fmin changed with decreasing set-point ratio (Figure 4E,F).
For both Fmax and Fmin, histograms of the forces for each
tapping event associated with obtaining the image are bimodal.
The two peaks in the Fmax and Fmin histograms correspond to
the mica and supported bilayer portions of the surface. For Fmax
the larger magnitude force is associated with mica. The larger
magnitude (more negative) Fmin is also associated with mica. As
the set-point is lowered, the applied total force per tapping
event to the surface increased, resulting in larger values of Fmax,
which is consistent with previously reported simulations and
experiments (Figure 4E).44 However, when the force histo-
grams are normalized to Fmax associated with mica, the relative
value of Fmax on the supported bilayer with respect to mica was
maintained for set-point ratios of 0.5−0.8. The relative value of
Fmax associated with supported bilayer with respect to mica was
smaller for an image captured with a set-point ratio of 0.9
because at this set-point the tip was barely tapping the surface,
reducing the physical interaction between the tip and surface.

This is further indicated by the decreased ability to properly
track the edges of the supported bilayer with a set-point ratio of
0.9 in comparison to lower set-point ratios (Figure 4A insets).
This indicates that once a certain set-point is reached, the
relative tip/surface interactions associated with Fmax on surfaces
of varying elasticity remains constant. This observation makes
comparisons between samples easier as long as an internal
reference surface (such as mica) is present, simplifying
calibration of such images with respect to relative surface
properties. Once the set-point has been reduced below 0.9, the
raw magnitude of Fmin associated with mica does not
appreciably change; however, Fmin associated with the
supported bilayer becomes larger in magnitude (Figure 4G).
When the force histograms were normalized to Fmin associated
with mica (Figure 4H), the relative value of Fmin on the
supported bilayer with respect to mica systematically decreased
as the set-point ratio was reduced from 0.8 to 0.5. This
indicates that the relative values of Fmin are dependent on the
set-point ratio used, and care must be taken to maintain the
same set-point ratio when using Fmin values to compare
between separate samples. Again, the relative values of Fmin

associated with supported bilayer and mica with a set-point
ratio of 0.9 do not follow the pattern because the tip was barely
tapping the surface, as is evidenced by the poor tracking on the
edge of the supported bilayer compared to the deeper set-point
ratios (Figure 4A insets).

Mechanical Properties of TBLE Supported Bilayers
Change as a Function of Cholesterol Content. To
determine if the time-resolved tip/sample tapping force could
be used to detect physical changes in supported lipid bilayers
associated with their composition, a series of experiments on

Figure 4. Effect of set-point ratio on the relative maximum and minimum tapping forces on mica and lipid bilayer patches. A series of fluid tapping
mode AFM (A) topography images and (B) height histograms of the same TBLE lipid bilayer patch imaged with different set point ratios as
indicated are presented. Insets in (A) demonstrate the tracking of the edge of the bilayer in the image. (C) Maximum tapping and (D) minimum
tapping force images corresponding to the topography images obtained with different set point ratios are also presented. These maximum and
minimum tapping force images were acquired by using the SPAM method. Raw histograms were constructed for (E) maximum forces measured
from each individual tap during the imaging process, and then (F) histograms were aligned with respect to the average maximum tapping forces
associated with imaging the exposed mica. As a result, the peak associated with maximum tapping forces on mica is centered around zero in the
aligned histogram. Raw histograms were constructed for (G) minimum forces measured from each individual tap during the imaging process, and
then (H) histograms were aligned with respect to the average minimum tapping forces associated with imaging the exposed mica. As a result, the
peak associated with minimum tapping forces on mica is centered around zero in the aligned histogram.
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supported TBLE bilayer patches on mica were performed. The
supported TBLE bilayers were systematically enriched with
exogenous cholesterol. Because of the TBLE being a complex
mixture of lipid components, the cholesterol content was based
on mass percentage. The samples used were (1) 100% TBLE,
(2) 90% TBLE + 10% exogenous cholesterol, (3) 80% TBLE +
20% exogenous cholesterol, (4) 70% TBLE + 30% exogenous
cholesterol, (5) 60% TBLE + 40% exogenous cholesterol, and
(6) 50% TBLE + 50% exogenous cholesterol. This provides us
with a simple system to determine the effectiveness of SPAM in
measuring changes in physical properties of supported bilayers
due to composition. Each of these samples was imaged between
23 and 24 °C. As this study requires cleaning the AFM fluid cell
and cantilever after imaging each TBLE/cholesterol system, the
knowledge gained on the effects of set-point ratio were
necessary to facilitate comparison between samples. Based on
the set-point ratio studies, a constant drive amplitude, free
amplitude, and set-point ratio of 0.8 were used for all images.
To further simplify comparison between samples, the same
cantilever was used for all experiments. By using the same
cantilever and imaging parameters, it is possible to compare
forces across experiments because the total tip/sample force per
oscillation cycle is given by

≈
Δ

F ka
A

A
0.5total 0

0 (11)

where k is the spring constant, a0 is the drive amplitude, ΔA is
the tapping amplitude, and A0 is the free amplitude.45 The
forces associated with imaging the exposed mica can also be
used as an internal reference to normalize small variations in
the tip/sample force interaction, making it possible to compare
relative shifts in the magnitude of tapping forces.44

At a given free amplitude and set-point ratio, the height of
the supported bilayer patches with respect to the underlying
mica substrate changed as a function of addition of cholesterol
(Figure 5). Pure supported TBLE bilayers had a measured
height of 3.6 nm (consistent with those observed for the set-
point ratio experiments shown in Figure 4). As the exogenous
cholesterol was increased from 0% to 20%, the measured height
of the supported bilayer systematically decreased from 3.6 to
2.7 nm. At 30% exogenous cholesterol, the measured height of
the supported bilayer increased to 3.5 nm. Adding more
cholesterol to the supported bilayer resulted in mean height of
the supported bilayer being 3.0 and 1.4 nm for 40% and 50%
exogenous cholesterol, respectively. Based on simulations,
changes in the Young’s modulus or Hamaker constant
associated with adding cholesterol to the supported bilayers
could be associated with these observed changes in measured
supported bilayer height. The greatly decreased measured
height for 50% exogenous cholesterols was potentially caused
by several factors. One possibility is that the supported bilayer
approaching its cholesterol saturation point which can prevent

Figure 5. Effect of cholesterol content on the measured height of a TBLE bilayer. (A−E) A series of fluid tapping mode AFM images of TBLE
bilayer patches enriched in cholesterol and supported on a mica surface imaged at the same free amplitude and set-point ratio. For each system, 2D
and 3D height images are presented with a height profile taken from the image as indicated by the green line. Directly under each profile is a
histogram of all pixels in the image. In these histograms, measurements associated with the mica substrate are centered around 0 nm.
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efficient lipid packing into ordered bilayers.19 Several groups
have reported that at cholesterol concentrations equal to and
greater than 50% that the cholesterol is insoluble in the bilayer
and precipitation can occur.27,46 Therefore, the increased
compressibility may be attributed to the inability of the lipid
to completely incorporate the shorter cholesterol molecules.
The shorter cholesterol molecules within the bilayer, which are
known to have a length of about 2 nm,47,48 may also be
contributing to the shorter observed supported bilayer patches.
The thickness of bilayers does change due to the addition of
exogenous cholesterol, with the bilayer thickness increasing
initially with additional cholesterol before reaching a maximum
thickness and decreasing.29 Another possibility is a cholesterol-
induced phase change in the supported lipid bilayer.
To determine the dominant contributor to the observed

supported bilayer heights as a function of cholesterol content,
the Fmax and Fmin for every tapping event were reconstructed
using the SPAM method and used to construct Fmax and Fmin
surface maps (Figures 6 and 7) that correspond directly to the

topography images (Figure 5). While Fmax is a measure of the
surfaces local Young’s modulus, Fmin is related to the force
required to break contact between the tip and surface, i.e.
adhesion, and can be associated with local changes in surface
free energy, as we have demonstrated with simulations. There is
a bimodal distribution in histograms of Fmax and Fmin associated
with the supported TBLE bilayer and mica images. For Fmax,
the smaller positive force is associated with the supported lipid
bilayers (which was variable for the different supported bilayer
systems), indicating that the supported bilayers have a lower
elastic modulus than the mica substrate (Fmax ∼ 35 nN). The
population of the smaller magnitude Fmin is associated with the
supported lipid bilayers, indicating that the tip/supported
bilayer interaction (which had variable Fmin values depending
on cholesterol content) has a smaller surface free energy
compared to the tip/mica substrate interaction (Fmin ∼ −28.5
nN). The shift in the observed magnitudes of Fmax and Fmin

associated with supported bilayers with respect to the mica
surface indicates that the addition of cholesterol altered the

Figure 6. Reconstructed maximum tapping force images of TBLE + cholesterol bilayer patches supported on mica. Fmin images associated with (A)
100% TBLE and 0% cholesterol, (B) 90% TBLE and 10% cholesterol, (C) 80% TBLE and 20% cholesterol, (D) 70% TBLE and 30% cholesterol,
(E) 60% TBLE and 40% cholesterol, and (F) 50% TBLE and 50% cholesterol are presented. These images correspond to the height images
presented in Figure 5. Histograms of the maximum tapping force associated with each image are provided directly below each image.

Figure 7. Reconstructed minimum tapping force images of TBLE + cholesterol bilayer patches supported on mica. Fmin images associated with (A)
100% TBLE and 0% cholesterol, (B) 90% TBLE and 10% cholesterol, (C) 80% TBLE and 20% cholesterol, (D) 70% TBLE and 30% cholesterol,
(E) 60% TBLE and 40% cholesterol, and (F) 50% TBLE and 50% cholesterol are presented. These images correspond to the height images
presented in Figure 5. Histograms of the minimum tapping force associated with each image are provided directly below each image.
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mechanical properties of the supported bilayers (histograms in
Figures 6 and 7).
As the cantilever (i.e., same spring constant and mass) and

imaging parameters (i.e., drive amplitude, free amplitude, and
set-point ratio) were maintained in all experiments, features of
the time-resolved tip/sample tapping forces on the different
supported bilayer systems can be directly compared (Figure 8).

A smaller Fmax associated with imaging the supported bilayer
correlates with a smaller elastic modulus after taking into
account any contributions due to any increased attractive
interaction, which can be estimated based on Fmin. Initially,
there was a decrease in Fmax as the cholesterol content of the
supported bilayer is increased from 0% to 20% (Figure 8A).
The change in Fmax associated with increasing the exogenous
cholesterol content of the supported bilayers from 0% to 10%
and 10% to 20% was significant (p < 0.05). This was followed
by a dramatic increase in Fmax when 30% exogenous cholesterol
was added to the supported bilayers (p < 0.01 when comparing
20% exogenous cholesterol to 30% exogenous cholesterol).
While no significant change was observed in Fmax when the
exogenous cholesterol was increased from 30% to 40%, another
significant (p < 0.05) decrease in Fmax was observed when more
exogenous cholesterol was added (up to 50%). This bimodal
pattern indicates an initial decrease in Young’s modulus of the
supported bilayer with the addition of cholesterol, followed by a
sharp increase in the Young’s modulus, followed with another
decrease. Interestingly, the observed heights of the supported
bilayers with 0% to 40% exogenous cholesterol correspond well
with the magnitude of the associated magnitude of Fmax. That is,
the supported bilayers with the smallest values of Fmax, which

should be the most easily compressed based on associated
relative value of Young’s modulus, have smaller observed
heights. This relationship did not hold true for the 50%
cholesterol supported bilayer, which again may be due partially
to the supported bilayer being near its cholesterol saturation
concentration.19 The bimodal pattern of the values of Fmax

associated with the supported bilayer as a function of
cholesterol content is intriguingly similar to the pattern
observed by Yip et al. for membrane fluidity on the same
system using fluorescence DPH (diphenylhexatriene) aniso-
tropy.26 In that study, it was shown that the membrane fluidity
decreased with exogenous addition of cholesterol to TBLE up
to 20%, had a maximum lateral fluidity at 30% exogenous
cholesterol, and decreased again with the further addition of
cholesterol to the TBLE bilayer.26 A caveat of this comparison
is that these measurements were performed on lipid vesicles
rather than the supported bilayer systems used here. The mica
substrate can influence the fluidity of the supported lipid
bilayer, causing it to be different than that observed in the lipid
vesicle system. However, this still hints at the interesting
possibility that there is a relationship between lateral fluidity
and vertical compressibility of lipid membranes in which the
larger the lateral fluidity of the membrane the larger the
Young’s modulus. Such a scenario would be advantageous for
biological membranes that need to balance lateral mobility
within the membrane to maintain structural integrity of the
membrane as a whole. It has been reported that molecules, such
as cholesterol, which lie parallel to a lipid chain will experience
only slight perturbations if pressure is applied in the vertical
direction; however, the horizontal compressibility can be much
greater,49 which may partially explain the potential relationship
between vertical compressibility and lateral fluidity of a lipid
bilayer. Similar increases in bilayer compression perpendicular
to the membrane plane have been observed in other simpler
bilayer systems, but the exact changes in elasticity due to
addition of cholesterol are dependent on the nature of the
phospholipids.27 Another potential factor causing the observed
changes in relative Young’s modulus with the addition of
exogenous cholesterol could be due to changes in the phase of
the supported bilayer, as cholesterol has been shown to induce
transitions from the liquid disordered to the liquid ordered
phase in POPC bilayer vesicles.50 Such cholesterol-induced
phase transitions have been shown to have biological relevance
as the membrane structure associated with the lipid phase
appears to be the determining factor in the pore-forming
activity of the polyene antibioitic nystatin on POPC/
cholesterol vesicles.51

Fmin provides information about the adhesive force between
the AFM probe and supported bilayer surface. That is, the
larger the magnitude of Fmin, the more adhesive the surface is to
the AFM tip. Fmin as a function of cholesterol content did not
demonstrate the same pattern as seen in Fmax (Figure 8B) or
the bilayer fluidity data from Yip et al.26 The adhesion between
the bilayer and tip did not appreciably change with the addition
of 10% exogenous cholesterol. At 20% exogenous cholesterol,
the adhesive force between the tip and bilayer decreased
significantly (p < 0.01), but the adhesion became much
stronger with the addition of 30% cholesterol (p < 0.01). The
adhesive force at 40% cholesterol was similar to that of a pure
TBLE bilayer and one containing 10% cholesterol; however,
this represented a significant decrease in the adhesive force
when comparing samples with 30% exogenous cholesterol.
There is an interesting feature in which the adhesive force is

Figure 8. Average values of the (A) maximum and (B) minimum
tapping force on TBLE lipid bilayer patches as a function of exogenous
cholesterol content. The average values are taken from all tapping
events occurring on bilayer patches, and the error bars represent the
standard deviation. ∗ indicates p < 0.05; ∗∗ indicates p < 0.01 based on
a simple t test.
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largest when the bilayer contains 50% exogenous cholesterol,
and this increase in adhesive force was significant (p < 0.01). As
simulations have demonstrated that large adhesive forces can
result in an increased compression of soft surfaces, this large
increase in adhesion could also contribute to the lower
observed height as measured by AFM. This could further
explain why the measured height of the 50% exogenous
cholesterol bilayer was an outlier to the observed relationship
between Fmax and measured bilayer height. A potential
complication of this type of analysis is the potential of a lipid
layer forming on the AFM tip. Based on the topography images,
there was no evidence that this occurred in any of the presented
experiments. Precautions were used to avoid this complicating
factor. Between experiments, the cantilever and fluid cell were
cleaned to prevent any cross-contamination. If a lipid bilayer
would have formed on the AFM tip, this would be a similar
situation to tapping a double bilayer. On the basis of published
results from Xu et al. of contrast associated with higher
harmonic frequencies in tapping mode AFM experiments on
supported purple membranes that were one or two layers
thick,52 we suspect that the associated tapping forces would be
altered by a bilayer forming on the surface of the tip, as double
bilayers are more compressible than single bilayers.
Mechanical Properties of Lipid Rafts Are Distinguish-

able from the Rest of a Supported Lipid Bilayer. When
heating supported TBLE bilayers with 30% exogenous
cholesterol above 35 °C, the mean height of the bilayer patch
above the mica surface was reduced to ∼2.4 nm (Figure 9A).
Furthermore, small lipid raft domains formed within the
supported bilayer patch (Figure 9B). These lipid domains were
∼0.7−1.2 nm lower in height compared to the rest of the

supported bilayer, and the rafts (based on topography) ranged
in diameter from ∼75−250 nm. These supported bilayers with
rafts were imaged at 35 °C, and the forces associated with each
tapping event were reconstructed using SPAM to obtain Fmax

and Fmin images (Figure 9C,D). It should be noted that a
different cantilever was used in this experiment, resulting in
different observed magnitudes of tapping forces compared to
the previously described cholesterol content experiments.
Contrast in the Fmax and Fmin associated with the lipid raft
domains was observed, and histograms of Fmax and Fmin were
sorted based on the associated topography image (Figure
9C,D). The lipid raft domains were associated with an increase
in Fmax compared to the rest of the supported TBLE bilayer.
The Fmin associated with the lipid raft domains also increased in
magnitude relative to the rest of the supported bilayer. While
the change in Fmax may be partially due to an increased rigidity
of the raft domains, the relative shifts associated with Fmax and
Fmin were comparable, which indicates that the changes in the
adhesive properties of the supported bilayer most likely is the
dominant factor in the observed tapping forces (both Fmax and
Fmin). The reduced height associated with the lipid raft domains
would also be consistent with the decreased height differences
associated with large adhesive forces. Importantly, these
experiments demonstrate the ability of SPAM to distinguish
mechanical properties with lateral resolution on the order of
75−250 nm. Similar to obtaining topography images with
AFM, the lateral resolution associated with SPAM appears to be
limited by the size of the tip and the contact area between the
tip and surface.

■ CONCLUSIONS

An important direction in the field of scanning probe
techniques is the further development of methods to capture
topographical and mechanical information about surfaces
simultaneously. Reconstruction of the time-resolved tip/sample
tapping force during standard operation of tapping mode AFM
is one attractive method for achieving this goal, and several
techniques have been developed to accomplish the recovery of
these forces.2,6−14 Presented simulations and experimental
results demonstrated that the maximum and minimum
observed tapping forces for tapping mode AFM operation in
fluids can be related to material properties of surfaces such as
Young’s modulus and surface free energy between the tip and
surface. The reconstructed tip/sample force interactions can
provide insight into the mechanical properties of biologically
relevant surfaces with nanoscale spatial resolution. The
applicability of the SPAM technique, which enables the
reconstruction of tapping forces from the deflection signal of
a TMAFM experiment, to investigate the mechanical changes
induced in supported lipid bilayer patches by the addition of
exogenous cholesterol was demonstrated. In this particular
study, maximum tapping forces provided evidence for a link
between vertical compressibility and lateral fluidity of a
membrane, as was demonstrated with supported TBLE bilayers
containing various amounts of exogenous cholesterol. In
addition, minimum tapping forces provided information
about adhesive properties of the supported lipid bilayer to
the AFM probe. These studies on supported bilayers enriched
in cholesterol demonstrate that the SPAM technique is
sensitive to the composition of the lipid system, and this
technique may prove valuable in mapping relative mechancial
properties of supported bilayers of other compositions. To
facilitate comparison between samples, it is imperative to hold

Figure 9. Lipid raft domains can form in these systems at elevated
temperatures. (A) An AFM topography image and height histogram of
a supported lipid bilayer (70% TBLE and 30% cholesterol) taken at 35
°C demonstrates the formation of lipid domains. (B) The green line in
the image corresponds to the height profile that demonstrates that the
lipid raft domains were ∼0.7−1.2 nm lower in height and had
diameters of ∼75−250 nm . Reconstructed, spatially resolved images
and corresponding histograms of (C) Fmax and (D) Fmin are shown.
The forces associated with different regions of the surfaces were sorted
in the histograms based on topography. The insets magnify the regions
of the histogram associated with the lipid raft domains.
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several key parameters constant, such as drive amplitude, free
amplitude, and set-point ratio. Many of these issues are
simplified by using the same cantilever for all experiments.
Importantly, all of these experiments were performed under
physiologically relevant buffer conditions, which make this
technique particularly applicable to the study of biologically
relevant surfaces.
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Supplemental Figure 1. Numerical simulation of the entire process of obtaining an AFM image 
were performed. (A) Schematic illustration of a tapping mode AFM experimental set-up illustrating 

several parameters used to model cantilever dynamics. (B) The SIMULINK model used for performing 

numerical simulations. Key features of the model include the cantilever drive, cantilever model (shown in 

further detail in (C)), the tip/sample force model which contains the ability to change the Young's 

modulus and the Hamaker constant (shown in further detail in (D)), the amplitude measurement, the 

topography model, feedback loop equipped with a PID controller, and the set point parameter. 

 

 


