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ABSTRACT

There is considerable interest in measuring, with
nanoscale spatial resolution, the physical properties of lipid
membranes because of their role in the physiology of living
systems. Due to its ability to nondestructively image surfaces in
solution, tapping mode atomic force microscopy (TMAFM) has
proven to be a useful technique for imaging lipid membranes.
However, further information concerning the mechanical
properties of surfaces is contained within the time-resolved
tip/sample force interactions. The tapping forces can be
recovered by taking the second derivative of the cantilever
deflection signal and scaling by the effective mass of the
cantilever; this technique is referred to as scanning probe
acceleration microscopy. Herein, we describe how the
maximum and minimum tapping forces change with surface
mechanical properties. Furthermore, we demonstrate how these
changes can be used to measure mechanical changes in lipid
membranes containing cholesterol.

1. INTRODUCTION

Of particular need are technologies to quantitatively and
temporally monitor, track, and/or characterize mechanical
properties of cellular and subcellular surfaces with nanoscale
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spatial resolution in an aqueous environment. One strategy to
accomplish this goal is to reconstruct the time-resolved force
interaction between the tip and surface during tapping mode
operation. The time-resolved tip/sample force during tapping
contains information analogous to that obtained from the
standard force curve experiment. As a result, recent AFM
technique development efforts have been focused on
reconstructing tip/sample forces while imaging in the tapping
mode [1-6].

While tapping mode AFM has long been established as a
non-invasive, high resolution imaging technique, the tip/sample
interaction can also provide information on adhesion, stiffness,
energy dissipation, and chemical composition (with the use of
chemically functionalized tips). As we have shown, the
instantaneous tip/sample force can be recovered by taking the
second derivative of the cantilever deflection signal after
applying appropriate filters. This technique is referred to as
scanning probe acceleration microscopy (SPAM), and it is
capable of operating in aqueous solution [2]. Here, we present a
series of simulations to determine how mechanical properties of
surfaces change features of the tip/sample force interactions
during a tapping mode AFM experiment in solution. We apply
these insights to the study of lipid bilayer patches consisting of
total brain lipid extract (TBLE) and various amounts of
exogenous cholesterol.
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2. METHODS

2.1 Simulation

Numerical simulations of fluid TMAFM experiments were
performed using MATLAB and SIMULINK (Math Works Inc.
Natick, MA.). In these simulations, the cantilever was modeled
as a single degree of freedom damped driven harmonic
oscillator [7, 8].

MeprZ + bz + kl[z — Dy + aysin(wt)] = Fopp (1)

where m.g is the effective mass of a cantilever, b is the damping
coefficient, k is the cantilever spring constant, a, is the drive
amplitude, o is the drive frequency, D, is the resting position of
the cantilever base, F., is the tip/sample force, and z is the
position of the cantilever with respect to the surface. During
tapping mode operation, the cantilever oscillation results in a
continually changing separation distance between the probe tip
and sample surface, with the probe tip briefly contacting the
surface during each oscillation cycle. This results in two
tip/sample interaction regimes: 1) at large separation distance
when the tip and surface are not in contact and 2) when the tip
and surface are in contact during the tapping event. For large
tip/sample separation distance, the external force can be
approximated using the van der Waals interaction between a
sphere and flat surface [9]:

HRtip
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Fext = forz > apyr , (2)

where H is the Hamaker constant, Ry, is the tip radius, and apyr
is the interatomic distance parameter of a Derjaguin-Muller-
Toporov (DMT) potential [10]. At the bottom of each
oscillation cycle, the probe tip contacts the surface when the
separation distance z is smaller than the interatomic distance
(apur). Under these conditions, the tip/sample force can be
described by a DMT potential,
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where E, V;, and Ejppie Viampie are, respectively, the Young’s
modulus and Poisson coefficient of the tip and the sample.
While it has been shown that the second mode of the
cantilever can play a significant role in cantilever motion near
surfaces in fluids [11], we make the assumption that such
contributions from the second mode are negligible [12]. By
incorporating the contributions from the second mode of the
cantilevers motion into the model, the resulting error in the
forces will be decreased by 10-15% [11]. However for the
purposes of this study, they are neglected because the goal is to

observe general relationships between the physical properties of
a surface and tip/sample forces. In practice, AFM monitors the
deflection of the cantilever rather than its position. While the
difference between the position and deflection signal is
minimal for systems characterized by high values of Q (such as
tapping mode operation in air), these signals differ drastically
in low Q systems such as observed in fluid tapping AFM [11,
13, 14]. Therefore, we monitored the deflection (y) as given by:

y = z— Dy + a, sin(wt). 5)

The model also contains a feedback loop equipped with an
integral gain which allows for a more complete simulation of
the scanning process in tapping mode AFM. The feedback loop
was implemented by measuring the cantilever amplitude,
comparing it to the specified set point, and adjusting the
cantilever position with respect to the surface to maintain the
set point using an integral gain. The cantilever amplitude was
measured by inspecting the cantilever position signal over the
length of one oscillation cycle using signal processing tools
available in SIMULINK. This feature allows for simulating the
process of acquiring an AFM scan line in which a well-defined
feature is contained by feeding predetermined surface
topography information into the model. The effect of altered
sample Young’s modulus on the imaging process can also be
explored by changing the inputs into Equation 4 and feeding
the result into Equation 3. Changes in the adhesive properties of
a surface can be modeled by adjusting the Hamaker constant in
Equations 2 and 3 because the Hamaker constant is related to
the surface free energy (7y) between two materials by:

_ H - H
24mapyr  2.1x10721 °

Y (6)

This equation can be used to determine the surface free energy
between the cantilever tip and the sample surface, where the
Hamaker constant describes two surfaces interacting in a
medium [15]. These changes in Young’s modulus and the
Hamaker constant can be synchronized with the predetermined
surface topography to model the imaging process on a wide
array of scenarios. Here, a topography consisting of a 5 nm
plateau with varying physical properties was used as a model
surface so that the effects of Young’s modulus and the
Hamaker constant on tip/sample force could be simulated.

2.2 Experimental

Lyophilized TBLE (Avanti Polar Lipids) and cholesterol
(Avanti Polar Lipids) were dissolved in chloroform (ACROS
Organics). These chloroform solutions were used to make
appropriate mixtures of TBLE and cholesterol. The chloroform
was removed under vacuum, and the resulting films were re-
suspended in phosphate buffered saline (PBS) at pH 7.3 and a
concentration of 1 mg/ml. To promote vesicle formation, the
resulting solutions underwent five sequential freeze-thaw
cycles using liquid nitrogen followed by sonication for 30
minutes at 40°C. The resulting stock solution was diluted 50x
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and 35 pl was injected directly into the AFM fluid cell onto a
freshly cleaved mica surface. Small bilayer patches appeared on
the mica surface after a short period of time, typically within an
hour.

In situ AFM experiments were preformed with a
Nanoscope V Multimode scanning probe microscope (Bruker,
Santa Barbara, CA) with a tapping fluid cell and a V shaped
silicon nitride cantilever with a spring constant of 0.27 N/m.
Images were acquired at scan rates of 1.95 Hz and cantilever
drive frequencies ranging from approximately 8-9 kHz. Images
were captured at 5 x 1.25 pm and 512 x 128 pixel resolution
and a set-point ratio of 0.8.

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 (Bruker) 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. Once a filtered
deflection signal is obtained, the second derivative of the
filtered cantilever deflection trajectory is taken and divided by
the effective mass, meg, of the cantilever to obtain the time-
resolved based tapping force between the tip and sample.
Thermal tuning was used to determine the m, of the cantilever
by measuring the cantilevers displacement in response to
thermal fluctuations. By examining the data in the frequency
domain near the cantilevers resonance frequency, the spring
constant was estimated from the power spectral density of the
thermal fluctuations [16].

3. RESULTS AND DISCUSSION

In an effort to understand the effect of mechanical surface
properties on the time-resolved tip/sample tapping force, single
degree of freedom simulations were performed with typical
experimental parameters and properties of commercially
available silicon nitride cantilevers. These parameters and
cantilever properties were: drive frequency of 8-10 kHz, spring
constant of 0.5 N/m, free amplitude of 25 nm, and a set point
ratio of 0.7 (tapping amplitude of 14 nm). These simulations
employed a feedback loop to actively maintain the set point
ratio while scanning the cantilever across a model surface, and
simulation scan parameters were further chosen to correspond
to imaging a 2 pum line with a scan rate of 2 Hz. The model
surface employed in these simulations contained a 5 nm step
(approximate height of a lipid bilayer) with a Young’s moduli
of 30 GPa and a Hamaker constant of 3.5 aJ surrounding the
step. For each individual simulation, the Young's modulus and
Hamaker constant were varied on the step.

To verify the validity of the model, force and deflection
trajectories of a single oscillation cycle were compared to those
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Figure 1. Comparison of the cantilever deflection trajectory
and tip/sample force interaction for one oscillation cycle from
(A) numerical simulations and (B) experiment. F,, and F,;, are

indicated for both the simulation and experiment.
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Figure 2. Comparison of tip/sample force interactions over an
entire scan line between (A) numerical simulations and (B)
experiment. The simulation used a surface topography
indicated in (C), in which the area (checkered) of the 5 nm step
had E = 20 GPA and H = 0.35 aJ. Before and after the step, E =
30 GPa and H =3.5 aJ. The experimental force trajectory was
recovered from a scan line in which a lipid bilayer patch on
mica (which is exposed at the beginning and end of the scan
line) was imaged. The area of the force trajectory representing
imaging the soft step in simulation or lipid bilayer in
experiment are represented by gray shading in (A) and (B)
respectively.

obtained in experiment (Figure 1). The model captures the

characteristic anharmonic deflection trajectory of tapping mode
AFM in solution for one oscillation cycle. The tip/sample force
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Figure 3. Simulations demonstrating the role of the Hamaker constant on the measured topography and tip/sample interaction forces.
(A) The measured topography of a soft step on a hard substrate with varying Hamaker constant, (B) the position of the cantilever with
respect to the sample surface zoomed in around the tapping event, and (C) the tip/sample force zoomed in around the tapping event are
shown. The (D) F,.x and (E) F,;;, of the tapping event plotted as a function of the Hamaker constant.
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Figure 4. Simulations demonstrating the role of the Young's modulus on the measured topography and tip/sample interaction forces.
(A) The measured topography of a soft step on a hard substrate with varying Young's modulus, (B) the position of the cantilever with
respect to the sample surface zoomed in around the tapping event, and (C) the tip/sample force zoomed in around the tapping event are
shown. The (D) F,,,x and (E) Fy;;, of the tapping event plotted as a function of the Young's modulus.
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interaction obtained by the simulation also corresponds well
with the experimentally obtained tip/sample force during one
oscillation cycle as recovered by the SPAM technique. Based
on these simulations, the maximum tapping force (F.) is
defined as the peak or largest positive force experienced
between the tip and surface, and the minimum tapping force
(Fmin) per oscillation cycle is defined as the peak or largest
negative force experienced between the tip and surface. Both
Fuax and F;, are indicated in Figure 1. Furthermore, if the
Young's modulus and Hamaker constant are reduced on the step
portion of the model surface, the simulated tip/sample force
trajectory associated with the entire scan line can capture
features of the tip/sample forces associated with imaging a
supported lipid bilayer on mica (Figure 2). These features
include a smaller F,, and F;, associated with imaging the
model step in simulation or the lipid bilayer in experiment.

To determine the effect of altering the surface free energy
between the tip and surface, simulations were run with
variations in the value of the Hamaker constant (based on
Equation 6) on the step region of the model surface while
keeping all other parameters constant (Figure 3). The Young's
modulus was 30 GPa before and after step, and 6 GPa on the
step. While the true height of the model step was 5 nm, the
measured height of the step during simulation was consistently
smaller due to compliance. As the Hamaker constant was
increased from 0.5 to 2 aJ, the step became more compressed
(smaller measured height Figure 3A). The increased Hamaker
constant resulted in a larger attractive force between the tip and
surface, which resulted in the tip pushing further into the
surface, as can be seen from plotting the position of the tip with
respect to the surface (Figure 3B). However, the contact time
did not appreciably change. This larger Hamaker constant
resulted in larger attractive forces during the start and end of a
tapping event (Figure 3C); however, the total force per
oscillation cycle must be maintained by the feedback loop to
achieve surface imaging. As a result, the F,,x also increases
with increasing Hamaker constant (Figure 3C). The large F.x
is a result of increased repulsive force due to the larger
compression of the surface with larger values of Hamaker
constant, which increases the force associated with the Hertzian
term in Equation 3. The increase in F,,,, compensates for the
increased negative forces to maintain a constant total force per
oscillation cycle. As a result, both the F,x and F,;;, increase in
magnitude linearly with increases in the Hamaker constant;
however, the sign of the forces is different (Figure 3 D and E).

To determine the effect of altering the Young's modulus of
the surface on the tip/sample force interaction, simulations were
run with several different values of the Young's modulus on the
step region of the model surface while keeping all other
parameters constant (Figure 4). As was the case previously, the
simulated measured height of the step was smaller than the true
5 nm height. The measured height of the step during simulation
decreased with smaller values of the Young's modulus due to
the increased compliance of the surface (Figure 4A), and the tip
pushed further into the surface on the softer samples (Figure
4B). However, the contact time between the tip and surface

during each tapping event increased with smaller values of
Young's modulus. An increased Young's modulus did not result
in a larger attractive force between the tip and surface, but the
Fnax increased despite not pushing as far into the surface
(Figure 4C). Rather, the increased Fp,, resulted from the &y
term in Equation 3. This larger F,,, was compensated for by
the shorter contact time, so that the total force per oscillation
cycle remained constant for different values of Young's
modulus. As a result, only the magnitude of the F,,,, increases
with larger values of Young's modulus, and this increase can be
described by a power law (Figure 3D). The F,;, is unresponsive
to changes in the Young's modulus (Figure 3E).

Collectively, the simulations with varying values of the
Hamaker constant or Young's modulus demonstrate that unique
features of the tip/sample tapping force can be used to glean
information about specific surface properties. For example, the
Fuin changes linearly with increases in the Hamaker constant,
and thus the adhesive force between the tip and surface. The
changes in F;, are independent of the Young's modulus. While
Fiax 1s dependent on both the Hamaker constant (linearly) and
Young's modulus (power law), it can still be used to determine
changes in the Young's modulus. This is because the
contribution to F,, from the Hamaker constant can be
estimated from F,;,. While a set point of 0.7 was chosen for
these simulations, these conclusions are valid for differing set
point ratios where set points ranging from 0.8-0.6 are optimal
for our imaging purposes. At a set point of 0.9, the same
relationships between surface properties and tip/sample forces
may not be observed due to the fact that the tip is barely
making contact with the surface [1].

We next use SPAM to reconstruct the force associated with
every tapping event while imaging supported TBLE bilayers
with various amounts of cholesterol (100% TBLE; 90% TBLE
+ 10% cholesterol; 80% TBLE + 20% cholesterol). Using the
simulation results, we were able to determine the mechanical
impact of cholesterol on the lipid bilayer patches. To simplify
analysis between samples, the same cantilever was used for all
experiments presented. Also, several key imaging parameters
were maintained between experiments, i.e., a constant drive
amplitude, free amplitude, and set point ratio. Based on
previous reports, this should maintain a constant total
tip/sample force per oscillation cycle as based on the following
equation [17]:

A
Fiotar = 0.5k ag (ﬁ) (N

Furthermore, only patches of lipid bilayer supported on a mica
surface were used for this study. The forces associated with
imaging the exposed mica can be used as an internal reference
based to normalize for small variations in the tip/sample force
interaction [1].

Height images, profiles, and histograms reveal that as the
exogenous cholesterol is increased from 0% to 20% that the
measured height of the bilayer systematically decreased from
3. 7nm to 2.8 nm (Figure 5 A-C). Based on our simulations,

5 Copyright © 2012 by ASME



A) ) 100% TBLE; 0% Chol. 90% TBLE; 10% Chol. 80% TBLE;

20% Chol.

1 pum
B) E
£
=
.20
L]
as M " L N A N
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 23 0 0.4 0.8 1.2 1.6 2
Length (um) Length (um) Length (ptm)
C .
) 2 8 8t 8
w6 6 6
a,, 4 4t 4
£E 2 2f All 2
= > 0 -] T 0 0 “__._.
= -2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5
Height (nm) Height (nm) Height (nm)
D) _ 35 — ;
z J
‘-’E 18 e
m 0 : = r
1 pm I pm
2 3 5 5
Bad 2 1 4
i g 3 3 3
aa 2 2 2
=]
ar- 0 . 0
18 27 35 18 27 35
Maximum Force (nN) Ma)u.mum Porce (nN) Maximum Force (nN)
P _ 4
=z
s 2
u-E
-40
1 pm
S s 7 7
2% SE | 5
2
a g 3 3
< = ‘
= o 1 1
-
=35 27 18 -9 0 18 35 27 18 9 0
Minimum Force (nN) Mmlmum Force (nN) Minimum Force (nN)

Figure 5. AFM and SPAM analysis of supported TBLE lipid

bilayers with varying amounts of cholesterol (0%, 10%, and 20% by

mass). (A) Topography images of lipid patches. The line in the image corresponds to the (B) height profile directly below each image.
(C) Histograms of all of the height values of the pixels contained in the topography image. (D) Reconstructed F,,, images associated
with 100% TBLE and 0% cholesterol, 90% TBLE and 10% cholesterol, 80% TBLE and 20% cholesterol. (E) Histograms of the

maximum tapping force associated with each Fy,,, image. The

peaks at 35 nN represent the force associated with the mica and the

peaks to the left are associated with the bilayer. (F) Reconstructed F,;;, images associated with 100% TBLE and 0% cholesterol, 90%
TBLE and 10% cholesterol, 80% TBLE and 20% cholesterol. (G) Histograms of the minimum tapping force associated with each F;,
image. The peaks at -29 nN represent the force associated with the mica and the peaks to the right are associated with the bilayer.

this decrease in height could be due to either an increase in the
Hamaker constant between the tip and bilayer or by a decrease
in the Young's modulus. To determine the dominant contributor
to the observed decreased height as a function of cholesterol
content, the F,, and F;, for every tapping event was mapped
to correspond directly to morphological features and analyzed
(Figure 5 D-G and Figure 6). As the cholesterol content
increases, the relative, average value of F,,, associated with
regions of lipid bilayer decreases with respect to the forces on
mica. However, the relative, average value of F;;, with respect
to the forces measured on mica does not change when 10%
exogenous cholesterol is added compared to pure TBLE. This
suggests that the increased compression of the lipid bilayer (as

measured by changes in height) was predominately due to
changes in the Young's modulus induced by the addition of
cholesterol. While the relative value of F,; for bilayer
compared to mica increased in magnitude when 20%
exogenous cholesterol is added, it was not enough of a change
to account completely for the associated relative change in F,,.
The forces are presented relative to the average tapping forces
associated with imaging the exposed mica substrate. The
average F,.x and F;;, for the mica surface were 35 and -29 nN,
respectively.
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4. CONCLUSIONS

A major thrust in the field of scanning probe techniques is
to develop methods to simultaneously capture mechanical
information about surfaces during standard imaging
experiments. In TMAFM, this goal is becoming realizable due
to the development of techniques with the ability to reconstruct
the time-resolved force interaction between the tip and surface.
Presented results and simulations demonstrate that the
maximum and minimum observed tapping force for TMAFM
operation in fluids is directly related to material properties such
as Young's modulus and surface free energy between the tip and
surface. As a result, these features of the time resolved
tip/sample force interactions can be used to map relative
changes in surfaces properties with nanoscale spatial resolution.
Based on this principle, we have demonstrated the applicability
of the SPAM technique, which enables the reconstruction of
tapping forces from the deflection signal of a TMAFM
experiment, to study the mechanical changes induced in
supported lipid bilayer patches by the addition of exogenous
cholesterol. However, to facilitate comparison, the imaging
parameters (set point ratio, free amplitude, drive amplitude)
should be maintained across experiments. The dynamics of
lipid systems during cholesterol modulation are complex and it
is well known that cholesterol depletion or enrichment has a
global effect on cells [18-20]. Consequently, future cholesterol
studies using SPAM will be performed with cells to determine
the effects on not only the membrane, but the underlying
cytoskeleton as well.
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Figure 6. The average (A) F..x and (B) F,;, associated with
lipid bilayer patches with varying amounts of cholesterol.
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