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Summary: Tapping mode atomic force microscopy

(AFM) is an invaluable technique for examining

topographical features of biological materials in

solution, and there has been a growing interest in

developing techniques to provide further compositional

contrast and information concerning surface mechanical

properties. Phase shifts, cantilever response at higher

harmonic frequencies of the drive, and time-resolved

tip/sample force reconstruction have all been shown to

provide additional compositional contrast of surfaces, as

compared to basic tapping mode AFM imaging. This

study aimed to demonstrate the relative ability of these

different imaging techniques to detect temperature

induced changes in the elastic modulus of supported

total brain lipid extract (TBLE) bilayer patches on mica.

To aid in direct comparison between the different

imaging techniques, all required data was obtained

simultaneously while capturing traditional tapping

mode AFM topography images. While all of the

techniques were able to provide compositional contrast

consistent with known temperature-induced changes in

the bilayer patch, interpretation of the resulting contrast

was not always straightforward. Phase imaging suffered

from contrast inversion. Individual harmonics re-

sponded in a variety of ways to the temperature-induced

changes in elastic modulus of the bilayer. Themaximum

tapping force (or peak force) associated with imaging

the bilayer correctly reflected the changes in elastic

modulus of the lipid bilayer. Importantly, as the required

data can be obtained simultaneously, combining these

different imaging techniques can lead to a more

complete understanding of a sample’s mechanical

features. SCANNING 37:23–35, 2015.
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Introduction

Atomic force microscopy (AFM) has become a

standard technique for imaging surfaces with nanoscale

spatial resolution. A widely used dynamic AFM

imaging technique for soft materials in solution is the

tapping mode, which effectively eliminates larger

lateral forces associated with contact mode AFM

(Hansma et al., 1994; Putman et al., 1994). In tapping

mode, images are obtained by systematically monitor-

ing the oscillation amplitude of a cantilever affixed with

an ultrasharp tip probe that physically interacts with the

sample by intermittently making contact with the

surface. The cantilever is commonly driven near its

resonance frequency v0 by a variety of means (Revenko

and Proksch, 2000; Herruzo and Garcia, 2007). As the

surface acts as a repulsive barrier, the intermittent

contact between the tip and sample results in a decrease

in the cantilever oscillation from a “free” amplitude A0

to a tapping amplitude A. The surface topography is

determined by raster scanning the tip across the surface

and implementation of a feedback loop that continu-

ously corrects the vertical extension of the piezoelectric

scanner to maintain a constant set point ratio, s¼A/A0.

As a result ofmaintaining this set point, the AFM images

surfaces in the tapping mode by trying to maintain the

total force between the tip and surface in one oscillation
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cycle at a constant value (Kowalewski and Legleiter,

2006; Melcher et al., 2008).

Considerable effort has been made to develop

techniques based on tapping mode AFM to simulta-

neously determine mechanical properties of surfaces

while obtaining traditional topographic images. These

approaches offer several potential advantages over other

traditional AFM techniques that measure mechanical

properties, such as high spatial resolution and relatively

nondestructive imaging forces associated with tapping

mode. Due to the large deformation of soft samples

required by other methods to measure mechanical

properties of surfaces (i.e., force volume imaging and

nano-indentation), these techniques can suffer from

decreased spatial resolution and potentially damage the

surface. This is particularly relevant to the application of

AFM to study fragile biological samples in solution.

In this regard, numerous variations of tapping mode

AFM have been developed to simultaneously capture

morphological and mechanical information of surfaces.

One of the first such variations was phase-contrast

imaging, which is based on measuring the phase

difference between the drive signal and the cantilever

motion (Cleveland et al., 1998; Anczykowski

et al., 1999). Further insight into the mechanical

properties of a sample are obtainable by analysis of

the cantilever deflection trajectory at higher harmonic

frequencies with respect to the drive frequency (Hill-

enbrand et al., 2000; Stark and Hecki, 2003). When

applying a harmonic drive to the cantilever, the resulting

harmonic oscillation of the cantilever is distorted by the

tapping event during each oscillation cycle (Hillenbrand

et al., 2000; Stark and Hecki, 2003; Legleiter

et al., 2006; Preiner et al., 2007). This results in some

power being shifted to these higher harmonic frequen-

cies. Mapping of the cantilever response at higher

harmonics has been shown to provide additional

compositional contrast when imaging in liquids (Preiner

et al., 2007; Xu et al., 2009). More recently,

reconstructing the time-resolved tip/sample imaging

force while capturing tapping mode AFM images has

garnered considerable attention as a method to gain

mechanical information about the sample. Stark et al.

first converted the cantilever deflection signal into time-

resolved tip/sample forces by taking the inverse Fourier

transform of the Fourier-transformed cantilever trajec-

tory divided by its transfer function (Stark et al., 2002),

and since then several other methods have been

proposed and developed to obtain time-resolved tip/

sample forces associated with tapping mode AFM

(Sahin et al., 2004; Legleiter et al., 2006; Dong

et al., 2009; Sarioglu and Solgaard, 2011; Garcia and

Herruzo, 2012; Sarioglu et al., 2012). One of these

methods, scanning probe acceleration microscopy

(SPAM), treats the cantilever as an accelerometer

from which the tip/sample forces can be extracted

during regular operation without the need for specially

designed cantilevers (Legleiter et al., 2006). SPAM

utilizes the second derivative of the deflection signal to

recover the tip acceleration trajectory, and this is

converted into the time-resolved tip/sample force.

Due to the ability to perform tapping mode AFM

experiments in aqueous environments, it has been

widely applied to the study of biologically relevant

samples and surfaces. Extensive AFM experiments

have been performed on supported lipid bilayers,

which act as models of cellular membranes (Leonenko

et al., 2006; Milhiet et al., 2006; Legleiter

et al., 2011; Pifer et al., 2011; Shamitko-Klingensmith

et al., 2012). Membranes are essential components of

all living systems, and a variety of biochemical

reactions occur at these surfaces. Cellular membranes

have a two-dimensional liquid-crystalline structure

and are typically comprised of a diverse mixture of

amphiphilic lipid components (vanMeer et al., 2008;

Espinosa et al., 2011). Mechanical properties of

cellular membranes are vital to the maintenance of

normal cellular function, as membranes must maintain

high lateral fluidity while also retaining structural

integrity. The mechanical properties of lipid mem-

branes, such as fluidity, depend on lipid composition

and local environmental properties such as pressure,

hydration, pH, and temperature (Kranenburg and

Smit, 2005; Suresh and Edwardson, 2010). Under

physiological conditions, lipid membranes are pre-

dominantly in a fluid phase; however, thermal

fluctuations can alter the phase state of membranes.

In general, increasing temperature causes lipid

membranes to enter a more disordered state, whereas

lowering the temperature encourages a more ordered,

potentially nonfluid state (Mansilla et al., 2004). Phase

transitions occur at a variety of temperatures for

different lipid systems based on the packing efficiency

of specific lipid components (vanMeer et al., 2008).

Changes in lipid organization profoundly influence

cellular functions, such as signal transduction and

membrane trafficking (Simons and Vaz, 2004; van-

Meer et al., 2008).

Here, the ability of phase imaging, imaging based on

the cantilever response at specific higher harmonic

frequencies, and reconstruction of the time-resolved

tapping forces are evaluated on their ability to track

temperature-induced mechanical changes and phase

transitions of supported lipid bilayers. Time-resolved

tapping forces were recovered using SPAM. All of these

imaging modes can be obtained simultaneously, which

allows for direct comparison within individual tapping

mode AFM experiments. For these experiments, patches

of total brain lipid extract (TBLE) bilayers containing

30% exogenous cholesterol and supported on a mica

substrate were imaged in solution. Patches of bilayers

were used so that the exposed mica substrate could

act as an internal standard for the different imaging

techniques.
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Experimental Procedures

Sample Preparation

TBLE (Avanti Polar Lipids) and cholesterol were

dissolved in chloroform (ACROS Organics) to a

concentration of 70% TBLE and 30% cholesterol by

mass. The chloroform was removed using a Vacufuge

(Eppendorf), and the resulting lipid films were resus-

pended in phosphate buffered saline (PBS) (pH 7.3) at a

concentration of 1mg/mL. Five sequential freeze–thaw

cycles in liquid nitrogen were performed to promote

bilayer formation. The lipid suspensions were then

placed in a bath sonicator for 20min to promote vesicle

formation. The ensuing vesicle solution was diluted 50

times. 5mL of this diluted solution was injected directly

into the AFM fluid cell, which already contained 35mL

of PBS, and onto a freshly cleaved mica substrate.

Supported lipid bilayer patches formed on the mica

surface within a few minutes.

AFM Imaging Conditions

In situ AFM experiments were performed with a

Nanoscope V Multimode scanning probe microscope

(Veeco, Santa Barbara, CA) using a fluid cell equipped

with an O-ring and a V-shaped oxide-sharpened silicon

nitride cantilever (Budget Sensors). All topography

images were acquired in the tapping mode with acoustic

excitation of the cantilever. While the nominal spring

constant of the cantilevers provided by the manufacturer

was 0.27N/m, the actual spring constant of the

cantilevers used in this study were calculated using a

thermal tuning method, as previously described (Hutter

and Bechhoefer, 1993). All images were acquired using

a closed-loop “vertical engage” J-scanner. The scan rate

was 1.95Hz with cantilever drive frequencies ranging

from approximately 8 to 9 kHz. The free amplitude of

the cantilever was 29.4 nm for all experiments presented

here, and the set point ratio, defined as the tapping

amplitude to the free amplitude, was maintained at 0.8.

Images were captured at 5� 1.25mm and 512� 128

pixel resolutions. Topography and phase images were

captured using the software supplied by the manufac-

turer. The temperature was varied from 28 to 37 ˚C using

the Bio-Heater accessory for the multimode AFM

(Veeco, Santa Barbara, CA) and additionally monitored

with a thermister incorporated into the fluid cell.

Higher Harmonic Imaging and Scanning Probe

Acceleration Microscopy Imaging

Entire cantilever deflection trajectories were simul-

taneously captured during acquisition of each tapping

mode AFM image by use of a signal access module

(Veeco), a CompuScope 14-Bit A/D Octopus data

acquisition card (Gage Applied Technologies, Lachine,

QB, Canada), and custom-written software. Trajectories

were captured at 2.5MS/s and 14-bit resolution with a

vertical resolution of�2V. These cantilever trajectories

were processed using Matlab equipped with the signal

processing toolbox (Mathworks, Natick, MA). A sliding

window Fourier transform was applied to the cantilever

deflection trajectory. The window was six oscillation

cycles in length and was advanced by one oscillation

cycle at a time. By taking the magnitude of the resulting

power spectrums, images based on the response of a

single harmonic frequency were constructed by reshap-

ing the resulting response at a given frequency into an

appropriately sized matrix corresponding to the AFM

image. To reconstruct the time-resolved tip/sample

force using scanning probe acceleration microscopy, the

cantilever deflection trajectories were also filteredwith a

Fourier transform based harmonic comb filter using the

same sliding window as was employed for generation of

harmonic images. In this process intensities correspond-

ing to integer harmonic frequencies are used to

reconstruct a deflection signal, yrec(t), by inverse Fourier

transform of the power spectrum based on the following

equation:

yrecðtÞ ¼ f̂
�1

yðvÞ
X

N

k¼1

dðv� kvoperÞ

" #

ð1Þ

here f̂
�1

is the inverse Fourier transform, voper is the

operating frequency, N is the highest harmonic

distinguishable above the noise level (typically 20),

and d is Dirac’s delta function (Legleiter et al., 2006).

The second derivative of yrec(t) was taken to obtain the

cantilever acceleration, which was multiplied by the

effective mass, meff, of the cantilever to obtain the time-

resolved tapping force between the tip and sample based

on the following equation,

€y ¼
1

mef f

�

Fext � b _y� ky� mef fv
2a0sinðvtÞ þ ba0vcosðvtÞ

�

;

ð2Þ

which was derived by treating the cantilever motion as a

damped driven harmonic oscillator,

Fext ¼ mef f€zþ b_zþ k
�

z� D0 þ a0sinðvtÞ
�

ð3Þ

with b being the damping coefficient, k is the cantilever

spring constant, z is the position of the cantilever with

respect to the surface, D0 is the resting position of the

cantilever base, a0 is the drive amplitude, and v is the

cantilever’s drive frequency. The meff was estimated

based on the calibrated spring constant and resonance
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frequency of the cantilever. The position of the

cantilever, z, is converted to the cantilever deflection,

y, as described by

y ¼ z� D0 þ a0sinðvtÞ: ð4Þ

The maximum tapping force (Fmax), defined as the

peak or largest positive force experienced between the

tip and surface during one tapping event, was organized

into an appropriately sized matrix corresponding to the

AFM image to obtain a spatially resolved force map.

Results and Discussion

Influence of Temperature on Bilayer Height and

Phase

To determine the relative applicability of phase

imaging, imaging based on the cantilever response at

specific higher harmonic frequencies, and reconstruc-

tion of the time-resolved tapping forces to study

temperature induced mechanical changes in lipid

bilayers, tapping mode AFM was performed on sup-

ported TBLE bilayer patches. As lipid bilayers have a

considerably smaller elastic modulus compared to mica,

the bilayer patch on mica is useful for comparing

different imaging modes as this system provides a

surface with a relatively soft region (supported bilayer)

and a hard region (mica) with well-defined morphology

(an uncompressed TBLE bilayer is �4.5–5 nm thick).

The supported bilayer patches were imaged at various

temperatures (28, 31, 34, and 37 ˚C) by sequential

heating of the sample, and all of the required data for the

different imaging variations were obtained simulta-

neously at each temperature. While this experiment

was repeated several times, all representative images

presented here were obtained on the same bilayer patch

using a single cantilever with a constant drive

amplitude, free amplitude, and set point ratio to

facilitate comparison between images obtained at

different temperatures. This required no adjustment of

the cantilever placement within the fluid cell for the

duration of the experiment, normalizing errors associ-

ated with the geometry of the fluid cell and position of

the piezo shaker with respect to the cantilever so that

direct comparison from image to image could be made

within a single experiment. By keeping these parameters

constant, the total tip/sample force per oscillation cycle,

Ftotal, remained constant based on the equation:

Ftotal � 0:5ka0
DA

A0

; ð5Þ

where k is the spring constant, a0 is the drive amplitude,

DA is the tapping amplitude, and A0 is the free

amplitude (Kowalewski and Legleiter, 2006). The

experiments presented here were performed with a set

point ratio of 0.8. This set point ratio was chosen based

on previous studies indicating that this setting was

optimal for imaging TBLE bilayer patches on mica

(Kumar et al., 2010; Shamitko-Klingensmith et al.,

2012). Furthermore, the exposed mica acts as an internal

control to verify that Ftotal remained constant and to

facilitate direct comparison between images taken at

different temperatures (Kumar et al., 2010), and all

results are reported relative to this control. While the

absolute values of bilayer height, phase shifts, amplitude

responses of specific harmonics, and tapping forces

from experiment to experiment could vary due to the

difficulties in controlling all of the previouslymentioned

imaging parameters, the relative shifts in these values

compared to the internal mica control were consistently

reproduced, except in phase imaging as will be

discussed later. For simplicity, the results presented

here are from one representative replicate of the

experiment.

TBLE was chosen for this study as it is a naturally

occurring mixture of phospholipids including phospha-

tidylcholine (PC, 9.6%), phosphatidylethanolamine

(PE, 16.7%), phosphatidylinositol (PI, 1.6%), phospha-

tidylserine (PS, 10.6%), phosphatidic acid (PA, 2.8%),

and unknown components comprising 58.7% of the

mixture. All of these lipids have varying degrees of

saturation which can contribute to the packing arrange-

ment within the lipid membrane. Additionally, 30%

exogenous cholesterol was added to the lipid mixture to

strengthen the bilayer patches for continual imaging, as

previous studies on TBLE containing 0–50% exogenous

cholesterol indicated that TBLE bilayers containing

30% exogenous cholesterol have the highest degree of

vertical rigidity (Shamitko-Klingensmith et al., 2012).

Furthermore, the addition of cholesterol lowers the

phase transition temperature of lipid bilayers (Van Dijck

et al., 1976; Epand and Bottega, 1987), allowing

observation of phase transitions at temperatures acces-

sible by the heated fluid cell. The occurrence of a

phase transition is accompanied by significant changes

in the mechanical properties of bilayers, providing a

simple system to investigate the ability of different

imaging techniques to detect such changes.

As a first measurement to determine if a phase

transition occurred in the TBLE bilayer patch upon

heating, standard tapping mode AFM topography

images were used to evaluate fluctuations in bilayer

height as a function of temperature (Fig. 1). At 28 ˚C, the

lipid patch had a height of 3.6� 0.1 nm (Fig. 1),

consistent with previous reports (Kumar et al., 2010;

Shamitko-Klingensmith et al., 2012). However, this

bilayer height was slightly smaller than the theoretical

height of the lipid bilayers (�4.5–5 nm) due to the

normal force applied by the cantilever tip compressing

the supported bilayer (Kumar et al., 2010). This

observed compression was consistent with the bilayer

26 SCANNING VOL. 37, 1 (2015)



being a more compliant surface compared to the mica

substrate, as has been demonstrated by simulations of

complete tapping mode AFM experiments (Shamitko-

Klingensmith et al., 2012). As the temperature increased

to 31 and 34 ˚C, the bilayer height slightly increased

(4.1� 0.5–4.2� 0.5 nm, respectively). Further morpho-

logical changes within the bilayer patchwere apparent at

34 ˚C as a region of the bilayer had a height that was

�0.7 nm smaller (Fig. 1), indicating the initial stages of

a transition to a more compliant phase that is com-

pressed to a greater extent due to the imaging force. As

the temperature was further increased to 37 ˚C, the

height of the bilayer patch became considerably smaller

(1.8� 0.1 nm). At lower temperatures, the lipid com-

ponents are more tightly packed, resulting in a slightly

thicker bilayer, but the change in thickness of bilayers in

this temperature range should only be on the order of a

few angstroms (Pan et al., 2008; Kučerka et al., 2011).

The difference in bilayer height before and after the

phase transition is much larger than would be expected

due to simple rearrangement of lipid packing. This

drastic reduction in height was likely a consequence of

the cantilever tip pushing deeper into the more highly

fluid bilayer patch, associated with a phase transition

occurring in the bilayer. This is consistent with previous

reports that demonstrated that changes in observed

height of a bilayer measured by tapping mode AFM in

solution can be directly related to changes in mechanical

and/or adhesive properties of the bilayer (Shamitko-

Klingensmith et al., 2012). Unfortunately, there was not

a straightforward method to determine the uncom-

pressed height of the bilayer, which is required to obtain

a relative value of indentation.

While the same lipid bilayer patch was imaged at the

different temperatures, the shape of the patch changed

considerably, indicating that the bilayerwas quite fluid as

expected from the literature (Yip et al., 2001; Shamitko-

Klingensmith et al., 2012). As the temperature is raised

from 28 ˚C to 37 ˚C, the shape (or lateral morphology) of

the bilayer patch is also altered (Fig. 1). This could arise

from several factors. For example, the time required for

the formation of large areas (on the order of 50 by 50mm

or larger) of continuous supported lipid bilayers is

significantly reduced under continuous scanning of an

AFM tip (Legleiter et al., 2011). This phenomenon is

caused by the force exerted by the probe pushing vesicles

to the surface, flattening their structure, and promoting

vesicle fusion (Jass et al., 2000). While this experiment

was performed at low vesicle concentrations to prevent

the formation of continuous bilayer, it is still possible that

the imaging process actively altered the lateral shape of

the bilayer, which can be quitemalleable. The lipid patch

occupied the largest observable area at 28 ˚C, but this

decreased with increasing temperature. This condensing

effect has been noted to occur in order to maintain

structural integrity as lateral fluidity of membranes

increases and is consistent with studies examining the

area of various PC bilayers as a function of temperature

(Kučerka et al., 2011).

As the phase of the cantilever operated in tapping

mode is commonly used to glean information concern-

ing mechanical properties of surfaces, phase images of

the lipid bilayer patches on mica were acquired

simultaneously with the topography images at each

temperature. The phase images were normalized so that

the phase shift associated with tapping events on mica

had a value of zero, allowing for direct comparison

between phase images taken at different temperatures

(Fig. 2). Initially, stark contrast between the mica

substrate and the bilayer patch was observed at 28 ˚C,

with the phase shifting 2.1� 0.10 on the bilayer with

respect to the mica substrate. The phase shift associated

with the bilayer increased in magnitude with a larger

Fig 1. (a) AFM topography images of the same TBLE bilayer
patch supported on mica taken at 28, 31, 34, and 37 ˚C. The dotted
line in the image taken at 34 ˚C indicates a region of the bilayer
undergoing a phase transition. The color bar is applicable to all
images. (b) Histograms of all of the height measurements in the
AFM images presented as a function of temperature. Brighter
colors indicate a larger number of measurements corresponding to
a specific height. Measurements corresponding to the mica
substrate are indicated.
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distribution of values as the temperature was raised to 31

and 34 ˚C (2.5� 0.10 and 3.1� 0.10, respectively).

Additionally at 34 ˚C, the region of the bilayer

associated with the initial transition to a more fluid

state had a clear phase contrast compared with the rest of

the bilayer. While at lower temperatures the phase shift

associated with the bilayer was always positive, the

phase shift associated with the bilayer at 37 ˚C was

negative (�2.3� 0.10) with respect to the mica

substrate. This observed inversion of contrast represents

one of the ambiguities related with phase imaging, as the

phase contrast between regions of differing elastic

modulus are not always consistently in one direction

(Bar et al., 1997). The inversion of contrast in the phase

images after heating the sample to 37 ˚C did not occur in

every individual replicate of the experiment (Fig. 3).

There was, however, always some appreciable change

(on the order of 1–3 degrees) in phase contrast when

heating a bilayer patch above its transition temperature.

Despite the ambiguity in the phase response observed

here as a function of temperature, these shifts in phase

contrast do indicate that mechanical properties asso-

ciated with the lipid bilayer patch indeed changed due to

the increase in temperature, further supporting the

notion that the observed height differences in the

topography image are due to a temperature induced

phase transition in the lipid bilayer.

Phase contrast is typically associated with tip/sample

energy dissipation (Magonov et al., 1997; Cleveland

et al., 1998; Garcia et al., 2007).While great strides have

been made in the theory underlying phase contrast,

especially in solution (Melcher et al., 2009), interpreta-

tion of phase images remains difficult due to a variety of

competing sources of energy dissipation (i.e., capillary

forces (Zitzler et al., 2002), viscoelasticity of the sample

(Garcia et al., 1999), and cross talk with topography

(Stark et al., 2001)) associated with tip/sample inter-

actions. Phase contrast is also highly dependent on

imaging parameters, such as free amplitude and set

point ratio (Scott and Bhushan, 2003; Ebeling and

Solares, 2013). Changing the set point ratio in tapping

Fig 2. (a) AFM phase images of the same TBLE bilayer patch
supported onmica taken at 28, 31, 34, and 37 ˚C. The dotted line in
the image taken at 34 ˚C indicates a region of the bilayer
undergoing a phase transition as determined from the topography
image shown in Figure 1. The color bar is applicable to all images.
(b) Histograms of all of the phase measurements in the AFM
images presented as a function of temperature. Brighter colors
indicate a larger number of measurements corresponding to a
specific phase shift. Measurements corresponding to the mica
substrate are indicated.

Fig 3. Representative phase images of TBLE bilayer patch supported on mica from two additional experiments demonstrating that the
phase shift associated with the transition in the bilayer was inconsistent. That is, in some replicates (a) no contrast inversion was observed,
while (b) contrast inversion was observed in others. Nevertheless, there was always a shift in the phase associated with phase images
above 37 ˚C.
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mode AFM can even lead to contrast inversion in phase

images for some experimental systems (Bar et al., 1997).

As a result, using phase imaging to elucidate mechanical

properties of surfaces can be complicatedwithout a priori

knowledge of those properties. These issues can be

further complicated when operating in solution (Melcher

et al., 2009; Ebeling and Solares, 2013). The imaging

conditions chosen in this study were optimized for

topographical imaging of the bilayer patch, and not phase

contrast. It is possible that imaging conditions could be

tweaked so that phase images more accurately and

reproducibly reflect the relative compressibility of the

bilayer patch with respect to mica.

While it would be interesting to correlate changes in

phase contrast to the differing ability of the bilayer to

dissipate energy before and after undergoing a transition,

the relationship between phase contrast and tip/sample

dissipation is based on the assumption of cantilever

dynamics being dominated by a single eigenmode.

However, when operating tappingmode AFM in solution

using soft cantilevers (k< 1N/m)with lowquality factors

(Q< 5), the second eigenmode of the cantilever plays a

prominent role (Basak and Raman, 2007), and the

assumption of a single eigenmode dominating the tip/

sample interaction is not met, making it difficult to

directly relate phase contrast to tip-sample dissipation

alone (Melcher et al., 2009).

As demonstrated by Melcher et al., the phase contrast

associatedwith such soft cantilevers can arise from either

(i) energy propagation during the tapping event that

excites higher eigenmodes of the cantilever, which is

mediated by conservative short-range interactions such

as elastic contact forces between the tip and surface, or

(ii) tip/sample energy dissipation (Melcher et al., 2009).

In our experimental system, which consists of a soft

biological lipid bilayer supported on a comparably stiff

mica substrate in a high-ionic strength buffer, the DLVO

forces are highly screened and adhesion hysteresis is

negligible (Voitchovsky et al., 2006; Mueller and

Engel, 2007; Melcher et al., 2009). As a result, the

observed inversion of contrast in some phase images of

the bilayer on mica at 37 ˚C compared with images taken

at different temperatures can be interpreted based on

these two sources of phase contrast. At the lower

temperatures, the phase contrast is dominated by the

momentary propagation of energy from the first to the

second eigenmode of the cantilever; whereas, the tip/

sample dissipative interaction dominates at 37 ˚C.

Melcher et al. also point out that phase images should

not be considered maps of elastic modulus, but rather

local stiffness (Melcher et al., 2009).

Observation of Compositional Contrast Using Higher

Harmonic Imaging

Due to the nonlinear interaction between the tip and

sample during tappingmode AFM, the harmonic motion

of the cantilever is distorted during the tapping event,

and as a consequence, higher frequencies that are

harmonic to the drive frequency are excited within the

cantilever (Basak and Raman, 2007). As a result,

compositional contrast can be achieved by monitoring

harmonic frequencies, and higher harmonic imaging

has been used to observe subtle surface features that

are difficult to distinguish by ordinary tapping mode

AFM experiments (Stark and Hecki, 2003). Applica-

tion of harmonic imaging is especially useful for

imaging in solution, as the large distortion of canti-

lever motion associated with imaging in liquid leads to

a larger excitation of higher harmonics (Preiner

et al., 2007).

For this study, AFM images based on the response of

specific higher harmonic frequencies were obtained by

capturing the entire cantilever deflection trajectory

while imaging. Then, using a sliding window Fourier

transform, the cantilever response at specific harmonic

frequencies was obtained and reshaped into an

appropriately sized matrix corresponding to the AFM

image. In this way, individual harmonic images can be

generated simultaneously for several different harmonic

signals of the same TBLE bilayer patch, while raising

the temperature from 28 to 37 ˚C (Figs. 4–8). The first

harmonic (data not shown) is analogous to the standard

amplitude or error images associated with tapping mode

AFM. While the amplitude image is sensitive to the

edges of features on the surface and provides important

information concerning the efficiency of the feedback

loop, it contains little information concerning the

mechanical properties of the surface. However, higher

harmonics have been used to map a variety of surfaces

properties (van Noort et al., 1999; Preiner et al., 2007;

Xu et al., 2009). While the results presented here are for

one replicate of the experiment, it should be noted that

the relative response of the individual harmonics were

reproducible from replicate to replicate. That is, the shift

of the harmonic response associated with imaging

the bilayer patch at each temperature with respect to

the internal standard in mica was the same. Due to

experimental difficulty in reproducing imaging param-

eters between replicates, the magnitude of the observed

amplitudes associated with harmonics in the different

replicates varied up to about 10–20%.

Higher harmonics than the first provided interesting

contrast between the bilayer andmica as the temperature

was increased, and we will discuss a select few for

illustrative purposes. For the 2nd harmonic (Fig. 4),

contrast between the lipid and the mica in images

obtained at 28–34 ˚C was quite small, and distinct

populations of cantilever response at this frequency

were not apparent in the histograms. At these temper-

atures, the typical response of the 2nd harmonic was on

the order of 0.28–0.29 nm. However, the 2nd harmonic

showed contrast between the transitioning domain of the

bilayer at 34 ˚C and the surrounding lipid. Interestingly,
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after the bilayer had gone through a phase transition

(image taken at 37 ˚C), there was clear contrast in the

2nd harmonic image between the bilayer and mica with

the bilayer associated with a smaller amplitude response

(0.25� 0.03 nm) compared with the lower temper-

atures. Images based on the 5th harmonic (Fig. 5)

provided distinct contrast between the bilayer and mica,

with the bilayer always corresponding to a smaller

amplitude response. At 28 ˚C the cantilever response

associated with the 5th harmonic was 0.52� 0.05 nm,

and this increased to 0.62� 0.08 nm and 0.61� 0.07 nm

at 31 and 34 ˚C, respectively. However, the 5th

harmonic was not particularly sensitive to the region

of the bilayer undergoing transition at 34 ˚C, resulting in

minimal contrast. The response of the 5th harmonic

associated with the bilayer shifted to 0.37� 0.02 nm at

37 ˚C, which may be indicative of the phase transition in

the bilayer. The response of the 5th harmonic was

always consistent with the softer bilayer regions being

associated with a smaller amplitude response compared

with mica, and the magnitude of the cantilever response

was approximately double compared to the 2nd

harmonic. Imaging on the 6th harmonic (Fig. 6) resulted

in negligible contrast from 28–34 ˚C, as only the edges

of the bilayer were distinguishable from the mica.

However, there was stark contrast between the bilayer

and mica at 37 ˚C associated with the 6th harmonic. The

magnitude of the 6th harmonic was also reduced to

<0.26 nm. Images based on the response of the 7th

harmonic (Fig. 7) provided distinct contrast between the

Fig 4. (a) Second harmonic AFM images of the same TBLE
bilayer patch supported onmica taken at 28, 31, 34, and 37 ˚C. The
dotted line in the image taken at 34 ˚C indicates a region of
the bilayer undergoing a phase transition as determined from the
topography image shown in Figure 1. The color bar is applicable
to all images. (b) Histograms of all of the 2nd harmonic responses
in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements
corresponding to a specific response of the 2nd harmonic.
Measurements corresponding to the mica substrate are indicated.

Fig 5. (a) Fifth harmonic AFM images of the same TBLE
bilayer patch supported onmica taken at 28, 31, 34, and 37 ˚C. The
dotted line in the image taken at 34 ˚C indicates a region of the
bilayer undergoing a phase transition as determined from the
topography image shown in Figure 1. The color bar is applicable
to all images. (b) Histograms of all of the 5th harmonic responses
in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements
corresponding to a specific response of the 5th harmonic.
Measurements corresponding to the mica substrate are indicated.
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bilayer and mica at all temperatures. Unlike other

harmonic images previously discussed, the amplitude

response of the 7th harmonic was larger for the bilayer

compared to mica at 28–34 ˚C. However, the amplitude

response of the 7th harmonic associated with the bilayer

shifted below that of mica at 37 ˚C, resulting in an

inversion of contrast in the 7th harmonic images as the

temperature was raised. Images can be produced for

higher harmonics (for example the 10th and 15th

harmonics shown in Fig. 8) with varying patterns of

contrast as a function of temperature, but the magnitude

of the response became quite small (<0.15 and 0.03 nm,

respectively). Furthermore, the pattern of cantilever

response as a function of temperature was very similar

for harmonics ranging from the 12 to the 22nd harmonic

(data not shown).

Collectively, obtained images demonstrate that

higher harmonics can provide compositional contrast

to varying degrees. However, unambiguous interpreta-

tion of the contrast afforded by higher harmonics is

difficult. While the 2nd harmonic has been used to

obtain compositional contrast of soft biological samples

imaged in solution (Preiner et al., 2007), it has been

found that harmonics near the second eigenmode of the

cantilever give larger responses and better contrast (Xu

et al., 2009). During the tapping event, the second

eigenmode is momentarily excited, and this temporarily

excites higher harmonics near this natural frequency,

Fig 6. (a) Sixth harmonic AFM images of the same TBLE
bilayer patch supported onmica taken at 28, 31, 34, and 37 ˚C. The
dotted line in the image taken at 34 ˚C indicates a region of
the bilayer undergoing a phase transition as determined from the
topography image shown in Figure 1. The color bar is applicable
to all images. (b) Histograms of all of the 6th harmonic responses
in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements
corresponding to a specific response of the 6th harmonic.
Measurements corresponding to the mica substrate are indicated.

Fig 7. (a) Seventh harmonic AFM images of the same TBLE
bilayer patch supported onmica taken at 28, 31, 34, and 37 ˚C. The
dotted line in the image taken at 34 ˚C indicates a region of
the bilayer undergoing a phase transition as determined from the
topography image shown in Figure 1. The color bar is applicable
to all images. (b) Histograms of all of the 7th harmonic responses
in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements
corresponding to a specific response of the 7th harmonic.
Measurements corresponding to the mica substrate are indicated.
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and these harmonics have been shown to be highly

sensitive to local mechanical properties of the surface

(Xu et al., 2009). For the cantilever used in this study,

the natural frequency of the second eigenmode was

nearest to the 5th harmonic, resulting in the larger

response associated with this harmonic. The higher

sensitivity induced by proximity to the second eigen-

mode explains why the 5th harmonic response closely

tracks the known temperature induced changes in the

lipid bilayer patch. Similar to origins of phase contrast

with soft, highly damped cantilevers (Melcher et al.,

2009), the contrast of this 5th harmonic is most likely

derived from local elastic stiffness of the sample. In

general, however, a single harmonic only provides

partial information concerning the tip/sample interaction,

but methods, such as force reconstruction, that combine

the information stored in each individual harmonic may

afford a more complete picture of the mechanical

properties of samples.

Maximum Tapping Forces Reflect Temperature

Induced Mechanical Changes in the Bilayer

It has been demonstrated by multiple numerical

models and experiments that the maximum force (Fmax),

defined as the peak or largest positive force experienced

between the tip and surface during the tapping event,

increases with increasing elastic modulus of the sample

(Shamitko-Klingensmith et al., 2012; Burke et al.,

2013c; Guzman et al., 2013). While this dependence is

nonlinear and resembles a power law (Guzman

et al., 2013), it can be used to obtain contrast within

an image based on relative elastic modulus (Legleiter

et al., 2011; Burke et al., 2013a,b; Yates et al., 2013).

While the magnitude of the tapping force is influenced

by imaging parameters, the relative value of Fmax on the

elastic modulus of the surface appears to be maintained.

For example, increasing the spring constant of the

cantilever results in a larger magnitude of imaging force,

Fig 8. (a) Tenth and (b) fifteenth harmonic AFM images of the same TBLE bilayer patch supported onmica taken at 28, 31, 34, and 37 ˚C.
The dotted line in the images taken at 34 ˚C indicate a region of the bilayer undergoing a phase transition as determined from the topography
image shown in Figure 1. The color bar is applicable to all images. Histograms of all of the (c) 10th and (d) 15th harmonic responses in the
AFM images presented as a function of temperature. Brighter colors indicate a larger number of measurements corresponding to a specific
response of the 15th harmonic. Measurements corresponding to the mica substrate are indicated.
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but the power law dependence of Fmax with the elastic

modulus is preserved (Payam et al., 2012; Chaibva

et al., 2014). Furthermore, the relative magnitude of

Fmax is also preserved with changes in the set point ratio

and cantilever free amplitude (Kumar et al., 2010;

Shamitko-Klingensmith et al., 2012). To evaluate the

ability of Fmax images to detect temperature induced

mechanical changes in lipid bilayers associated with a

phase transition, SPAMwas used to invert the cantilever

deflection signal into time-resolved tip/sample forces.

The Fmax associated with every tapping event was used

to construct images of the bilayer patch on mica at

different temperatures (Fig. 9). As before, the mica

surface can be used as an internal reference point to

compare Fmax values at different temperatures.With this

in mind, the relative magnitude of Fmax associated with

imaging the bilayer patch with respect to mica was

reproduced from replicate to replicate. That is, the

magnitude of Fmax associated with imaging the bilayer

patch was always smaller compared to the internal

reference of mica, and there was always a pronounced

shift to smaller values of Fmax associated with imaging

the bilayer after the temperature induced phase

transition.

At all temperatures, the Fmax associated with the lipid

bilayer was always smaller than theFmax associated with

the bare mica substrate, as would be expected based on

the relative rigidities of the surfaces (Shamitko-

Klingensmith et al., 2012). From 28–34 ˚C, a slight

increase in Fmax (12.4� 0.2 nN–16.9� 0.2 nN), indicat-

ing an initial increase in bilayer rigidity with increased

temperature, was observed. This observation is con-

sistent with the observed increase in bilayer height and

the notion that increasing temperature raises lateral

fluidity within bilayers, as previous studies suggested

that higher fluidity corresponds with increased vertical

rigidity in bilayers (Yip et al., 2001; Shamitko-

Klingensmith et al., 2012). At 34 ˚C, faint contrast

was observed for the region of the bilayer that began to

transition to a more fluid phase, and this region appeared

to be slightly more rigid (higher Fmax). Once the bilayer

underwent the apparent phase transition at 37 ˚C, Fmax

significantly declined (5.7� 0.1 nN). The decline of

Fmax at this higher temperature corresponds with the

previously noted decrease in height, supporting the

notion that the bilayer’s phase transition resulted in a

significantly lower elastic modulus. This reduced

rigidity of the bilayer caused the cantilever tip to push

deeper into the bilayer surface, compressing the bilayer

and resulting in a smaller measured height, consistent

with numerical simulations (Shamitko-Klingensmith

et al., 2012). Importantly, the relative values of Fmax

were always predictable and in accordance with the

known rigidities of the bilayer and mica substrate.

Conclusions

While tapping mode AFM is widely used to obtain

nanoscale images of soft samples in liquid, there has

been considerable effort in developing methods that

provide compositional contrast in AFM images. Here,

we demonstrate the relative ability of phase, harmonic,

and force reconstruction imaging to detect changes in

the elastic modulus of a lipid bilayer patch supported on

mica caused by a temperature induced phase transition.

We made a direct comparison between these imaging

techniques by simultaneously acquiring these different

data types, ensuring that all images were acquired under

the same experimental conditions. Using a priori

knowledge concerning the sample and height images,

we determined which imaging techniques were able

to unambiguously reflect the temperature induced

Fig 9. (a) Fmax AFM images obtained from SPAM of the same
TBLE bilayer patch supported on mica taken at 28, 31, 34, and
37 ˚C. The dotted line in the image taken at 34 ˚C indicates a
region of the bilayer undergoing a phase transition as determined
from the topography image shown in Figure 1. The color bar is
applicable to all images. (b) Histograms of all of the Fmax

measurements in the AFM images presented as a function of
temperature. Brighter colors indicate a larger number of
measurements corresponding to a specific Fmax. Measurements
corresponding to the mica substrate are indicated.
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mechanical change in the bilayer. The key mechanical

change observed in the supported lipid bilayer was due

to a phase transition induced between 34–37 ˚C,

resulting in a highly compressible bilayer as confirmed

by AFM height images.

While all of the techniques were able to provide

compositional contrast associated with this phase

transition, interpretation of this contrast was not always

straightforward. Phase imaging suffered from contrast

inversion between the known hard and soft regions of

the surface in some replicates of the experiment.While a

widely used technique for mapping mechanical differ-

ences on a surface, phase imaging suffers from the high

dependence on the phase response to imaging param-

eters. Individual harmonic images exhibited a variety of

response patterns at the different temperatures, with the

largest cantilever response being associated with

harmonic frequencies near an eigenmode of the canti-

lever, which for this particular experiment was the 5th

harmonic. The response of the 5th harmonic, of all of the

monitored harmonic frequencies, most accurately

reflected the known temperature-induced change in

bilayer mechanics, suggesting that harmonics near an

eigenmode are particularly sensitive to changes in local

surface properties. Force reconstruction was accom-

plished using SPAM, and changes in the Fmax (or peak

force) associated with imaging the bilayer correctly

reflected the changes in elastic modulus of the lipid

bilayer and was able to contrast subtle mechanical

changes within the bilayer. This study was aided by the

incorporation of an internal standard (exposed mica) so

that relative changes in the response of these different

imaging modes could be evaluated. Importantly, as the

required data can be obtained simultaneously, combin-

ing these different imaging techniques can aid in

ascertaining a more complete understanding of a

sample’s mechanical features.
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