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SUMMARY

Energy landscape theory provides the most comprehensive framework to understand
intermolecular and interfacial interactions. Researchers have developed many force spec-
troscopy techniques through sensitive force probes, such as Atomic Force Microscopy
(AFM), to experimentally probe the energy landscape of interaction of interests. How-
ever, few methods were able to reconstruct the full view of energy landscape, and these
methods are limited by the assumptions made before the experiments, such as the shape of
the energy landscape or reversible interactive process. Particularly for reconstruction meth-
ods based on Boltzmann equations, which are the only methods capable of reconstructing
the continuous energy landscape, the reconstruction results relied on perfect matching of
the stiffness of force probes and strength of the interaction, and therefore dif cult to apply
to probe strong, multi-step interactions. In order to probe the true energy landscape of in-
teraction of interests, an AFM based framework was developed to interconnect the energy
landscape perspective of physical interaction and measuring coordinate of the force probes.
The newly developed framework enabled a direct comparison of force measurement results
and intrinsic reaction coordinate, and therefore integrated an unprecedented spatial resolu-
tion into Boltzmann based reconstruction methods. A continuous energy landscape up
to 100 nm was reconstructed using the point of equilibrium of the interaction de ned by
the framework. Based upon the same framework, | investigated the force-distance curves
of AFM measurements, and revealed a characteristic uctuation occurring during the so-
call "snaps” during the measurements. The uctuation feature was then used to develop a
point-density method to reconstruct the key undersampled region of the force landscape as-
sociated with the underlying energy landscape of the interactions without using Boltzmann-
based methods. The point-density method was used to characterize the critical nucleation
distance of capillary bridge due to water condensation together with velocity-based force

spectroscopy. The nucleation of water bridge is notoriously dif cult to measure because

XiX



of its strong adhesive nature over a short distance within a few nanometer. The method
developed in this thesis is the rst direct measurement to probe the critical nucleation dis-
tance of capillary bridge. Furthermore, to probe the rate-dependent interaction of rupture
of capillary bridge, | developed a bandwidth excitation method to probe the rupture dis-
tance of capillary bridge without changing the probe velocity. The method used excitation
at speci ¢ bandwidth to enhance only the unbinding reaction without changing binding in-
teraction. The method was applied to characterize the critical rupture distance of capillary

bridge, which is more than 10-fold longer than the nucleation distance.
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CHAPTER 1
INTRODUCTION

1.1 Importance of Energy Landscape

The energy landscape theory began to take shape in the 1980s and 1990s with the work of
Peter Wolynes, J&Onuchic, and co-workers.[1, 2, 3, 4] The theory built upon the early
development of statistical mechanics and the concept of the potential energy surface to
understand the mechanism of many physical and biological binding interactions. It gave a
global view of the reactions where the stable states tend to form at the local minimum on the
energy surfaces. The modern energy landscape theory provides a fundamental framework
to comprehensively describe all aspects of chemical, physical, and biological interactions.
It provides a fundamental understanding of the behavior of complex systems and enables

the rational development of new materials, drugs, and technologies.[3, 5, 6]

1.2 Research Motivation

All chemical, physical and biological interactions are governed by their interaction en-
ergy landscapes.[7, 8] Experimental methods to probe the underlying energy landscape are
essential to understanding fundamental interactions. Optical tweezers (OT) based single-
molecule force spectroscopy pioneered the experimental reconstruction of the energy land-
scape of an interaction eld using the Boltzmann based method to de ne DNA and RNA
folding interactions.[9, 10, 11, 12] However, OT based reconstruction methods are primar-
ily applied to folding interactions. Biomolecule unfolding experiments have an inherent
advantage to reconstruction as the molecule contour length can serve as a duciary marker
by which energy curves can be overlaid so that the measurement results surpass noisy

uctuations. In contrast to folding energy landscapes, interfacial interactions are typically



more dif cult to acquire as they are stronger, therefore the well gradients are larger, which
then require higher sampling in these regions. Also in the case of adhesive and interfa-
cial interactions, there are no natural duciary markers by which multiple force curves
can be combined. Therefore applying Boltzmann methods require highly precise sampling
of all points of the energy landscape and are in general more challenging to perform.[13,
14, 15] A variety of reconstruction methods have been developed to measure interfacial
and adhesive interactions, primarily implemented on Atomic Force Microscopy (AFM)
and Surface Force Apparatuses (SFA). These methods must use high sampling for the re-
construction[13, 14, 15] or else result in poor sampling in high gradient regions of the
landscape.[16] To increase sampling of key regions of the energy landscape, Haider et al.
applied weighted histogram analysis method (WHAM) to AFM force data to directly re-
construct the underlying energy landscapes of the tip-sample interactions.[17] The method
required sampling of at least a quarter million data points per nanometer of the reaction
coordinate and needed an extremely slow probe velocity (below 1 nm/sec) over the entire
force curve. Therefore, the method has only demonstrated reconstruction of a 5 nm por-
tion of the underlying energy landscape. In another approach, Walder et al. signi cantly
improved the force stability of the AFM measurement with customized AFM cantilevers
to reconstruct a one-dimensional (1-D) trajectory of energy landscape of Ribonucleic Acid
(RNA) unfolding.[13] However, the reconstruction range was limited by the thermal uc-
tuation of the customized probes, which is typically a few nanometers.

To date, the energy landscape reconstruction methodologies are still limited in recon-
struction range, required unrealistically perfect sampling within one measurement, or only
able to extract partial information about the underlying energy landscape. The reason be-
hind these obstacles is because all of the experimental methods are built upon frameworks
focused on physical interaction and do not consider that the measuring coordinate of force
transducers (the sensor coordinate used to experimentally characterize the interactions) de-

viates from physical reaction coordinate (actual distance or reaction coordinate between



molecules or interactants). A common reference is required when comparing measurement
to measurement in order to obtain suf cient statistics; however, without concatenate two
coordinate together, the key reference points —such as the point of contact or the location
for critical reactions — are often arbitrarily de ned, which limits the spatial resolution of
force characterizations. In this dissertation, | will rst discuss how the AFM probe respond

to a given energy/force landscape, develop a comprehensive framework to link sensor coor-
dinate interactive energy landscape together, and develop energy landscape reconstruction

methods based on the framework to understand the underlying physics of the interactions.

1.3 Dissertation Overview

The purpose of this thesis is to develop new frameworks and methodologies to enable the
reconstruction of energy and force landscapes of adhesive interactions of interests at single-
molecular/nanometer scale. The major dif culty for full energy/force reconstruction is to
sample the portion where the stiffness of the force probe does not match the strong adhesive
interaction. Therefore, in order to understand the fundamental physics of interfacial and
intermolecular interactions, this thesis is divide into 7 chapters that together address the
sampling of the landscape at the hard-to-sample regions.

Chapter 1 and Chapter 2 provide the necessary introduction and background informa-
tion for this thesis. Chapter 1 focuses on motivation and signi cance of this work, as well
as the organization of the thesis. Chapter 2 focuses on previous efforts toward character-
ization of intermolecular and interfacial interaction. It covers a review of tools including
OT, Biomembrane Force Probe (BFP), SFA, and a focus on AFM. It also reviews the exist-
ing force spectroscopy techniques, especially the most popular dynamic force spetroscopy
(DFS). The chapter will end with a review on energy landscape reconstruction studies with
a focus on Boltzmann based methods.

In Chapter 3, | will develop a rst-principle framework of interactions from an energy

perspective. The chapter will start with an explanation of how force probes perceive a force



pro le, and how the measurement results from the force-distance curve. Then | will model
the force probes as thermally activated particle and discuss the energy perspective of the
force-distance measurements. | will integrate two perspective of the force probe to develop
the fundamental framework as a backbone for this thesis. At the end of chapter 3, I will
discuss how the so-called "snap” of the force-distance curves, that result from high force
gradients, align with the developed framework. The snap mechanism can be interpreted
as the transitions between local minima of underlying energy landscape, and correlate the
absolute location of the snap and the intrinsic interactive force pro le.

Based upon the framework developed in Chapter 3, Chapter 4 will develop a method
to experimentally reconstruct an energy landscape up to 100 nm from a surface with just
a handful of force measurements. | will rst de ne a key duciary marker at the "point of
equilibrium” as an unbiased reference point and use the duciary marker to combine multi-
ple force-distance curve for energy landscape reconstruction. To determine the equilibrium
force at the point of equilibrium, thermally modulated force spectroscopy (TM-FS) will
be implemented through simulation to mimic probe uctuation at high temperature. | will
then demonstrate the full energy landscape reconstruction method through TM-FS and the
point of equilibrium of the interaction. The chapter will conclude with the implementation
of the reconstruction experiments and achieve a reconstructed continuous energy landscape
up to 100 nm.

In Chapter 5, | will deliver a novel "point-density” method to directly sample the snap
of force-distance measurements to reconstruct the key undersampled portion of the force
landscape associate with the underlying energy landscape. The newly developed method is
used to reconstruct the undersampled region of force landscape by capturing a characteris-
tic uctuation feature occurring within the snap path by using a high bandwidth sampling
platform. The method developed in Chapter 5 provides an alternative direct reconstruction
method when the interaction of interest follows different pathway at approaching (bind-

ing) and retraction (unbinding) reaction. | will apply the point-density method along with



velocity-based force spectroscopy to characterize the critical nucleation distance of capil-
lary bridge between AFM probe and mica surface at various humidity only use the "snap-
in” portion of approach measurements using a high sampling platform.

Different from nucleation, the rupture of capillary bridge is a rate dependent interaction.
To characterize the rupture of capillary bridge, in Chapter 6, instead of velocity-based force
spectroscopy, | discuss a limited bandwidth excitation method to enhance the sampling
of force landscape from point-density method only at retraction measurements without
changing the probe velocity. The method uses a high bandwidth excitation to enhance
the probe uctuation only at the bound state but not the unbound state of probe, therefore
capable of changing the snap-out position without modulating the probe velocity. | will use
the newly developed excitation method with point-density method developed in Chapter
5 to characterize the critical rupture distance of capillary bridge between AFM probe and
mica surface.

The thesis will conclude in Chapter 7. In the rst section of chapter 7, | will summarize
the work done throughout the thesis in relation to the advancements to the state of the art
energy landscape technologies. Then in the second part, | will discuss limitations of the

work and the potential next steps to further advance the research.



CHAPTER 2
BACKGROUND

In this chapter, | will rst discuss the tools, e.g. the force transducers or probes, to measure
interactions at molecular and nanoscale. Next, | will review some of the force spectroscopy
methods to characterize force at such scales. At the end of the chapter, | will extend with
more depth the force spectroscopy techniques to speci cally reconstruct energy landscapes

as a comprehensive background for this thesis.

2.1 Force Probes for Molecular/Nanoscale Interactions

The rst force measurement of intermolecular interactions can be traced back to Derjaguin
and his colleagues in 1954,[18] prior to the development of the energy landscape theory.
They used a convex lens to measure the van der Waals interaction between the lens and
a at glass surface in vacuum at the scale of mm to sub-mm range. Subsequently, force

measurement techniques have evolved dramatically.

2.1.1 ConventionaForceProbingToolsfor Intermoleculaiandinterfaciallnteractions

In this section, | will introduce the most common force probing instruments that can char-
acterize interactions at molecular/nanometer scale, which will include SFA, OT, BFP, and
AFM. Among the four reviewed methods, AFM is the main tool that is used throughout

the thesis. Therefore | will introduce AFM in an independent subsection after other three

popular force probing tools.

Surface Force Apparatuses (SFA)

SFA is the rst modern instrument developed for force characterization of intermolecular

interactions, which was developed 50 years ago by Israelachnili and Tabor.[19, 20] The
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apparatus they developed measured the Van der Waals force between the probe and atom-
ically at mica surface in air or vacuum as the rst experimental evidence to con rm the
Lifshitz theory prediction of Van der Waals forces.[21] The surface separation between the
probe and mica surface was as close as 1.5 nm. Figure 2.1 shows the con guration of
SFA instrumentation. The SFA technique uses two atomically smooth surfaces, typically
as cylinders (as shown in upper left in Figure 2.1), immersed in a liquid, air, or vacuum
environment. Two surfaces can be brought toward each other precisely at a resolution up
to 2 A. As the surfaces approaching to each other, the interactive force can be measured
through the force measuring spring. SFA has been used to characterize a wide variety
of intermolecular and interfacial interactions including polymer, water condensation and
other interfacial physics.[22, 15] However, Because of the bulkiness of SFA sample and
the lack of spatial resolution, SFA is now a less popular option for force characterization at

molecular/nanoscale.

Figure 2.1: The con guration of an SFA. Adapted from [21].



Optical Tweezers (OT)

The optical twizzers (OT), also known as optical trap, was invented by Arthur Ashkin,

a physicist at Bell Laboratories, in the 1970s.[23] OT drew attention in late 1980s after
Ashkin published a paper describing the use of OT to trap and manipulate small particles,
which earned him the Nobel Prize in Physics in 2018.[24] OT work based on the principle
of radiation pressure that cause a force exerted by light on an object. It uses a focused
laser beam to trap and manipulate small particles, such as biological cells, viruses, or mi-
croscopic beads that can be functionalized with various interaction chemistry. The basic
design of an optical trap involves a laser beam that is focused by a lens into a small spot, as
show in Figure 2.2. When a patrticle is placed in the path of the laser beam, it experiences
a force that draws it towards the center of the beam. This force is known as the optical
gradient force, and it acts as a spring connecting to the patrticle, where position being stable
when closer to the center of the beam. Figure 2.3 shows a cartoon picture of a working OT.
The microsphere that is functionalized with a Deoxyribonucleic Acid (DNA) handle con-
nected to a protein would follow the focus of the beam (marked as trap in Figure 2.3).[25]
When the beam moves, the microsphere becomes pulled with the beam spring de ned by
the intensity of the laser beam. In pulling experiments for force/energy characterization,
multiple OT can be used to handle more microspheres in order to monitor a more complex
systematic of interactions.

OT studies pioneered early energy landscape reconstruction work with DNA hairpin
interactions because of the ease for position manipulation and high sensitivity of the optical
springs.[9] However, because the stiffness of the trap is de ned by the intensity of the
beam, the application of OT is limited on weak interaction, such as DNA, RNA, or small
molecular interactions. To date, OT are still one of the the most powerful tools among

biophysical measurements to obtain molecular interactions.[25, 9, 10, 11]



Figure 2.2: The instrumentation con guration of optical tweezers. Adapted from [26].

Biomembrane Force Probe (BFP)

Biomembrane force probe (BFP) is a type of force probe invented in mid-90s and began
wider application in early 2000s.[27] BFP utilizes a cell, often Red blood cells (RBC), as
the force spring to characterize interactions between the probes. The BFP has a wide range
of applications in biological research, including the study of cell mechanics, the interactions
between cells and their environment, and the mechanical properties of biomolecules.[27,
28, 29] Itis particularly useful for studying the mechanical properties of living cells, as the
force transducers used in BFP are cells themselves, which allows researchers to probe the
response of the cell membrane to external forces and to measure the forces involved in cell
adhesion and migration. However, that also states the limitation of BFP: it can only used
on biological manner. Furthermore, because of the biological diversity, each probing cell
needs to be carefully treated and calibrated, which increases the dif culty for broad access

for researchers without speci c training.



Figure 2.3: lllustration of OT measurements of protein unfolding. Adapted from [25].

2.1.2 Atomic ForceMicroscopy(AFM)

Atomic force microscopy (AFM) is a type of Scanning probe microscope (SPM) invented
in 1986 by Gerd Binnig, Calvin Quate, and Christoph Gerber.[30] Figure 2.5 shows the con-
guration of typical AFM setup. AFM employ a sharp tip attached at the end of a microcan-
tilever to "touch” the sample surface, and used the re ective laser spot from the cantilever
to the photo detector to detect the bending of the cantilever. The cantilever bends according
to the repulsive or attractive interactions between the sharp tip and the sample surface, and
the sample is xed on the scanner at the bottom to measure the two-dimensional (2-D) to-
pography of the sample.[31] AFM imaging can operate in air or agueous environment, and
can work with any type of sample as long as it can t on the sample stage. Consequently,
AFM has been a popular imaging tool for biological, material science, and nanotechnology
applications.[32] Despite its original purpose of imaging, it did not take long for scientists
to realize AFM is also an excellent tool for force characterization.[33] With the develop-
ment of nanotechnology, the tip and cantilevers of AFM can be made into desired shape and

dimensions, and the probe can be chemically modi ed to attach most of the molecules of
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Figure 2.4: lllustration of BFP measurements of protein-ligand interactions. Adapted from
[27].

interests. Additionally, the built-in scanner of AFM make it capable of obtaining a three-
dimensional (3-D) force map for 2-D and 3-D materials. Comparing to all of the force
probing tool mentioned in this chapter, AFM has the widest range of probe stiffness and
versatility. As a result, AFM has been the default tool to investigate mechanics and force

characterization of interactions at small scale.

Figure 2.5: The con guration of AFM. Adapted from [31].

The AFM force characterization is typically obtained through a force-distance mea-

surements, as shown in Figure 2.6. The full cycle of a force-distance curve is depicted
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in Figure 2.6 from A to H (A and H are the same points in Figure 2.6); the AFM probe

approaches the sample surface until rmly contact, and retracts to where it started the ap-
proaching. The whole process can be classi ed into a few different regions based on the
Z-distance, the Z location of the probe, which will be discuss later in chapter 3 as the

controlled actuator positiorZg) in the plot:

* From A to B: There is often a "far-from-contact” region that no interaction can be

detected.

* From B to C: As the tip getting closer to contact, the probe may start to detect some

interaction, such as electrostatic force or Van der Waals interactions.

* From C to D: This is a critical region often called the "snap-in” of the probe. The

force readout at D is often realized as the adhesive force or the approach adhesion.

* From D to E: This is the region the tip is rmly contacting the surface. The pro le of

the curve can be used to characterize the mechanics of the sample material.[34]

* From E to F: When the probe is pull off from the surface, there will be a region that
the probe is still rmly in contact with the sample. This region is typically longer

than from D to E because of the adhesion between the tip and the sample surface.

* From F to G: This is a critical region where the probe is pulling off from the sample
surface, often called the "snap-out” of the probe. A de ection at point F is typically
treated as the force needed to rupture the bond between tip and the sample. Most
studied used force value converted from de ection at F as the representative rupture

force of the interaction.

* From G to H (A): After the snap-off, this region is equivalent to A to B. H is at

exactly same location as A.
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The force-distance curve is the result of 1-D force measurement along the Z-coordinate.
| will discuss the importance and physical meaning of two critical snap regions (C to D,
and F to G) in chapter 3 as the foundation of all the method developed later in chapter 4, 5

and 6.

Figure 2.6: lllustration of force-distance measurements from AFM

2.2 Force Spectroscopy Techniques

Even though the advances of force probes enabled the force measurement at the critical
length and time scale, it will be meaningless without converting all the force results to phys-
ically meaningful parameters. Force spectroscopy refers to experimental techniques used
to measure and analyze the forces that operate at the molecular, cellular, and subcellular
levels. These techniques utilized the tools introduced in last section to reveal information

about the sample's mechanical, chemical, or biological properties.

Dynamic Force Spectroscopy (DFS)

In 1978, Bell proposed a framework to describe the work on adhesive bonds that external

force would have work done to tilt the energy landscape to enhance the dissociation rate
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of bonds exponentially under external force.[35] Two decades later, Evans proposed a two-
state model predicting that the unbinding force of a ligand-receptor bond should depend
logarithmically on the loading rate as:

_keT rx

In(

F n
X Ke T Ko )

(2.1)

whereF is the most probable rupture force, the distance to the energy barrier,
is the loading rate de ned as multiplication of probe velocity and spring consktanis
the Boltzmann constant, the temperature, arldy; the off rate constant without external
force.[36, 37] The model describing the rupture force-load rate relation was later call the
Bell-Evans model, and it represents the simple but most frequently cited DFS modal to
date. Figure 2.7 shows an example for the work of Sulateld. t the DFS model onto

three group of rupture force of single, double, and triple binding.

Figure 2.7: An example of DFS tting to force spectroscopy data (a) Dynamic force spectra
for the rupture of one, two, and three MUC1-Ab bonds (b-d) Histograms of normalized
residuals from A for one (b), two (c), and three (d) bonds. Adapted from [38].

The power of Bell-Evans model is simplicity, yet researchers report discrepancies from
model predictions and experimental results because the bond rupturing mechanism is overly
simpli ed in the model.[39] Friddlest al. found that DFS data can be categorized into two
linear regions, and proposed a model that includes two regions of far-from-equilibrium and

near-equilibrium for the measured interactions.[40] Figure 2.8 shows the curve tting re-
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sults from 10 published articles from different groups, and the model t well with a curve
unifying two regions of the DFS spectra.[41, 43, 44, 45, 46, 47, 48, 49, 50, 42] The tting
of Friddle's model provides information about the equilibrium fortg); off-rate Ko ),

and the barrier distance (), which include the key features required to understand the

interaction from the energy landscape point of view.

Figure 2.8: The tting results from Friddle's DFS model onto previously published DFS
data. The markers are DFS data points from 10 published articled from different groups.
Adapted from [40].

Quasi-Dynamic Method

In order to characterize the Hamaker constant of Van der Waals interaction at interfaces,
Fronczaket al. proposed a quasi-dynamic method that utilize the snap-in portion of the
force curve to characterize the interaction of interests in 2017.[51] The argument from
Fronczak to most force spectroscopy methods is that the representative force of an interac-
tion should not be de ned as the maximum force during the force-distance curves; instead,

the "jumping distance” (see d comparing tod. in Figure 2.9) is more critical for force
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characterization, and derived Hamaker constant in a formcés[21]:

3K( d)3

A, =
12 Rt

(2.2)

whereA, is the Hamaker constant between two materialis, the spring constant of

the force probe, anRB; is the tip radius of the force probe.

Figure 2.9: Representative force-distance curve of AFM approach measurements. Sub g-
ures (a-c) illustrate the snap-in process of AFM approach curves. Adapted from [51].

Fronczak's work not only provided a new method to directly estimate the Hamaker
constant, but also discussed how sampling rate and probe velocity of measurements could
potentially lead to misleading artifacts for force spectroscopy analysis, and the importance

of identify the proper quantity from results of force measurements.

Force-Feedback Microscopy

Apart from force characterization, force spectroscopy results can be interpreted to under-
stand critical distance and timescale of physical interactions. Rodrejuasextensively
discussed the jump-into-contact (or the snap-in) phenomena of AFM measurements in

2012, and pointed out that these snap-ins are the major obstacle for force spectroscopy
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techniques to characterize the critical distance of strong interactions at interfaces.[52] Sev-
eral groups have tried to characterize capillary bridging of water meniscus, however, be-
cause the strong adhesive nature of capillary bridging, most studies were either focusing
on quantifying the force but not able to de ne temporal and spatial parameters, or ap-
plied indirect measurements through friction microscopy.[53, 54] In 2018, Vri@tirzd.

from Rodriques' group proposed a Force Feedback Microscopy (FFM) method to actively
compensate the "free fall” that occurs during the snap-in, and characterized the critical nu-
cleation distance and timescale of capillary bridging of the water meniscus.[55] Figure 2.10
shows their approach to estimate the critical nucleation distance by approaching the sam-
ple surface at slow velocities below 500 nm/sec. The working principle of FFM is that
they used an external interferometer to monitor the position of the AFM tip, and apply
an active control signal to the Z actuator to move the probe up and down to compensate
the instantaneous de ection during the snap-in. Although they successfully characterized
the nucleation distance and timescale for capillary bridging, because of the active control
scheme, the results could simply be the artifact from response of controller; especially the

time resolution of the measurement is limited by the time loop of the controller.

Figure 2.10: Applying force-feedback microscopy to characterize capillary bridge of water
condensation. (a) The jump distance will approach to the actual nucleation as the velocity
become slower. (b) The representative force-distance curves from FFM. A overshoot of the
de ection can be seen on each curve because of the active feedback control. Adapted from
[55].
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2.3 Energy Landscape Reconstruction Method

In last section, | discuss the versatile force spectroscopy techniques used to extract mean-
ingful physical parameters from force measurements using force probes. While force spec-
troscopy techniques are crucial to understand physical, chemical, and biological interac-
tions, all of the techniques only take a snapshot of the force-distance measurements; there-
fore, force spectroscopy methods are not able to obtain the overview of the continuous
interactive energy landscapes.

In year of 2000, Heinzt al. modeled the AFM probe as a thermally activated parti-
cle, treating the uctuation of the cantilever as the perturbation of particles, and applied
the Boltzmann relation to reconstruct the local energy landscape of the tip-sample inter-
actions.[16] The uctuation of the probe can be converted to potential differences using

Inverse Boltzmann equation:

E(d)= ksTIn(P(d)+ C (2.3)

Where E is the potential energy to a reference enekgyis the Boltzmann constant,
T is the temperature? is the probability density function (PDH), is the uctuation on
de ection, andC is an arbitrary constant. Later at 2005, Clevelatdl. applied sim-
ilar Boltzmann based method to reconstruct the oscillatory hydration potentials of brine
solution. Cleveland's study revealed the energy landscape of hydration layers changes at
different tip-sample distance, however, because the arbitrary constant term in Equation 2.3,
the results obtained from various depths cannot be directly compared. Notably, Heinz
and Cleveland's method using the inherit thermal uctuation from the AFM cantilevers
to reconstruct the energy landscape. Therefore, the reconstruction range is limited by the
uctuation of the cantilever. As a result, it is critical to match the stiffness of the probe to
the interaction of interests because the inverse Boltzmann method is no longer applicable

if there is a snap occurring during the force curve.
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In order to reconstruct the energy landscape of strong adhesive interaction, etaider
al. utilized excitation of stochastic noise on the AFM probe to increase the energy of the
uctuation similar to high temperature condition that overcomes high force gradient condi-
tion when measuring strong interactions.[17, 56] To stitch the local reconstruction results,
umbrella sampling was applied and WHAM method — a method developed for molecular
dynamic simulation (MD)— was used to combine Boltzmann reconstructed windows from
various positions.[57] The results of Haider's method is shown in Figure 2.11. The probe
uctuated at larger amplitude (with higher "thermal” energy) at higher excitation voltage
that enhanced the sampling of deep well of the interactions. Although Haider's method
was able to reconstruct the continuous energy landscape of the tip-sample interaction, the
method required extremely slow velocity below 2 nm/sec and a perfect sampled data set.
Therefore this method is dif cult to apply to practical measurements, especially interac-

tions with unknown energy landscape pro les.
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Figure 2.11: The energy landscape reconstruction results from umbrella sampling method.
The number at left side indicate the excitation strength of white-noise excitation in Voltage.
Column (a) are the overall force curves. Column (b) are the zoomed-in sections of the sanp-
in in column (a). column (c) are the reconstructed energy landscapes. Adapted from [17].
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CHAPTER 3
A FIRST-PRINCIPLE ENERGY FRAMEWORK FOR FORCE-DISTANCE
MEASUREMENTS OF AFM

An intuitive way to estimate the underlying energy landscape is to simply integrate the in-
teraction force of probes over the approach or retraction path in a force-distance measure-
ment. However, sensitive force probes, such as AFM, OT, and BFP, undergo an unstable
“snap” in the force-distance experiment, therefore the full force landscape cannot be accu-
rately measured in the region of the snap.[17] In this chapter, | will explain the cause of the
snap from a rst principle framework from perspective of the AFM force probes. Although
the framework was developed through AFM methodology, this framework can be applied

to any type of nanoscale force transducers.

3.1 The S-Curve

In section 2-2, | discussed that typical force-distance measurements from sensitive force
probing tools (e.g. AFM) to obtain the quantitative force measurements from an instan-
taneous "snap” from the curve. In an AFM schema, we examine the snap phenomenon
by observing the de ectiond), de ned as the difference between the controlled actuator
positionZs and the interaction positiof, (tip position, also referred as tip sample sep-
aration), as shown in Figure 3.1a. For a large probe stiffness, the measured force-distance
pro le is identical to the intrinsic interactive force prole as! 0, shown axg (blue)

in Figure 3.1b. If the probe stiffness is moderate compared to the highest gradient of in-
teraction potential, the measured force-distance pro le shows similar shape, shéwn as
(orange) in Figure 3.1b. But, if the probe stiffness is lower than the maximum gradient of
interactive force pro le, the ideal measured force-distance pro le twists into an inverse-S-

shaped curve (S-curve), shownlgs(green) in Figure 3.1b. The soft probe exhibits the
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rapid snap from one probe position to another on the S-curve during both the approach or
retraction with a constant velocity (Figure 3.1c). The snap path can be de ned by unbound
(fu) and boundf(y) forces at which the probe reached static force equilibrium between
recovery force of the cantilever spring and tip-sample interaction, as shown in Figure 3.1.
Consequently, a critical majority of the interaction “force well” is overlooked by a distance

dsnap (Figure 3.1d).

Figure 3.1: (a) The schematic of AFM measurements. During AFM measurements, users
control the actuator positiod,s, to move up and down. However, the real tip positidg, ,

is offset by a de ectiond, caused by the tip-sample interaction. (b) The force-distance
curves represent the static equilibrium trace for different probes on a AFM measurement
coordinate. The analytical force landscape has a maxima force graffien?;, = 1:38
nN/nm. (c) An example of a probe not able to follow the interaction force landscape
(green) during approaching (red) and retracting (blue) in AFM measurements. Transparent
traces represent un ltered data while solid traces represent the common Iltered AFM force
curve. Snaps occur at different position during appro@ch, { and retractionZ ) there-

fore result in different measured forces. (d) AFM force curve in tip position coordinate.
AFM force measurements overlook a snap distance at approakh..apr ) and retraction

( dsnapyret ) respectively on the tip-sample interaction coordinate. All the force pro les in
the gures were plotted using the same simulated force presented as dotted curve in gure
d; each force pro le formed a unique shape o¥er coordinate when sampled by probes

of different stiffness.
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3.2 The Energetic Perspective of AFM Force-Distance Curves

In the energetic view, the cantilever force transducer is modeled as a thermally activated
particle oscillating over a constrained harmonic potential.[58, 59, 40] During a force mea-
surement, the cantilever spring can map the local potential energy conEtithiatt consists

of a combination of the cantilever harmonic potendaland the the underlying intrin-

sic interactive potential energy landscdpeas shown in Figure 3.2c.[59, 60] A plot of

a three-dimensional energy surface projected as a two-dimensional heat map is shown in
Figure 3.2b. The heat map represents the potential energy at all probe positions along the
AFM coordinate in which the red color represents high energy level, blue color represents
low energy level, the contour lines connect locations with equal energy. The green trace is
the transformed force landscape (e.g. the S-curve),[58] which de nes the static equilibrium
positions of the probe. The probe can shap at the transitional region where the two-wells of
E provide two stable states (or local minima of the energy landscape), and the de ection at
the unbound stat#, and boundl, de ection positions are de ned &g at the minimum of

the two energy wells, as shown in Figure 3.2c inset. Because the energy barrier to escape
from the unbound state E,, and bound state E, are different at the samés, the state
transition typically occurs at differerifs positions during approach and retraction.[58]
Consequently, a full approach and retraction cycle of force-distance measurement samples
two different pathways along the force pro le. Two characteristic adhesion forces are thus
observed from bound and unbound statgs= kd, andf, = kd, respectively, wheré&

is the stiffness of the probe.[51] These two characteristic forces can serve as landmarks to
determine the inaccessible portion within S-curve region under a quasi-static condition as

well as points that identify inaccurate regions of direct integration of the force curve.
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Figure 3.2: (a) Schematic of AFM force measurements. (b) The heatmap represents a 2-D
projection of the 3-D surface of energy level for the simulated probe in the force-distance
coordinate and the green curve is the interaction force landscape on AFM coordinate. (c)
The energetic view of the cross-section at the dashed position of Fide ibthe sum of

V andU. The inner plot highlights the shape and key parameter of the wells of

3.3 The Snap of Force Measurements from Energetic Perspective

The snap location of each AFM force-distance measurements is determine by the PDF over
the combined potential landscageéZs) for eachZs. At the blue dashed line market

position in Figure 3.3a, the underlying combined potential landscape of the probe is plot-
ted in Figure 3.3b. At sucHs, the probability distribution for the probe at the unbound
position is shown as blue shaded area under the blue dashed line. The dashed lines shown
in Figure 3.3b and c are a projection of PDF of the probe position onto the energy land-
scape.[59] As the probability at given location becomes suf ciently high (see the inset of

Figure 3.3b) to reach the top of the energy barrier, the snap is likely to occur. On the other
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