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Hydrophobic interactions guide important molecular self-assembly processes such as pro-
tein folding. On the macroscale, hydrophobic interactions consist of the aggregation of
“oil-like” objects in water by minimizing the interfacial energy. However, the hydration
mechanism of small hydrophobic molecules on the nanoscale (~1 nm) differs funda-
mentally from its macroscopic counterpart. Theoretical studies over the last two decades
have pointed to an intricate dependence of molecular hydration mechanisms on the length
scale. The microscopic-to-macroscopic cross-over length scale is critically important to
hydrophobic interactions in polymers, proteins and other macromolecules. Accurate ex-
perimental determination of hydration mechanisms and their interaction strengths are
needed to understand protein folding.

This thesis reports the development of experimental and analytical techniques that
allow for direct measurements of hydrophobic interactions in a single molecule. Us-
ing single molecule force spectroscopy, the mechanical unfolding of a single hydrophobic
homopolymer was identified and modeled. Two experiments examined how hydropho-
bicity at the molecular scale differ from the macroscopic scale. The first experiment
identifies macroscopic interfacial tension as a critical parameter governing the molecular
hydrophobic hydration strength. This experiment shows that the solvent conditions af-
fect the microscopic and macroscopic hydrophobic strengths in similar ways, consistent
with theoretical predictions. The second experiment probes the hydrophobic size effect

by studying how the size of a non-polar side-chain affects the thermal signatures of hy-
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dration. Our experimental results reveal a cross-over length scale of approximately 1 nm
that bridges the transition from entropically driven microscopic hydration mechanism
to enthalpically driven macroscopic hydration mechanism. These results indicate that
hydrophobic interactions at the molecular scale differ from macroscopic scale, pointing to
potential ways to improve our understanding and predictions of molecular interactions.
The system established in this thesis forms the foundation for further investigation of

polymer hydrophobicity.
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Chapter 1
Introduction

The hydrophobic effect describes the apparent “dislike of water” by materials such as oil
and wax. The characteristic unfavorable interaction energy between water and hydropho-
bic materials drives their self-association hence we call it the “hydrophobic effect”. The
hydrophobic effect is a major driving force behind numerous phenomena we see daily
such as the cleaning action of detergent and the beading of water on wax. In all these
macroscale scenarios, the unfavorable interfacial free energy arises from loss of one hy-
drogen bond, on average, for each water molecule at the interface with the non-polar
material. This large enthalpic cost drives the system to reduce the contact area.
However, as the size of the system shrinks to the microscopic scale, the physics of the
hydrophobic effect changes too. On this length scale, the assumption of an extended pla-
nar surface no longer holds, making it difficult to define an exact “surface”. In addition,
as the hydrophobe shrinks to about one nanometer (several water molecules), hydrogen
bonds of water molecules in the hydration shells no longer need to be sacrificed, making

the hydration physics entirely different for small molecules on the microscopic scale.

1.1 Hydrophobic interactions at molecular scale

Water actively mediates the interactions between biological molecules on the microscopic
scale. On this scale (order of one nanometer), a non-polar molecule can be incorporated in
water’s dynamic hydrogen bond network without breaking any hydrogen bonds. However,
the configurational freedom of the surrounding water is obstructed in doing so, giving such
arrangement a high entropic cost. The implications of this for hydrophobic interactions
at the molecular scale are not fully understood.

Hydrophobic interaction is considered a fundamental determinant of the self-assembly

of biological macromolecules into ordered structures, in particular, protein folding [15,
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11, 101]. During folding, the non-polar amino acids induce the hydrophobic collapse of
proteins into compact structures. Simulations indicate that the sequence of hydrophobic
residues in a peptide alone can encode the secondary and tertiary structure of a protein
[38]. Therefore, understanding molecular hydrophobic interactions in polymers and pro-
teins is vital to understanding protein folding and achieving better engineering controls
in macromolecular systems.

The thermodynamics of hydrophobic interactions are subtle, both to model and mea-
sure. At equilibrium, the free energy of hydrophobic interaction is the difference between
the hydration free energies of the systems before and after the interaction. Therefore,
the hydrophobic interaction strength relies on accurate assessment of the hydration be-
havior of hydrophobic species (hence the oxymoronic term “hydrophobic hydration”).
Significant theoretical efforts have advanced the understanding of hydrophobic hydration
from microscopic to macroscopic length scales (see reviews [15, 5, 32, 91, 14, 183, 39, 84,
71, 153]). A natural question is: what are the length-scales operating in polymers and
proteins? The length of extended polymers is macroscopic (hundreds of nanometers),
the side-chains are microscopic (sub-nanometer), and the folded structure is somewhere
in between. Theoretical studies on polymer hydration have been sparse [57, 166, 7, 170]
as have been direct experimental studies [149, 60, 68, 105, 106]. Although hydrophobic
interactions in proteins can be studied by amino-acid substitutions, the interactions are
usually complicated by their innately complex intra-molecular interactions. Furthermore,
whether the hydrophobic interior of a protein can be treated as a simple non-polar solvent
is still debated, making it inappropriate to directly apply traditional amino acid transfer
free energy obtained between water and organic solvents. Therefore, direct experimental
measurement, of polymer unfolding is needed to determine the energy of hydrophobic
collapse. Hydrophobic homopolymers are good candidates for studying hydrophobic in-
teractions and hydrophobic collapse in proteins due to their chemical homogeneity and
the abundance of theoretical predictions (Figure 1.1). However, the polymers’ insolubil-
ity in water and the difficulties to change the polymer conformation have been obstacles

for traditional bulk measurements.

1.2 Studying molecules, one at a time

Traditional bulk experiments measure the ensemble average of molecular properties in
response to perturbations such as temperature and solvent. With high signal to noise
ratio, these measurements can be reliably and quickly performed. However, ensemble

measurements suffer from two major drawbacks: 1. the molecular mechanisms and dy-
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hydrophobic collapse

Polymer hydrophobicity

Free energy

953990597 0% 03

entropic coiling

@ hydrophobic monomer
@ hydrophilic monomer

specific interactions ~ other monomer

Radius of gyration

Figure 1.1: A hydrophobic polymer provides a model for hydrophobic collapse in proteins
and other macromolecules. From top to bottom, in order of decreasing hydrophobicity,
are a homopolymer, a co-polymer, and a protein. Starting from an extended conforma-
tion in water, chains coil under entropic elastic driving force (red). When sufficiently
relaxed, hydrophobic collapse (yellow) occurs and reduces the size of the collapsed glob-
ule. Hydrophobic collapse in less hydrophobic copolymers and proteins occurs at later
stages due to lower hydrophobic driving forces. For proteins, specific interactions (blue)
plus the formation of secondary structures bring the protein to an energy minimum with
a more compact structure. Hydrophobic polymers do not have such specific interactions
and collapse to compact, random coils.
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namics cannot be easily followed, and 2. only the most populated molecular states are
detected.

For example, an enzyme that rapidly fluctuates between two conformational states
will appear as an averaged conformation in ensemble measurement. Furthermore, if an
enzyme modulates activities by the duration in one of the two conformations, the appar-
ent ensemble measurement will show a gradually change of the enzyme’s conformation.
Furthermore bulk measurement of the dynamics of molecules in response to external fac-
tors (i.e. chemical and thermal) is limited by diffusion, and hence the detected molecular
dynamics is convolved with the probing event. Therefore, in order to study the dynam-
ics of the molecular mechanism, one needs to follow the reaction trajectory of a single
molecule. Furthermore, the ability to manipulate the conformation of molecules is also
quite limited in bulk experiments. Therefore, only the most populated conformational
states can be detected, making it difficult to probe the properties of the molecule in a
less populated state.

The above limitations imposed by conventional bulk experiments are overcome by
recent single molecule techniques. In particular, single molecule force spectroscopy allows
one to simultaneously manipulate and monitor molecular properties of a single molecule
at a time. Using the optical tweezers or atomic force microscopy, one molecule can be
pulled into extended conformations that bulk measurements cannot access with large
enough population. It has been shown that mechanical unfolding of proteins follow the
same pathway as chemical unfolding [30], making such studies by force spectroscopy a
comparable alternative to bulk experiments.

In this thesis, single molecule force spectroscopy was used to unfold a single hydropho-
bic homopolymer in water and measure the hydration free energy (AG"™?), a process so
energetically unfavorable that it would not be observed under bulk measurement con-
ditions. The dependence on solvent condition, temperature, and the size of polymer
side-chain were studied. The results provided evidence that the signature of polymer hy-
drophobic hydration closely resemble those of small molecules, rather than macroscopic

objects.

1.3 Thesis Organization

The primary objective of this thesis is to study the hydrophobic effect in a single macro-
molecule using the atomic force microscopy. In particular, we want to understand how
the hydrophobic effect at molecular level differs from macroscopic level. Single molecule

techniques were developed to unfold hydrophobic polymers. Furthermore, analysis meth-
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ods were developed to detect and process single molecule events and uncover the energy

of hydrophobic interaction from such experiments.

Chapter 2: Theoretical background on hydrophobic hydration is described and
how its recent development inspired the experiments undertaken in this thesis.
Particular attention is given to the anomalous hydration behavior of small non-

polar molecules and the hydrophobic size effect that arise from it.

Chapter 3: Atomic force microscopy is introduced with particular attention given
to its application in single molecule force spectroscopy. Experimental methods to
run single molecule force spectroscopy are discussed in detail, including: cantilever

calibration, noise control, environment control, and contamination control.

Chapter 4: The polymer physics models needed to understand the mechanical
pulling of polymers in a single molecule force spectroscopy experiment are provided
in this chapter. The entropic elastic behaviors of polymers in good solvents are
described using the freely-jointed chain model and the worm-like chain model. In
addition, an analytical model and an Ising model are developed to describe the
pulling behavior of polymers in poor solvents, which has a signature force plateau

due to hydrophobic hydration.

Chapter 5: Single molecule pulling experiments on hydrophobic polymers are de-
scribed in detail in this chapter. The resulting force curves containing force plateaus
are interpreted and compared with theoretical predictions from Chapter 4. This
chapter provides evidence for why the force plateau is a signature of single molecule
event, and why such plateau is caused by hydration events rather than other mech-

anisms that may generated force plateaus.

Chapter 6: This chapter describes the development of automated data analysis
methods.

Chapter 7: With the above development as foundation, this chapter describes how
solvent condition affects the hydrophobic hydration of a single hydrophobic poly-
mer. The relationship between the hydration energy of the polymer on the micro-

scopic scale and interfacial tension on the macroscale is discussed.

Chapter 8: This chapter describes how the hydrophobic hydration of a single poly-
mer depends on both temperature and size of polymer side-chain. The tempera-
ture dependence found in polymer hydration resembles those found in small non-

polar molecules, indicating a length-scale dependent hydration mechanism exists for
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macromolecules such as polymers and proteins. The interpretation and implication

of the results are provided.

e Chapter 9: Conclusion of the thesis as well as the ongoing and future directions to

continue the work reported here.



Chapter 2
Hydrophobic Hydration

The hydration of a solute describes the process to insert the solute into water. This
process can be separated into two steps: first, a cavity in water is created to host the
solute; then the solute is placed into the cavity establishing interactions with interfacial
water. The first step of cavity creation is energetically unfavorable due to disruptions to
its hydrogen bond network such as breaking water molecule contacts and constraining
the configurational freedom of bonded water molecules. The special properties of water’s
hydrogen bond network make water molecules highly cohesive as suggested by water’s
large surface tension; this gives rise to a particularly large energetic penalty for cavity
creation. The second step of placing the solute into the cavity is energetically favorable as
interactions between water and solute such as hydrogen bonds, electrostatic, polar, and
dispersive interactions are usually attractive. What determines solubility is the balance
between the penalty from cavity creation and the reward from establishing solute-water
attractions.

Hydrophobic hydration describes the process to insert a hydrophobic solute into water.
What differentiates a hydrophobic solute is the relatively weak solute-water attraction
that allows the cavitation free energy AG“* to dominate the overall hydration free energy
AG™. The large unfavorable AG"? makes the solute less soluble and hence, hydropho-
bic. Therefore, cavity formation and its associating AG“? are vital to understanding
hydrophobic hydration.

When we consider a macroscopic object such as an oil droplet in water, AG“* is
mostly due to the loss of hydrogen bonds of interfacial water. The volume expansion
work at 1 atmospheric pressure is negligible comparing to the bond breaking enthalpy.
Therefore, AG“* is proportional to the surface area of the solute in what has been
traditionally understood as the interfacial thermal dynamics (Section 2.1). On the other

hand, the anomalous hydration behavior of a small non-polar molecule like methane
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indicates the breakdown of interfacial thermodynamics, as the molecular size is on the
same order of magnitude as water molecules. AG” to create a small cavity in water
does not require breaking hydrogen bonds. Instead, the entropic cost of restructuring of
water molecules in the hydration shells is believed to contribute to AG*" (Section 2.2).
Recent theoretical efforts aiming to explain the small molecule anomalies lead to the

development of hydrophobic size effect, which will be reviewed in Section 2.3.

2.1 Macroscopic interfacial thermodynamics

From the aggregation of oil in water to the lotus effect, the classic hydrophobic effect
is dominated by macroscopic interfacial thermodynamics where the minimization of the
unfavorable total interfacial free energy G is accomplished by reduction of interfacial

surface area A.

AG = vAA (2.1)

The phenomenological model assumes a linear relationship between G and A, where
the interfacial tension ~ is the scaling factor. The interfacial tension can be calculated
from the surface tension of solvent vsoent, solute, vsouze and the work of adhesion, W4,

describing the attractive interactions:

Y = Vsolute T Ysolvent — Wad (22)

The work of adhesion arises from contributions from the dispersive and polar components

of the solvent and solute surface tensions, according to extended Fowkes equation [50]:

Wad —9 (\/WgOZUte'Vgolvent + \/f)/golutefygfolvent) (23)

v =% 4 AP (2.4)

For a non-polar solute, the dispersion component is dominant (y¢ >> ~?); for water, the
dispersive and polar components have similar magnitudes. We derived Equation (2.5) by
splitting the v¢ and 7” components of solute and solvent in Equation (2.2). The mismatch
(Equation (2.5)) of dispersive and polar components between the solute and solvent gives

rise to large unfavorable interfacial tensions, thereby creating the solvophobic effect.

2 2
“YVinter face = (\/ fygolute Y/ ,ygolvent> + (\/nyolute - \/’onlvent) (25)
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This relationship describes the chemical basis of unfavorable interfacial energy. Al-
though the effective interfacial tension is influenced by the interfacial curvature on the
scale of the Tolman length, as we shall discuss later, a smooth macroscopic interfaces can
be effectively treated as planar. In this phenomenological framework, interfacial tension
is a measure of the chemical compatibility between the solvent and solute, implying that
the hydrophobic effect is essentially a solvophobic effect in water. However, the unusual
physical properties of water and the anomalous behavior of hydration thermodynamics of
small non-polar molecules indicate that water is significantly different from other solvents
and that the phenomenological model does not apply for such molecules.

At what length does a macroscopic interfacial description begin to fail? Variations in
the definition of solute-water interface location by a few angstroms have little influence
on AG™4 of macroscopic objects, but has large effect on the interfacial area of nanometer
sized solutes. However, interface definition on the microscopic scale is fuzzy: a methane-
sized particle has a solvent-accessible surface area (SASA) defined by a sphere of 3.3 A
radius, whereas the van der Vaal surface is defined by a sphere of 1.9 A [5], resulting
in an area 3 times smaller. Ashbaugh and Pratt suggested an optimal surface between
the hard-sphere surface and the solvent-accessible surface that makes surface tension size
independent [5]. However, whether this definition is generally applicable to complex ge-
ometries and surface chemistry is yet to be investigated. Wagoner et al. investigated the
proportionality between AG"™9 and the SASA on molecular length scale and found that
the SASA failed to discriminate the different conformation states of non-polar solutes,
which leads to inaccurate assessment of the hydrophobic interaction strength [171]. As
we shall outline next, AG™? at small length scale is better described by a volume scaling

relationship.

2.2 Small molecule hydration anomalies

In 1979, Tanford showed that macroscopic interfacial tension failed to explain the signif-
icantly lower hydration AG of small non-polar molecules such as methane [165]. How-
ever, the discrepancy cannot be accounted for by redefining a smaller molecular surface.
The temperature dependence of small molecule hydration AG is qualitatively differ-
ent than that for macroscopic interfacial hydration, which suggests different hydration
mechanisms. The macroscopic interfacial tension between water and a non-polar solute
monotonically decreases as temperature increases (Figure 2.1a). The hydration AG of
a small non-polar molecule increases with temperature to a maximum then decreases

(Figure 2.1b), distinguishing it from macroscopic hydration. For small molecules, the
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increasing hydration AG is associated with negative hydration entropy, S = —(dG/dT),,
which has traditionally been associated with formation of ordered clathrate-like water
structure around small non-polar solutes. In contrast, the temperature dependence of
surface tension leads to positive hydration entropy upon forming a macroscopic interface.
Experiments later found that although water molecules in the hydration shell have re-
duced conformational freedom, they do not form rigid clathrate structures [9, 144, 25, 22].
Above the turn-over temperature, the hydration entropy becomes positive, resembling
macroscopic hydration. The turn-over temperature also strongly depends on the so-
lute size; increasing the particle size lowers the turn-over temperature. This anomalous
temperature and size dependence signify microscopic hydrophobic hydration. Theories

predict a transition of the hydration physics from microscopic to macroscopic scales.
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Figure 2.1: Temperature dependencies of (a) the surface tension of pure water and (b) the
molar excess hydration AG of small molecules calculated by AG = —kgT In(x), where x
is the solubility in mole fractions [182]. The small molecule data are color-coded by their
relative molecular volume: methane < benzene < toluene ~ cyclohexane < hexane.

2.3 Hydrophobic size effect

Small molecule hydration anomalies have been the focus of significant theoretical efforts
including information theory [87, 84], a revised scaled particle theory [5], and the Lum-
Chandler-Weeks theory of hydrophobicity [112, 32, 74].
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An early attempt to explain the lower hydration AG of small molecules applied a
size-dependent curvature correction to the surface tension of water, giving rise to the
Tolman length [169]. However, it failed to explain the temperature dependence of hydra-
tion AG. The classic, scaled particle theory (SPT) also failed to predict this temperature
dependence because it incorporated few molecular details of water. A revised SPT [163]
incorporating experimental water structural information was able to cover length scales
from molecular surface tension to the macroscopic surface tension [5, 58] and reproduce
the turn-over behavior of small molecule hydration AG and its size dependence, as well
as the entropy convergence in small molecule hydrophobic hydration [5]. The Tolman
length in the revised SPT has a temperature dependence that decreases from positive to
negative, making it difficult to assign its physical meaning. For a methane-sized spherical
solute, the predicted negative hydration entropy agrees with experimental results while
the largely positive hydration enthalpy is the opposite of negative experimental values.
In addition, the turn-over temperature of an inserted particle is lower than found exper-
imentally. These discrepancies were attributed to the lack of solvent-solute attractions
in the model [5].

Hummer and coworkers calculated the excess chemical potential u** of cavitation us-
ing an information theory (IT) approach [87, 84]. The probability density of observing
water-free volumes of different sizes was used to calculate u®*. The authors showed that
the prediction from IT matches the results from the test particle insertion method. Us-
ing this theory, Garde and coworkers predicted negative hydration entropies for small
non-polar molecules and the temperature dependence of their hydration AG. IT offered
a molecular explanation for the experimentally observed convergence of entropy for small
molecules. Furthermore, I'T indicated that a Gaussian distribution of the density fluctu-
ations of water is sufficient to describe hydration phenomenon [87], which supported a
Gaussian field theory [112].

Lum, Chandler and Weeks (LCW) developed this quantitative Gaussian mean-field
theory that describes the size dependence of hydrophobicity from microscopic to macro-
scopic scale [112]. The unit area hydration AG increases linearly with solute size up to
~1 nm and asymptotically approaches the macroscopic interfacial tension as the parti-
cle size continues to increase (Figure 2.2a). The linear increase below 1 nm indicates
an apparent volume dependence of hydration AG, in agreement with the lower than
SASA-predicted hydration AG of small non-polar solutes. The driving force behind mi-
croscopic hydration thermodynamics in the volume-dependent regime is mainly entropic,
which gradually transitions into mainly enthalpic when solute size increases to the area-

dependent macroscopic regime [146]. Furthermore, Huang et al. demonstrated that the
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thermal signature of hydrophobic hydration can be reproduced using the LCW theory,
which is also strongly size dependent (Figure 2.2b) [74]. The temperature at hydration
AG turn-over decreases as the particle size increases. For particles larger than 1 nm, a
monotonically decreasing hydration AG is observed, consistent with macroscopic surface
tension. By studying the density fluctuations of water near hydrophobic particles using
the LCW theory, the Garde group has made significant advances in understanding hy-
drophobicity in polymers [7] and at interfaces [91]. In particular, they showed that the
hydration AG of a homopolymer with 25 methane-sized repeats also exhibits turn-over

behavior similar to that of small molecules [7].
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Figure 2.2: Theoretical predictions of free energy as a function of size and temperature.
(a) LCW theory prediction of hydration AG per unit area as a function of solute radius
(adapted from Chandler [32].) (b) The temperature dependence of hydration AG for
various particle sizes (adapted from Huang et al. [74].)

Theories have assumed that the hydration AG of small molecules computed from their
solubility data can be used to calculate macromolecular thermodynamics. Furthermore,
the view that the hydrophobic core of a folded protein behaves like a bath of non-polar
molecules is challenged. Hydrophobic homopolymers with hundreds of repeating units
are insoluble, which has previously necessitated these assumptions. Our understanding
of hydrophobic interactions in polymer systems are limited by experimental evidence.

Therefore, experiments that directly probe the energy of hydrophobic collapse in a
polymer are needed. In this thesis, the mechanical unfolding studies of a hydrophobic

polymer in both theoretical and experimental aspects address the following questions:

e Experimental
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— How can one perform experiments that unfolds a single hydrophobic polymer
— What is the signature to unfold a single hydrophobic polymer?
— How is AG"? difference between collapsed and extended state calculated from

experiments?

e Theoretical

How is the hydration behavior of a single polymer affected by solvent condi-

tion?

How is the hydration behavior of a single polymer affected by temperature?
— How does the size of side-chains affect this temperature dependency?

— Does polymer hydrophobic hydration follow macroscopic or microscopic hy-

dration physics?



Chapter 3

Single Molecule Force Spectroscopy
by Atomic Force Spectroscopy

Invented in 1986 by Binnig, Quate and Gerber [18], the Atomic Force Microscopy (AFM)
(Figure 3.1) has become one of the most versatile tools for studying the structures and
functions of nanoscopic systems. Improvements to the AFM and emerging techniques
enable researchers to examine mechanical, chemical, electronic, and magnetic properties

of materials.
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Figure 3.1: The first AFM invented by Binnig, Quate and Gerber in 1986. (Figure
adapted from Binnig et al. [18].) Instead of using the laser as the position detector, it
uses a STM for detecting the cantilever deflection.

One important AFM technique is the Single Molecule Force Spectroscopy (SMF'S)
[134, 129], which made it possible to study the conformational changes of a single molecule
under mechanical perturbation. Studying the behavior of a single molecule allows one to
see its dynamics rather than the ensemble average from bulk experiments. In addition,

the conformation of single molecule can be individually manipulated beyond what bulk

14



CHAPTER 3. SINGLE MOLECULE FORCE SPECTROSCOPY 15

experiments could achieve. This offers a unique opportunity to study macromolecules
such as proteins, DNAs, RNAs and synthetic polymers.

With piconewton force sensitivity and sub-nanometer spatial accuracy, single molecule
force spectroscopy has been widely used to study the mechanical unfolding of proteins
(28, 73, 152, 97, 150] and RN As [130, 70], the stretching and unzipping of DNAs [160, 113],
the unbinding between receptor and ligand [107, 46, 119], interactions between proteins
[124, 27, 95, 126], and the conformational changes of small molecules [127] and polymers
(175, 151, 105, 106, 104, 103, 93, 108, 60, 168]. These experiments provide insights
into the conformational changes of a single molecule and the energies associated with
each conformational state [89, 63, 42]. This chapter begins by describing the working
principle of the atomic force microscopy and how it is applied to single molecule force
spectroscopy. Technical aspects that are necessary for accurate force measurements will
be addressed, including the cantilever calibration, noise reduction, environment control,

drift correction, and contamination control.

3.1 Principles of Atomic Force Microscopy

AFM works by sensing forces subjected to a microscopic cantilever (Figure 3.2), which
deflects under load like an ideal spring. The spring constant of a cantilever can be tuned
by its material and dimensions, depending on the application: longer, narrower and
thinner cantilevers have lower spring constant and are good for sensing low forces such
as those from a single molecule; other cantilevers may be tuned to be stiffer and have
specific oscillatory resonances that can be used for tapping mode imaging for surface

topography.

Figure 3.2: Zooming into the tip of an AFM cantilever. Left: an AFM cantilever mounted
on a silicon chip being handled by tweezers. Middle: zooming into the cantilever. Right:
zooming into the tip of the cantilever; the tip apex typical of tens of nanometers curva-
ture is where the interactions occur. (Individual figures adapted from Olympus Micro
Cantilever product sheet [136].)

In order to detect miniscule deflection from forces as low as a few pico-Newtons
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(pN), the very first AFM used Scan Tunneling Microscopy (STM) on the backside of
the cantilever to detect its movement (Figure 3.1). Such detection scheme has been
replaced by a more versatile and reliable method using a laser. Modern AFM focuses
a laser beam to the backside of the cantilever, where it is reflected onto a photodiode
divided into quadrants (Figure 3.3). At resting position, the laser spot is calibrated to
the center of the photodiode such that the voltages across the high speed photodiodes
are identical (Figure 3.3A). Any deflection of the cantilever causes the reflected laser
spot to deviate from the center, thus creating voltage differences across the photodiodes
(Figure 3.3B). This voltage change can be calibrated to provide the cantilever deflection,

and subsequently, the magnitude of the force causing such deflection.

(Va+VI)) - (VC+V(|) =0 (Va+vb] - (VC+V(|) <0

Figure 3.3: Cantilever deflection causing photodiode voltage differences. A. Cantilever
in neutral position. B. Cantilever subjected to force. V,, V;, V., and V, are the voltages
from each quadrant of the photodiode.

AFMs achieve sub-nanometer spatial resolutions by piezoelectric actuators. The
piezoelectric actuator linearly and reversibly deforms with an applied voltage, making
it possible to precisely control linear displacements. With piezoelectric actuators in all
three X, Y and Z axis, the AFM tip can move to an arbitrary location with respect to the
substrate. This makes it possible to raster scan the surface and to obtain topographical
information in both contact and tapping modes. The contact mode is achieved through
a feedback mechanism that controls the Z-position of the tip such that a constant can-
tilever deflection is achieved (Figure 3.4). By raster-scanning the surface while keeping
the cantilever deflection constant, the Z-position of the tip closely follows the topography
of the surface. Alternatively, in tapping mode, the cantilever is mechanically excited to
oscillate at its first harmonic resonance frequency. The amplitude of the oscillation is
closely related to the proximity of the tip to the surface and the phase of the oscilla-
tion is related to the visco-elastic response of the local substrate. Hence, by keeping the
amplitude constant via the feedback mechanism, the topography information can be ob-
tained. At the same time, the phase image maps the visco-elastic response of the sample,

providing additional information to complement the topography.
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Figure 3.4: Surface-scanning mode of AFM. A proportional-integral-differential (PID)
feedback controller adjusts the Z-position such that the cantilever deflection is constantly
kept at the set point while raster scanning the surface.

3.2 Using AFM for single molecule force spectroscopy

Single molecule force spectroscopy is another major AFM technique. A macromolecule is
tethered between the tip apex and the substrate via specific chemical interactions or non-
specific physical adsorption (Figure 3.5). As the tip is pulled away from the surface, the
tethered molecule exerts mechanical force on the AFM cantilever; the resisting force from
the molecule is recorded as a function of the tip-surface distance, which correspond to the
end-to-end extension of the tethered molecule (Figure 3.5). This force-extension curve is
commonly referred to as a force curve. These force curves usually provide information on
the mechanism and energy of the molecular events during the pulling process [89, 42, 67].
Different molecular events exhibit different force-curve signatures. For instance, the
mechanical unfolding of multi-domain globular proteins show saw-tooth patterns with
identical gaps [28, 150]; each rupture in the force-curve indicates the unfolding of one
domain along the chain [28, 150]. The rupture of a single receptor-ligand bond is reflected
from the single rupture events at the total contour length of the attaching tethers [46, 148].
The unraveling of a randomly structured hydrophobic polymer shows a plateau in the
force-curve, indicating a hydrophobic hydration event (Figure 3.5) [105, 106, 60, 168].
One can learn more about the molecular processes by varying the conditions of these

pulling experiments. In dynamic force spectroscopy, different pulling velocities were
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Figure 3.5: Single molecule force spectroscopy by AFM showing a single hydrophobic
polymer pulled against its equilibrium, collapsed conformation. The force vs. tip-surface
distance curves are recorded for such event. More details on the mechanism of this
particular system will be provided in the subsequent chapters.

used to unfold the protein in non-equilibrium conditions. By applying the Jarzynski
equality[94], these non-equilibrium measurements provide information to extract the ther-
modynamics properties of the protein in its equilibrium state [42, 67, 122]. By varying
the environmental conditions such as solvent, osmolytes, temperature, one can dissect
the molecular interaction energy to find contributions from electrostatics, hydrophobicity,

and solvent reorganization entropy.

3.2.1 Strategies for tethering a single molecule

The ability to tether only one molecule between the AFM tip and the substrate is vital
to single molecule force spectroscopy. To ensure that the AFM tip statistically interacts
with at most maximal one molecule at a time, the target macromolecule must be sparsely
deposited or tethered on the surface. This can be done by immersing the substrate in
a solution of the target molecule and allowing target molecules to physically adsorb
onto the substrate. A typical AFM tip has radius of curvature about 20 nm, therefore,
the average distance separating any two surface bound molecules should be at least
40 nm. The sample preparation technique to achieve such sparseness varies from sample

to sample, and is generally affected by the following factors:
e The surface charge, hydrophobicity, and specific chemical groups
e Concentration of the target molecule

e Method used and duration allowed for the adsorption
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Figure 3.6: An AFM image of surface deposited fibronectin molecules in aqueous solution
at A. 5 um, B. 2 um, and C. 1 pm scan size. Individual bright dot may be a monomer,
dimer, or aggregates of multiple fibronectin molecules.

The target molecule density after deposition can be checked by an AFM topography
scan. Figure 3.6 shows a contact mode scan of the full-length human fibronectin protein
(a fairly large multi-domain protein composed of 9 type I, 2 type II, and 15 type III
domains) deposited on mica surface, each bright dot shows a monomer, a dimer, or an
aggregate of multiple fibronectin molecules. Due to protein degradation and aggregation,
the size of individual dot varies. When scanning with too much contact force, the tip
can push around the un-tethered, physically adsorbed molecules to form aggregates.
Figure 3.7 shows an area with tip-induced aggregation after a hard scan, the surrounding

area is unaffected by a subsequent gentle scan.

Alternative to physisorption, one can graft the target molecule to gold surface via
gold-thiol bond. The sparse grafting can be achieved either by carefully controlling the
concentration and duration of the adsorption, or by only allowing the target molecules
to attach to gold surface exposed by defect sites of a protective self-assembled monolayer
[192]. The grafting density can be conveniently controlled by the number of defects on
the substrate [192].

Single molecule experiments are performed by positioning the AFM tip to the location
if a single molecule from a prior surface topography scan. Figure 3.8 shows that pulling
events correlates to the locations of physically adsorbed molecules as seen from prior
AFM scans.

Two general strategies to catch target molecules with the AFM tip are chemisorp-
tion and physisorption (Figure 3.9). Chemisorption (or chemical adsorption) utilizes the
chemical interactions between molecules with high specificity and affinity, such as the

biotin-streptavidin and the Ni*'histag systems. The AFM tip can be functionalized
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Figure 3.7: A contact mode scan with the tip pushing hard onto the surface inside the
doted square caused surface bound molecules to aggregate. The aggregates are generally
much taller and larger than others. The current AFM image zooming out from the
previous scan is scanned with a much lower force.
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Figure 3.8: Pulling events are correlated to the locations of surface bound molecules.
Where there is no surface bound molecule in the image (A), no molecular events were
detected. On the other hand, pulling events are detected at location B, where there
seems to be something on the surface. In this case, location B is most likely an aggregate
of fibronectin molecules.
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with streptavidin while the target molecule is labeled with biotin (Figure 3.9A). This
allows the AFM tip to specifically attach to the labeled site of the target molecule, which
improves the similarities between the pulling geometries of the target molecule. Ph-
ysisorption utilizes the non-specific physical adsorption of target molecules onto the tip

surface via van der Waals interaction (Figure 3.9B).

chemisorption physisorption physisorption
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Figure 3.9: Strategies to attach a single molecule to the AFM tip. A, via specific ligand-
receptor binding. B, via non-specific physisorption. C, via physisorption through teth-
ering molecules.

The specificity and affinity of chemisorption allows one capture target molecules more
easily and manage the location on the molecule where mechanical force is subjected to.
However, the functionalized tip may introduce undesired additional interactions with the
target molecule. In addition, the adding the affinity tag often requires modification of the
target molecule that may have large effect on its structure and function. Physisorption,
on the other hand, does not suffer from the above issues. However, the probability to
capture the target molecule may be lower than chemisorption. To resolve the specificity
issue with physisorption, multi-domain proteins have been used with the target protein
sandwiched in the middle. In this case, only the flanking proteins will be non-specifically
adsorbed onto the tip, serving both as a tether and as a single molecule marker [188]
(Figure 3.9C). With this strategy, target protein does not need to be modified or labeled,

placing it in a more native state.

3.2.2 Comparison between force spectroscopy techniques

A comparison of AFM and other force spectroscopy techniques is shown in Table 3.1.
Due to the reltively small size of the AFM tip (on the order of tens of nanometers), the
AFM can perform high resolution imaging as well as single moleculepulling, which adds

spatial specificity to pulling experiments that other techniques lack. However, due to
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the instrument arrangements, the AFM is only useful for pulling in one direction. In
contrast, optical tweezer has the advantage of 3D manipulation and magnetic trap has
the advantage to probe torsion [129]. The unfolding forces of polymers and proteins
range from 10 to 500 pN; therefore, AFM is the best choice for this type of experiment.
Other techniques such as optical / magnetic trap cannot easily reach such high forces.
However, the high force limit comes at a cost of lower force sensitivity comparing to the
other techniques. This comes from the relatively high spring constant and the relatively
large size of the cantilever. An additional drawback of AFM is the relatively high cost of
the micro cantilever. Furthermore, when a tip is contaminated, replacing it in the middle
of an experiment is difficult. However, there are a number of techniques that can help

decontaminate the AFM tip as we shall discuss in Section 3.8.

Parameters AFM Optical Tweezers | Magnetic Tweezers
Spatial resolution (nm) 0.5-1 0.1-2 5-10
Temporal resolution (ms) 1 0.1 10-100
Trap stiffness (pN/mm) >5 0.005-1 1073-107°
Force range (pN) >10 0.1-100 1073100
Probe size (m) 100-250 0.25-5 0.5-5
Features High force 3D manipulation Torsion
Limitations Low sensitivity | Photo damage Hysteresis

Table 3.1: Comparison of single molecule force spectroscopy techniques (Table adapted
from Neuman and Nagy [129].)

3.3 Cantilever calibrations

The calibration of the AFM cantilever is the most important step toward consistent and
quantitative force spectroscopy measurements. Two parameters of the cantilever need
to be calibrated: its optical sensitivity and its spring constant. Although the spring
constant value of commercial cantilever is usually provided, they only reflect the average
value of the batch; individual cantilevers may have spring constant variation as large
as +£50%. Therefore, the spring constant of each cantilever must be calibrated prior to

experiment.

3.3.1 Preparation of calibration substrate

In general, the requirement for tip cleanliness is much higher for single molecule force

spectroscopy than for imaging. It is crucial to keep the tip free of organic materials
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prior to the experiment. Freshly cleave a mica substrate by household Scotch tape gives
a clean, stiff, and flat substrate, ideal for calibrating the cantilever. However, freshly
cleaved mica is usually highly charged, which often makes it difficult to calibrate softer
cantilevers as the electrostatic interactions bends the cantilever so much that the laser
reflection is off scale. Alternatively, silicon (Si) wafer can be used for the substrate, which
can be cleaned in “piranha” solution (3:1 of 98% sulfuric acid to 30% hydrogen peroxide)
for approximately 30 minutes. This procedure removes organic materials on the Si surface
from handling and prior exposure. After the piranha treatment, the substrate is washed
with copious amount of deionized, filtered water and is blown dry with nitrogen gas. Si
substrates prepared this way are free of surface charges, which make it much easier for

soft AFM cantilevers to approach.

3.3.2 Calibration of cantilever sensitivity

The optical sensitivity of the cantilever (also known as inverse optical lever sensitivity,
or invOLS) is the measure of the cantilever deflection (Ad) over the photodiode voltage
difference (AV'), in the unit of nm/V:

4 Ad
invOLS = NG (3.1)
The value of AV is directly measured from the photodiode; however, the value of
Ad can only be indirectly measured. In AFM, the sensitivities of piezoelectric actuators
(the distance it travels given an applied voltage) are usually well calibrated by the man-
ufacture. In addition, the linear variable differential transformer (LVDT) sensors built
inside these actuators provides additional calibration of the real translation distance.
Therefore, the displacement of the z-piezoelectric actuator is used to measure the phys-
ical deflection of the cantilever Ad. This is achieved by pushing the cantilever onto a
hard surface such that the deflection of the cantilever equals the distance travelled by the
Z-piezoelectric actuator. By plotting the photodiode voltage as a function of the Z-piezo
distance, the slope of the linear indentation portion of the curve gives the invOLS value
(Figure 3.10A). Once the invOLS is obtained, the deflection of the cantilever can be
directly calculated by Equation (3.1). More details on conditioning the data for invOLS

correction is described in Section 6.2.
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Figure 3.10: AFM cantilever calibration. A. Calibrating cantilever invOLS. B. Calculated
cantilever deflection over tip-sample separation. C. Tip-sample separation vs. Z-piezo.
D. Converting deflection to force gives the force-extension curve.

3.3.3 Calibration of cantilever spring constant

A thermal method developed by Hutter and Bechhoefer [90] was used to calibrate all can-
tilevers used in my studies. The AFM cantilever can be thought of as a one dimensional
harmonic oscillator, which by the equipartition theorem would have energy of kgT'/2:
%@ﬁ:%mﬁ (3.2)
where k; is the cantilever’s spring constant, x is the cantilever deflection, kg is boltzman’s
constant, and T is temperature. Therefore, the spring constant of the cantilever is simply

related to the expected value of the square of the deflection fluctuation:

ky = kpT /2> (3.3)

However, the signal fluctuation at the photodiode contains contributions from other
noise sources including low frequency mechanical noise transmitted from the building,
acoustic noise, electronic noise from the photodiode, and higher harmonics of the can-
tilever, which makes it inaccurate to assess the cantilever spring constant by directly
using (x?) at the photodiode. To solve this problem, one can take a Fourier transform

of the signal arriving at the photodiode to obtain the power spectrum, which helps to
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isolate cantilever’s thermal fluctuation from other background noise (Figure 3.11A).

A 107 First harmonic B .
Higher harmonics

—— Power Spectrum
—— Thermal Fit
| Fit Width

Power (a.u.)

100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 0 5 10 15 20
kHz

Figure 3.11: Power spectra of an AFM cantilever. A. Power spectrum showing the first
and higher harmonic peaks on top of the 1/f noise floor. B. Lorentzian fit (blue) to the
first tip oscillation harmonic peak (black), the fit boundary is marked by the red markers.

The power spectrum of the resting cantilever shows a number of peaks corresponding
to the first and higher harmonics of the cantilevers vibration modes. The largest and first
harmonic mode corresponds to the bending mode of the cantilever where the harmonic
potential is characterized by the spring constant. Therefore, the area under the first
harmonic peak is the (z?) due to only thermal excitation [90]. By first removing the
1/ f background noise, one can obtain the area under only the first harmonic peak by a

Lorentzian fit.

3.4 Force-extension curves

With the cantilever’s optical sensitivity and spring constant calibrated, all distance and
force information can be related to each other (Figure 3.12). Of particular interest is
the tip-surface distance, which equals the end-to-end extension of any tethered molecules
between the tip and surface. The following relations are used to compute the time-series

of each data stream.

Ad(t) = invOLS x AV (t) (3.4)

F(t) = ky x Ad(t) (3.5)

dee(t) = Z(t) — Ad() (3.6)
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where F'(t) is the calculated force on the cantilever, d..(t) is the end-to-end extension,
Z(t) is the distance Z-piezo traveled. Because all time-series data are sampled at identical
intervals, they can be directly plotted against each other. Plotting F'(t) against d..(t)
gives the force-extension curves (Figure 3.10D). It is necessary to check after calibration,
whether the indentation portion of the force curves are strictly vertical on a hard sub-
strate. Any deviations from vertical indicate the invOLS has drifted and recalibration is

required.

Photodiode Voltage (AV)

Mconstant (k)

Deflection (Ad)

Z-piezo (Z)
Separation (d.,)

Figure 3.12: Relationships between various measured and calculated parameters in an
AFM.

3.5 Mechanical noise control

As AFM is sensitive to forces as low as pN, external mechanical noise can be easily picked
up by the cantilever. Therefore, mechanical decoupling the AFM from its environment

is critical. Sources of noise and strategies for improvements are discussed here.

3.5.1 Acoustic noise

Sound waves travel in media as pressure waves, which can couple to the AFM cantilever.
Acoustic noise is especially problematic for single molecule force spectroscopy experi-
ments because the softer cantilevers pick up acoustic noise more easily. An acoustic
enclosure with noise reduction of at least 30 to 40 db is necessary to improve signal-to-

noise ratio of single molecule force spectroscopy experiments [69] (Figure 3.13).
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Figure 3.13: Transmissibility spectrum of the AFM acoustic isolation enclosure (Figure
adapted from Herzan AEK-2002 acoustic enclosure datasheet [69]).

3.5.2 Floor vibration noise

The most prominent source of noise is the mechanical vibration transmitted through the
floor. Vibrations from walking, door opening and closing, outside construction, air con-
ditioning, computer fan, and building’s intrinsic vibrations can all couple to the floor and
be detected by the AFM. Vibration isolation table was used to decouple the microscope
from the floor vibration. Figure 3.14 shows the transmissibility of a passive vibration
isolation table, where floor vibration above 10 Hz is virtually eliminated from the micro-
scope with over —50 db transmissibility. The lower frequency vibrations can be reduced
by active vibration isolation. Similar to the noise-cancelling headphones, the vibration
isolation table detects vibrations and immediately counteracts by generating a reversed

waveform, cancelling the effect of the incoming vibration.
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Figure 3.14: Transmissibility spectrum of a passive vibration isolation table. (Figure
adapted from Minus K Technology BM-4 bench top vibration isolation platform datasheet
[123].)
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One can add another stage of damping to further reduce the transmitted vibration by
placing the vibration isolation table above a heavy countertop; at the same time, place
heavy duty rubber damping pads under the feet of the table (Figure 3.15). Given the
same floor vibration, the large inertia of the countertop reduces the amplitude of the
transmitted vibration. Floor vibration at various locations in the lab was surveyed, and

the microscope was placed at the site with the minimal floor vibration level.

Acoustic enclosure
AFM

Vibration isolation table

Heavy countertop—

Damping pads-

Figure 3.15: Two stage vibration isolation strategy. The first stage composes of a heavy
mass such as a granite block and passive damping pads. The second stage is a commercial
vibration isolation table, providing further noise reduction.

In addition to vibration transmitted through the floor, the data cable that connects
the microscope directly to the controller also transmit significant amount of vibration.
Gentle taps on the controller box can cause excessive noise clearly visible in both force
curves and surface scans. For this reason, the controller was supported on sponges to
minimize transmission of floor vibration to the controller. Vibration through the data
cable can be damped by clamping it to something heavy but decoupled to any enclosure.
A heavy cable clamp (~10 kg) with rubber footing was used for this purpose. Other
non-essential cables (such as camera power and signal cable) connected to the microscope

should be removed during force spectroscopy experiments.

3.5.3 Evaluation

The effectiveness of the vibration isolation methods were evaluated by engaging the mi-
croscope cantilever onto a substrate and detecting transmitted vibrations. The deflection
of the cantilever is recorded over time, and the standard deviation of the deflection is
used to evaluate the vibration isolation of the system (Figure 3.16). All experiments were

done in air. The vibration levels were detected with the following setups:
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e Open, no isolation: the acoustic enclosure was kept open to see the effect of acoustic
noise and air turbulence on the system. In addition, the vibration isolation table

is locked, meaning that it is letting floor vibration to come through.

e Closed, no isolation: the acoustic enclosure is closed but vibration isolation table
is still locked.

e Closed, passive isolation: the acoustic enclosure is closed, and the vibration isola-

tion table is passively damping higher frequency vibration.

e Closed, passive+active isolation: the acoustic enclosure is closed, and the active

vibration isolation is turned on to remove low frequency vibrations.

The result shows that the combination of all vibration isolation strategies reduces

mechanical vibration transmitted to the substrate by 80%.
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Figure 3.16: Effectiveness evaluation of acoustic hood, passive vibration isolation and
active vibration isolation. Top graph shows the standard deviations of the vibration
time trajectories in the bottom graphs.
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3.6 Environment control

Aqueous environment were controlled by a closed fluid cell, which is mainly composed
of a flexible membrane that seals the AFM cantilever inside the closed fluid cell dish
where the sample and the AFM tip are immersed in aqueous solution (Figure 3.17). A
circular heating element and a thermal couple tightly control the fluid temperature to
0.05°C accuracy through a feedback mechanism. Because the temperature control lacks
cooling function, the controlled temperature ranges from ~ 5°C above room temperature
to 80°C. The additional 5°C above room temperature is due to heat released from the
electronics within the AFM head. The maximal controlled temperature is set to 80°C as
excessive bubble formation, convection current, and uneven heating that would severely
affect the stability of the AFM above this temperature. The fluid inlet/outlet ports allow
solvents and buffers to be exchanged without disengaging the AFM. The closed fluid
cell also prevents solvent evaporation during long experiments, ensuring same solution

concentration throughout the experiment.

Closed Fluid Cell
Clamp

Membrane/Bellows
Cantilever Holder
(not included)

Membrane
Threaded
Clamp

Closed Fluid
Cell Dish

Thermal couple

Port Plug
=
~— Inlet/Outlet
Tube

6 e
\ 2 Glass Disk

\\‘: (or coverslip)

Threaded
Bottom Clamp

—— Heating element

Figure 3.17: Closed fluid cell assembly. (Figure adapted from the closed fluid cell data
sheet [6].)

3.7 Drift control

Mechanical and optical stability of the AFM is critical for consistent single molecule
measurements. As single molecule events are rare, gathering enough statistics could take

hours to complete. During the measurement, the system parameters such as cantilever
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position and optical sensitivity will drift from their initial calibration values. Strategies

were developed to minimize the impact of such drift on quantitative measurements.

3.7.1 Thermal drift

AFM cantilevers are usually made of Si or Si3N, with a backside coating of a thin layer of
gold or aluminum to reflect the laser. Because the reflective layer and the cantilever itself
have different thermal expansion coefficient, the composite structure bends in response
to temperature changes. In general, the metallic layer has greater thermal expansion
coefficient than the cantilever, hence the cantilever bends towards from the surface with
raising temperature (Figure 3.18). Since the AFM can detect deflections of the cantilever
in the nanometer range, it makes the AFM cantilever extremely sensitive to tempera-
ture. The temperature sensitivity also depends on the dimension and ultimately the
spring constant of the cantilever. Softer cantilevers are more prone to thermal-induced
instability than stiffer cantilevers. However, the intrinsic spring constant is relatively
insensitive (approximately 0.3-0.5% [23, 173]) to temperature from 0 to 100°C (see Sec-
tion 8.5.2). Cantilever’s deflection drift causes shift in the baseline reference where the
force should be zero (Figure 3.19), therefore, this drift is bad for long experiments such
as a surface scan, force-clamp, fly-fishing, and even slow pulling experiments. Controlling

the deflection drift is utmost important during an experiment.

hajtillon 3_ 295K bn 3_ 108K

Figure 3.18: Temperature induced bending of the AFM cantilever. (Figure adapted from
Radenovic et al. [145].)

Since the slow drifting environment temperature is the culprit for deflection drift,



CHAPTER 3. SINGLE MOLECULE FORCE SPECTROSCOPY 32

-10 4 -10

20 - -20
_30 | R w

-30 - 30 1

£ E -40 oo eveond

40 M
-50 <

-50 <
-60 <

-60 — 70 4

I I ! I I I I [
0.0 05 1.0 15 2.0 0.0 0.5 10 15 20
s s

Figure 3.19: Cantilever deflection drift. The deflection vs. time graphs are shown. A.
Overlapping of 5 adjacent deflection traces show relatively good overlap. B. Each color
indicates a force curve collected 5 minutes apart, the deflection drifts to lower value over
long period of time.

methods to minimize temperature changes can be adopted. Several sources of environ-
ment temperature instability include: variations in the room temperature (even in an
environment controlled room), heat from electronics, evaporation of solvents, and the
opening/closing of the acoustic enclosure. Therefore, allowing the system enough time
(usually 30-60 minutes) to equilibrate before taking measurement is quite crucial. Al-
though slow drifting temperature such as temperature differences throughout a day also
influences the equilibrium temperature by up to 0.5°C, they do not affect individual
force curves as much as the time scales differ significantly. To better control the environ-
ment temperature, the fluid cell can be used to actively maintain the temperature of the
experiment via a temperature feedback mechanism (Section 3.6).

In addition to cantilever deflection drift, the relative position of the AFM cantilever to
the substrate also drifts due to temperature variation in the system. Take the supporting
legs of the AFM head for example: the 10 cm stainless steel legs have a thermal expansion
coefficient of ~ 15 x 107% 1/K, meaning that every 1°C change in temperature will result
in drift of 1.5 pum in the vertical direction. This could impose a critical problem when
performing slow pulling experiments where it takes minutes to complete one force curve.
Therefore, again, it is crucial to give the system sufficient time to equilibrate before

starting experiments.

3.7.2 Optical sensitivity drift

The sum value of the photodiode usually drops slightly over time, possible due to lower
reflectivity of the cantilever. This affects the cantilever’s optical sensitivity (invOLS). It

is therefore a good practice to constantly check, and if necessary, recalibrate the invOLS
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value during the experiment. The invOLS value could change as much as 20% in 24 hours,
which would severely affect quantitative measurements of force if not corrected. Programs
were made (Section 6.2) to automatically re-calibrate the invOLS value for individual
force curves. For this reason, it is important that all force curves contain an indentation
portion. In the case when fly-fishing mode is needed —i.e. cannot have hard indentations,

one must frequently check the invOLS value of the cantilever.

3.8 Contamination control

Contamination in single molecule experiments can cause unexpected results and lower
the yield of useful force curves. Minimizing contamination at the sample preparation
stage is crucial. Both the sample and the AFM tip should be thoroughly cleaned and
kept clean at all time.

All materials from polymer to solvents used in single molecule experiments should
be the highest purity grade from manufactures. All solvents should be filtered such that
no particles interact with the sample. In addition, the chemical compatibility should be
checked to ensure that containers are not dissolved by the solvent and thereby transferring
unwanted polymers into the solvents.

Organic material is the main concern for our studies because the contaminants usually
contain macromolecules, and could be confused with our target polymers and proteins.
Flat surface produced from freshly cleaved mica is inherently clean and does not require
further cleaning procedures. However, others such as silicon wafer and ultra-flat gold
requires cleaning. In general, chemical cleaning using piranha solution (see Section 5.3.1)
gets rid of all organic macromolecules on the surface. Surfaces prepared this way has no
single molecule pulling signature at all, indicating they are generally clean enough for
deposition of target macromolecules. Clean surfaces can be easily contaminated if left
uncovered on the bench. To preserve a clean substrate, it is usually placed inside a clean
Petri dish to avoid dust. In addition, the Petri dish is placed in a vacuum in a desiccator
to minimize airborne molecules from adsorbing onto the surface.

The AFM tip is cleaned by shortwave UV light (100-280 nm wavelength) via the
photosensitized oxidation process [99] for approximately 1 hour. The cantilever is placed
with the tip-side facing up on a clean glass substrate under a UV light source. Organic
molecules on the surface become excited after UV absorption and react with atomic

oxygen created by the following reaction:

20, ™% O + O,
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The products of such reaction are usually simpler gas molecules such as CO,, HyO
and Ny [99]. AFM tips cleaned with this protocol should be free of organic molecules
and should be used as soon as possible.

Foreign contamination is undesirable. However, the AFM tip is considered contam-
inated when too many target molecules adsorbs onto it. The following evidence may

indicate tip contamination:
e Higher than normal frequency to see force curves with pulling events

e Force curves look similar regardless to the surface location

Large surface adhesion force

Breakthrough events during indentation

Non-linear indentation curve

e Double-tip artifacts during surface scanning

A number of strategies to remove contamination without switching the tip have shown

various degree of success:

e Surface scratching: First scan the surface and find an area of bare surface. Zoom
into this are and rapidly scan the surface with contact mode at high set-point (or

scan force) may scratch the contaminants off the surface.

o Water flow: Move the tip away from the surface and flush the fluid cell with buffer

may sometimes wash off attached molecules due to shear flow.

e Vibration: It has been suggested that driving the tip at its resonance frequency with
large oscillation amplitude may also help wash the attached molecule off from the
tip. This method may work with tips for tapping mode in fluid, but may not work
for soft cantilevers used in pulling experiments; these cantilevers are over-damped

by water and may not show a strong first harmonic resonance peak.

3.9 Conclusion

AFM'’s sensitivity to force and distance enables manipulation and detection of a single
molecule under mechanical perturbation. In particular, mechanical pulling experiments
allow one to directly study the energies responsible for the folding and interactions of

macromolecules. Although commercial AFMs are widely available, critical issues still
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need to be resolved for accurate force-spectroscopy measurements. This chapter described
the theory and methods to calibrate the spring constant of the cantilever as well as
several other critical factors that needs to be controlled, including mechanical noise, the

environment condition, drift, and contamination.



Chapter 4
Theories of Single Polymer Pulling

Biopolymers such as DNAs, RNAs, and proteins are important structural and func-
tional molecules in the cell. In order for these biopolymers to perform their designated
functions, they often need to fold into specific conformations. The mechanism of the
folding from initially random conformation is crucial towards understanding the enzy-
matic mechanisms and biological roles of these biopolymers. Like any chemical processes,
protein folding is driven by free energy minimization. Therefore, precise measurement
of the free energy of a protein in different conformations is a key step to understand the
driving force of its folding. One of the most important driving forces in the assembly
is the hydrophobic collapse, driven by the association of hydrophobic residues along the
protein backbone. Due to complex interactions among amino acids in a protein and the
all-or-none unfolding transition, it is difficult to assess of the free energy of hydrophobic

collapse in a protein.

In this thesis, a simplified system of homopolymers is used to study hydrophobic
collapse. Using single molecule force spectroscopy, the conformational state of a single
polymer can be directly manipulated and its mechanical response provides vital clues to
help decipher how the polymer unfolds. As a result, the hydration free energy (AG™?)
difference between collapsed and extended conformations can be directly measured (Fig-
ure 1.1). The mechanical responses of polymers differ significantly depending on the
solvent condition. A solvent is good for a polymer when the polymer-solvent interaction
is more favorable than the polymer-polymer interaction, and vice versa for a poor solvent.
In this chapter, the mechanical responses of polymers in good solvents (Section 4.1) and
poor solvents (Section 4.2) are discussed from a theoretical perspective, with emphasis

on the latter case.

36
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4.1 Polymers in good solvents

The freely-jointed chain and the worm-like chain are two commonly used polymer models
in single molecule force spectroscopy. Their construction and physical properties, in

particular, their responses to mechanical stretches are introduced here.

4.1.1 Freely jointed chain (FJC) model

An ideal polymer in a good solution can be modeled as a freely jointed chain (Figure 4.1).
In this model, the polymer is constructed from connected segments with identical lengths.
Adjacent segments can rotate freely about their joint. The volume exclusive effect of
the polymer is neglected in this model. Although highly idealized, this model captures

essential polymer physical properties and can be expressed by analytical equations.

R

—

I/;.

Figure 4.1: A freely jointed chain

The conformation of a freely jointed chain is equivalent to a random walk with steps
sizes identical to the bond length of the polymer. Let R be the end-to-end vector of the

polymer, and 7; be the vector of each segment, we have:
R=)"F (4.1)

) = 1 (4.2)

The length [ of each segment is also known as the Kuhn length. 