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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,

1
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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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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 (∆Ghyd), 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.

• 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 ∆Gcav to dominate the overall hydration free energy

∆Ghyd. The large unfavorable ∆Ghyd makes the solute less soluble and hence, hydropho-

bic. Therefore, cavity formation and its associating ∆Gcav are vital to understanding

hydrophobic hydration.

When we consider a macroscopic object such as an oil droplet in water, ∆Gcav 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, ∆Gcav 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

7
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indicates the breakdown of interfacial thermodynamics, as the molecular size is on the

same order of magnitude as water molecules. ∆Gcav 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 ∆Gcav (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.

∆G = γ∆A (2.1)

The phenomenological model assumes a linear relationship between G and A, where

the interfacial tension γ is the scaling factor. The interfacial tension can be calculated

from the surface tension of solvent γsolvent, solute, γsolute and the work of adhesion, Wad,

describing the attractive interactions:

γ = γsolute + γsolvent −Wad (2.2)

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 = 2

(√
γdsoluteγ

d
solvent +

√
γpsoluteγ

p
solvent

)
(2.3)

γ = γd + γp (2.4)

For a non-polar solute, the dispersion component is dominant (γd >> γp); for water, the

dispersive and polar components have similar magnitudes. We derived Equation (2.5) by

splitting the γd and γp 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.

γinterface =

(√
γdsolute −

√
γdsolvent

)2

+

(√
γpsolute −

√
γpsolvent

)2

(2.5)
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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 ∆Ghyd 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 Å

radius, whereas the van der Vaal surface is defined by a sphere of 1.9 Å [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 ∆Ghyd 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, ∆Ghyd 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 ∆G 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 ∆G 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 ∆G 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 ∆G is associated with negative hydration entropy, S = −(dG/dT )p,

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.

Figure 2.1: Temperature dependencies of (a) the surface tension of pure water and (b) the
molar excess hydration ∆G of small molecules calculated by ∆G = −kBT ln(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 ∆G 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 ∆G. 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 ∆G 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 µex 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 µex. 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 ∆G. IT offered

a molecular explanation for the experimentally observed convergence of entropy for small

molecules. Furthermore, IT 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 ∆G 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 ∆G, in agreement with the lower than

SASA-predicted hydration ∆G 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

∆G turn-over decreases as the particle size increases. For particles larger than 1 nm, a

monotonically decreasing hydration ∆G 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 ∆G of a homopolymer with 25 methane-sized repeats also exhibits turn-over

behavior similar to that of small molecules [7].

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

Theories have assumed that the hydration ∆G 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:

• 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 ∆Ghyd difference between collapsed and extended state calculated from

experiments?

• 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.

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 (SMFS)

[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
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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 RNAs [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.

Figure 3.3: Cantilever deflection causing photodiode voltage differences. A. Cantilever
in neutral position. B. Cantilever subjected to force. Va, Vb, Vc, and Vd 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:

• The surface charge, hydrophobicity, and specific chemical groups

• Concentration of the target molecule

• 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 µm, B. 2 µm, and C. 1 µm 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 Ni2+–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.

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).

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 10−3–10−6

Force range (pN) >10 0.1–100 10−3–100
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 (∆d) over the photodiode voltage

difference (∆V ), in the unit of nm/V:

invOLS =
∆d

∆V
(3.1)

The value of ∆V is directly measured from the photodiode; however, the value of

∆d 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 ∆d. 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 kBT/2:

1

2
ksx

2 =
1

2
kBT (3.2)

where ks is the cantilever’s spring constant, x is the cantilever deflection, kB 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:

ks = kBT/x
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 〈x2〉 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).

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 〈x2〉 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.

∆d(t) = invOLS ×∆V (t) (3.4)

F (t) = ks ×∆d(t) (3.5)

dee(t) = Z(t)−∆d(t) (3.6)
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where F (t) is the calculated force on the cantilever, dee(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 dee(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.

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.

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.

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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• 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.

• Closed, no isolation: the acoustic enclosure is closed but vibration isolation table

is still locked.

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

tion table is passively damping higher frequency vibration.

• 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%.

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.

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 Si3N4 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.

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,
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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 ∼ 15×10−6 1/K, meaning that every 1◦C change in temperature will result

in drift of 1.5 µm 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:

2O2
hν→ O +O3
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The products of such reaction are usually simpler gas molecules such as CO2, H2O

and N2 [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:

• Higher than normal frequency to see force curves with pulling events

• Force curves look similar regardless to the surface location

• Large surface adhesion force

• Breakthrough events during indentation

• Non-linear indentation curve

• Double-tip artifacts during surface scanning

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

various degree of success:

• 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.

• 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.

• 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



Chapter 3. Single Molecule Force Spectroscopy 35

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 (∆Ghyd)

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.

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 ~ri be the vector of each segment, we have:

~R =
∑
i

~ri (4.1)

|~ri| = l (4.2)

The length l of each segment is also known as the Kuhn length. Because the direction

vectors are uncorrelated, the expected dot product between any two distinct segments is

zero:
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〈ri · rj〉 = 0 (4.3)

for i 6= j. Since the polymer conformation can be modeled as the trajectory of a three

dimensional random walk, the properties of a one dimensional walk is first studied. For

a one dimensional random walk of a total of N unit steps, in order that the last step

ends at position n, the number of forward nf and backward nb steps must satisfy the

following relation:

nf + nb = N (4.4)

nf − nb = n (4.5)

Hence,

nf =
1

2
(N + n) (4.6)

nb =
1

2
(N − n) (4.7)

The total number of combinations for such configuration is:

(
N

nf

)
=

N !

nf !nb!
=

N !(
1
2

(N + n)
)
!
(
1
2

(N − n)
)
!

(4.8)

Assuming the probability to take a step forward is p and backward is 1−p, the probability

of landing at position n is then:

P (n) =
N !(

1
2

(N + n)
)
!
(
1
2

(N − n)
)
!
· 1

pn(1− p)N−n
(4.9)

For an unbiased random walk, the forward and backward probabilities are 1/2. We take

natural log on both side of the equation to obtain:

lnP (n) = lnN !− ln

(
1

2
(N + n)

)
!− ln

(
1

2
(N − n)

)
!−N ln 2 (4.10)

The natural log of factorials can be analytically expressed by the Stirling’s approximation:

lnn! =

(
n+

1

2

)
lnn− n+

1

2
ln 2π (4.11)

such that:
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lnP (n) =

(
N +

1

2

)
lnN

−
(

1

2
(N + n) +

1

2

)
ln

1

2
(N + n)

−
(

1

2
(N − n) +

1

2

)
ln

1

2
(N − n)− 1

2
ln 2π −N ln 2

(4.12)

Apply second order Taylor’s expansion to approximate ln(N − n):

ln(N − n) = lnN + ln
(

1− n

N

)
lnN − n

N
− 1

2

( n
N

)2 (4.13)

therefore Equation (4.12) can be simplified to:

lnP (n) = −1

2
lnN − n2

N
+

1

2

( n
N

)2
(N + 1) + (N + 1) ln 2− 1

2
ln 2π −N ln 2 (4.14)

Assuming N >> 1 the above equation simplifies to:

P (n) =

(
1

2πN

)1/2

exp

(
− n2

2N

)
(4.15)

Therefore, given a step size of l, the normalized probability to land at 1D location ~R in

a 1D random walk is:

P (~R) =

(
1

2πNl2

)1/2

exp

(
−

~R2

2Nl2

)
(4.16)

Generalizing this to three dimensions, the normalized probability distribution function

becomes:

P (~R) =

(
3

2πNl2

)3/2

exp

(
− 3~R2

2Nl2

)
(4.17)

Because the probability distribution function is Gaussian, this model is also referred

to as the Gaussian chain model. With the probability distribution function, observable

physical properties can be computed. The expected end-to-end distance of a polymer

scales to the square root of the number of segment and the segment length (See Ap-
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pendix Bfor derivation):

〈
~R2
〉

=

∫∫∫
P (~R)~R2d~R = Nl2 (4.18)

Applying this scaling relation to calculate the expected distance between any two seg-

ments in the polymer,

〈
(~ri − ~rj)

2〉 = |i− j| l2 (4.19)

using this, one can derive the radius of gyration of the polymer according to the

definition:

R2
g =

1

N

〈
N∑
j=1

(~rj − ~r)2
〉

=
1

2N2

〈∑
i,j

(~ri − ~rj)
2

〉
(4.20)

where ri and rj are the positional vectors of polymer segment i and j. Solving this

equation gives the radius of gyration of a freely-jointed chain at rest:

R2
g =

Nl2

6
(4.21)

The entropic elasticity of the Gaussian chain can be calculated by assuming the

probability distribution function is proportional to the conformational states with a given

end-to-end distance.

S = kB lnP (~R) (4.22)

Considering no enthalpic contribution during the mechanical distortion, the work done

to the polymer balances the entropic loss:

〈f〉 = −dW
dR

= T
dS

dR
(4.23)

Evaluation of this with Equation (4.12) and Equation (4.17) gives:

〈f〉 = kBT
1

P (R)

dP (R)

dR

= kBT
3R

Nl2

(4.24)

This is the ensemble average of force given a constant end-to-end distance, which shows

a Hookean linear spring response. The Gaussian chain approximation is good when the
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polymer is only slightly distorted.

Lastly, the end-to-end response of a polymer to a constant force f acting on its ends

is examined. Because there are no interactions between the chain or constraints to the

bending of the chain, the only contribution to the energy due to the external force gives

the following partition function:

Q =

∫
V

rN exp

(
~f · ~R
kBT

)
(4.25)

where the integration is over the entire phase space V of the direction vector ~ri. The

total length of the polymer, R, is:

~R =
N∑
i=1

~ri (4.26)

and the dot product of force and an arbitrary segment i is:

~f · ~ri = fl cos θi (4.27)

The partition function (Equation (4.25)) can then be simplified to:

Q =

 2π∫
0

dφ

π∫
0

dθ exp

(
fl cos θ

kBT

)N

=

[
2πkBT sinh (fl/kBT )

fl

]N (4.28)

The expected value of R is then:

〈
~R
〉

=
1

Q

∫
V

drN ~R exp

(
~f · ~R
kBT

)
(4.29)

This is equivalent to:

〈
~R
〉

=

(
kBT

∂

∂f
lnQ

)
f̂ (4.30)

An exact solution to the force-response of the FJC can be obtained:

〈
~R
〉

= Nl

[
coth

fl

kBT
− kBT

fl

]
f̂ (4.31)
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where Nl gives the contour length of the chain and all force response curves can be

normalized with respect to Nl (Figure 4.2).

Figure 4.2: FJC force-distance response curves in A. linear and B. log vertical scales.
The red curve shows the FJC force-distance curve according to Equation (4.31), the blue
dotted line is the Hookean response for a Gaussian chain at the low force limit, according
to Equation (4.24).

A freely-jointed chain does not have stiffness, which may be insufficiently realistic for

many biological polymers. The following section describes the worm-like chain model

where the stiffness of the polymer chain is incorporated.

4.1.2 Worm-like chain (WLC) model

The worm-like chain (WLC) is able to model chain stiffness. A number of key differences

distinguish the WLC from FJC. First, the WLC models a continuous chain without

segments where one does not need to specify a unit segment length (Figure 4.3). Secondly,

bending elasticity is incorporated in the model such that the free energy is related to local

curvature. Lastly, unlike the FJC where adjacent segments have uncorrelated direction

vectors, the direction vector has a coherence length along the chain, characterized by the

persistence length Lp:

〈
t̂(s) · t̂(s+ ∆s)

〉
= exp

(
−|∆s|
Lp

)
(4.32)

The force-displacement responses of the WLC have been investigated [135, 174, 115,

160]. Although an exact analytical solution to mechanical response of the worm-like

chain does not exist, an interpolated form has been described by Marko and Siggia [115]

(Figure 4.4), which best fit experimental DNA pulling data at lower than 5 pN forces

[173]:
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Figure 4.3: The worm-like chain.

F =
kBT

Lp

[
1

4 (1− x/L0)
2 −

1

4
+

x

L0

]
(4.33)

where kB is the Boltzmann’s constant, T is temperature in Kelvin, L0 is the contour

length of the polymer, and x is the actual end-to-end distance. The deviation between

experimental data and the fit originate from the enthalpic contribution when the chem-

ical bonds are stretched at forces greater than 9 pN [173]. Odijk phenomenologically

incorporated enthalpic bond stretching modulus K0 into the WLC model and gave the

following interpolated force response [135]:

x = L0

[
1− 1

2

(
kBT

FLp

)1/2

+
F

K0

]
(4.34)

This empirical formula fits the experimental DNA pulling data at relatively higher force

ranges, requiring the fitting curve to begin above 2 pN and to end above 15 pN. Wang et

al. [173] provided a more generalized formula modified from the Marko-Siggia formula:

F =
kBT

Lp

[
1

4 (1− x/L0)
2 −

1

4
+

x

L0

− F

K0

]
(4.35)

This modified Marko-Siggia model fits experimental data well over a large range of force.

At high force limit, it reduces to the Odijk [135] formula. With this analytical formula,

one can estimate the persistence length of a polymer by fitting the force-distance curve

(Figure 4.5) [21].

Figure 4.4 compares the force-extension curves between the WLC, FJC and Gaussian

chain models. The low force responses of both WLC and FJC converge to the Hookean

response of the Gaussian chain. At higher forces, the WLC exerts greater restoring

force than the FJC at a fixed extension and fits better to more rigid biological polymers.
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Figure 4.4: Comparison of WLC, FJC and Gaussian chain force-distance response curves
in A. linear and B. log scales. The green curve shows the WLC force curve according to
Equation (4.33), the red curve shows the FJC force curve according to Equation (4.31),
the blue dotted line is the Hookean response at the low force limit according to Eqia-
tion (4.24). The persistence length for the WLC is chosen to be half of the Kuhn length
for the FJC in the plot.

Figure 4.5 shows that WLC fits well to the force-extension curve of polystyrene in toluene,

a good solvent for polystyrene.

Figure 4.5: Force extension curve of polystyrene in toluene, a good solvent. The grey line
is the WLC fit, giving a persistence length of 0.25± 0.05 nm, consistent with literature
[60]. (Figure adapted from Gunari et al. [60])

4.2 Polymers in poor solvents

A polymer undergoes a coil-globule phase transition from random coil in a good solvent to

compact globule in a poor solvent. In a poor solvent such as water, the polymer-polymer

interaction is preferred over polymer-solvent interaction, causing the chain to collapse

into a compact globule. Due to their simplicity, hydrophobic homopolymers have been

used for theoretical investigation of hydrophobic collapse [7, 167, 35, 57, 65, 114, 140].
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In the presence of an external force, three stages during the pulling of a hydrophobic

homopolymers in poor solvent were predicted by theory [65]. In the first stage, a force

below a threshold value distorts the spherical collapsed globule into an ellipsoidal shape.

As pulling continues, the threshold force is reached and the polymer undergoes a first-

order phase transition that dissolves the collapsed globule into an extended coil until the

chain is fully exposed to the solvent. The force curve during this stage exhibits a plateau

where the collapsed and extended states co-exist in a dynamic equilibrium. The last

stage is marked by an entropic elastic response of the chain similar to pulling a polymer

in good solvent, which can be described by the WLC model. The mechanical pulling

of polymers in poor solvent has been extensively investigated using scaling theory [65],

self-consistent field theory [140], lattice models [114] and molecular dynamics simulations

[35, 57] (Figure 4.6).

Figure 4.6: Theoretical and simulation models show that unfolding of homopolymers in
poor solvent condition gives a force plateau in the force-extension curve. A. Zhulina-
Halperin scaling model [65, 190, 191] B. molecular dynamics simulation from Cooke et
al. [35], C. Molecular dynamics simulation from Grater et al [57]. (Figures adapted from
their references [35, 65, 57].)

4.2.1 Analytical model of pulling a single chain from collapsed

state

A simple analytical model that captures most of the physics in pulling a polymer in poor

solvent from a collapsed to an extended state is described here. This model is built upon

the model of Halperin and Zhulina [65, 66] that yields a collapsed-extended coexistence

state before reaching the fully solvent exposed state. Several modifications were made

to suit this model to our systems (see Figure 4.7a). Instead of assuming the extended

state is composed of smaller sized collapsed blobs on a Gaussian chain, here we model
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the extended state as a single worm-like-chain with a constant diameter. The collapsed

state is modeled as a sphere with size at least 10 times greater than the diameter of the

chain. The total volume of the sphere and the flexible rod is conserved:

V =
4

3
πR3 + πr2L (4.36)

where R is the radius of the collapsed sphere, r is the radius of the rod modeling the single

chain, and L is the contour length of the extended component of the chain. While holding

the end of the extended component at a fixed distance, an intricate balance of forces at

the interface occurs between the collapsed and extended component of the chain. At the

interface, the entropic elastic force from the extended single chain component balances

the force that pushes the extended component back into the collapsed component due

to the solvophobic effect. The WLC model (Equation (4.33)) [115, 26] was used to

obtain the force from the entropic elasticity of the extended component of the chain.

Similar to the Halperin-Zhulina model [65, 66], we assume the change in total ∆Ghyd

is proportional to the change in area and interfacial tension between the polymer and

solvent. Assuming the first derivative of force-extension curve is continuous, the change

in ∆Ghyd of the system should equal to the work done by the entropic elasticity if the

end-to-end distance x changes by an infinitesimal amount dx:

Fdx = γidA (4.37)

where

A = 4πR2 + 2πrL (4.38)

where γi is the interfacial tension between the polymer chain and the solvent, A is the

total surface area of the polymer including the collapsed and extended components. This

is then simplified to:

F
x

L
= 2πrγi

(
1− r

R

)
(4.39)

By parameterizing x and F with φ = x/L (see Appendix A), the numerical solutions to

this equation can be obtained with the parameters listed in Table 4.1.

x(φ) =
V

πr2
φ− 4r

3
(

1− F (φ)φ
2πrγi

)3φ (4.40)

Using parameters from Table 4.1, the force-extension profile from this model (See Ap-
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Parameters Value
γi 40.0 mJ/m2

V 4.7× 10−26 m3

r† 0.25 nm
# monomers 1000

Monomer length 0.24 nm
Lp 0.92 nm
T 300 K

† The radius of the cylinder is
a crude estimate based on the
size of a styrene molecule using
bond lengths and simple geome-
try. This is only meant to give the
approximate order of magnitude
and not the exact value for the
force opposing polystyrene exten-
sion.

Table 4.1: List of parameters used in the analytical model

pendix A for derivation) shows a well-defined plateau with slight negative slope towards

higher extension at roughly 1.8 pN per 100 nm of extension (Figure 4.7c). The assumption

that the collapsed sphere is much greater in size than the diameter of the extended worm-

like chain begins to fail towards higher extension length when the number of monomers

in the collapsed state is on the order of 10s; this model cannot accurately predict the

force-extension response in the transition from the collapsed-extended coexistence state

to the fully extended state (indicated as the “uncertain” region in Figure 4.7c&d). Be-

yond the transition region, the chain has no collapsed component and shows only the

entropic elastic response. The plateau force region is where the collapsed and extended

components coexist within the polymer chain. The magnitude of the constant force in the

plateau region is nearly entirely contributed by the solvation of chain from collapsed to

extended state, and is therefore proportional to solvent exposed area and the interfacial

tension between the polymer and the solvent. As shown in Figure 4.7b, the force plateau

magnitude Fplateau can be linearly related to the interfacial tension by:

Fplateau = (1.53± 0.04)γi + (2± 1) (4.41)

where Fplateau is in the unit of pN and γi is in the unit of mJ/m2.

As will be discussed below, the AFM experiment provides similar linear correlation

between the plateau force magnitude and the polystyrene-solvent interfacial tension. The
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Figure 4.7: Simple analytical model and results: (a) Illustration of the pulling experiment,
the coexistence of collapsed and extended state in the same polymer as well as the entropic
elastic response of the extended state. R is the radius of the collapsed sphere, r is the
radius of the single chain modeled as a flexible rod, L is the contour length of the extended
single chain,x is the end-to-end distance of the extended single chain, and F is the force
applied to the single chain. (b) illustrates the plateau force calculated from the analytical
model against the interfacial tension used in the calculation. (c) and (d) are predictions of
the analytical model: (c) shows the force-extension profile using the model, (d) shows the
number of monomers in the collapsed sphere in log scale. The grayed-out uncertain area
indicates regions where there will be a failure of the assumption that the collapsed state
will remain spherical when there are only a small number of monomers in the collapsed
state.
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model would produce similar results if there were more than one collapsed component

along a single chain, for example one adsorbed onto the AFM tip and another one ad-

sorbed onto the surface or more than one suspended between the tips. However, more

realistically, many smaller collapsed components are not as favored energetically as few,

larger ones on a single chain. Therefore, it is expected that the smaller collapsed com-

ponents will dissolve and contribute to create a single, larger, collapsed state.

This model does not take into account the elastic response from the collapsed compo-

nent of the chain because it is assumed the collapsed state is much larger in size compared

to the worm-like-chain. If a very large collapsed component size is assumed, the change

in surface area caused by the external force is relatively small compared to the total area

of the collapsed state, and hence can still be approximated by a sphere. The deformation

of the collapsed component modeled by Halperin and Zhulina is limited only to the region

before the extended-collapsed coexistence state. Since the initial deformation is not the

focus of the current discussion, this was neglected from our model. However, we are in-

terested in the effect of the collapsed component deformation in our finite sized system at

the coexistence stage of the extension. One can imagine that, under tension, the collapsed

component would be elongated to an ellipsoidal shape rather than a perfectly spherical

shape. This ellipsoidal geometry increases the surface area of the collapsed component

which would have an impact on the force-extension profile. At the same distortion force,

the degree of distortion would be greater on a smaller collapsed component than on a

larger one due to less inter-chain interactions. Therefore, this model’s assumption of

a spherical collapsed component at all stages of the extension has underestimated the

surface area of collapsed component, and therefore the total solvent exposed area of the

whole polymer. Toward higher extension the increase of solvent exposed area is further

underestimated as the solvent exposed area of the collapsed component is increased due

to higher degree of deformation. Hence, the force is also underestimated at higher ex-

tension in the collapse-extended coexistence state. Therefore, the elastic distortion of

the collapsed component could ease the negative slope of the force-extension plateau if

it were incorporated in the model. Here we do not include this effect for two reasons: 1,

we cannot estimate the elastic response of the collapsed component in a simple way and

2, the current model captures the main behavior.

Another aspect to consider, given recent developments of hydrophobic theory, is the

size effect of the hydrophobic solute [112, 74]. It has been shown that ∆Ghyd of small

hydrophobic particles on the order of several Angstroms do not scale with a particle’s

surface area, but rather with its volume. This lowers ∆Ghyd of small solutes when com-

paring to what one would expect if it were to scale with the former. If this indeed applies
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to the solvation of each monomer along the polymer chain, a scaling factor could be

added to Equation (4.41), which would influence the magnitude of the plateau force, but

not the overall shape of the force-extension profile. This is because ∆Ghyd per monomer

is identical; therefore, the total ∆Ghyd of N monomer units would be proportional to N,

which in the case of the linear polymer is also directly proportional to the length of the

extended chain. Thus, the size effect is applicable to the individual monomers along the

chain and hence does not alter the key features of the model. To illustrate this more

clearly, we consider this simple equation:

∆Ghyd
total = α(R)Nγi (4.42)

where ∆Ghyd
total is the total ∆Ghyd of the extended chain, N is the length of the ex-

tended chain in number of monomers, α(R) is a size-dependent, effective surface area

per monomer, and γi is the polymer-solvent interfacial tension. The force plateau in

experiment force-curves confirms that ∆Ghyd
total of the extended chain is proportional to

length:

∆Ghyd
total ∝ N (4.43)

By varying solvent conditions, as seen in Chapter 7, the ∆Ghyd
total is linearly dependent on

the polymer-solvent interfacial tension:

∆Ghyd
total

N
∝ γi (4.44)

The value of α(R) can be obtained from the slope from plotting ∆Ghyd
total/N against γi as

will be shown in Chapter 7.

Whether the solvation of individual monomers on a polymer chain is strongly size

dependent is still debated: when extended, a polymer is a macroscopic object in the

dimension along the chain, and obeys a surface area dependent scaling law, but it is

microscopic in the radial direction, where a hydrophobic size effect might play a role.

Therefore, ∆Ghyd per monomer on the polymer may not be simply equated to ∆Ghyd of

the monomer alone in the solvent.

4.2.2 Ising model simulations

A simple 3D square-lattice Ising model was developed to simulate the behavior of a single

hydrophobic polymer under tension. Water as the solvent is modeled by a 3D Cartesian

lattice following the methods from ten Wolde et al. [167] (Figure 4.8 illustrates the 2D
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variation of the lattice). Periodic boundary condition was applied and a lattice size of

0.24 nm was used.

Figure 4.8: Illustration of the solvent model on a 2D lattice showing the solvent chemical
potential and the nearest neighbor coupling energy.

To model the solvent, the energy for a given lattice site i is:

Ei = −µni − ε
∑
〈j〉

ninj (4.45)

where ni is the occupancy of each lattice site, which takes the value of 1 if it is occupied

by water, and 0 if it is a cavity; no intermediate values are allowed. The solvent chemical

potential µ can be expressed as:

µ = µcoex + ∆µ

≈ −3ε+ ∆Pl3
(4.46)

where ∆µ is the reversible work due to volume expansion of the lattice site, and µcoex

is the chemical potential for water liquid vapor coexistence, and is roughly 3 times the

nearest neighbor coupling energy ε, which is calculated based on the surface tension of

water:

ε = 2γl2 (4.47)

Given all of the above, the energy of the ith lattice site can be expressed as:

Ei = −
(
−6γl2 + ∆Pl3

)
ni − 2γl2

∑
〈i,j〉

ninj (4.48)

Each polymer unit is modeled as a cubic bead that occupies a 3× 3× 3 lattice space

and can only move on the solvent lattice with discrete steps. This greatly simplifies

the conformational degree of freedom of the polymer, thereby speeding up the simula-

tion. At the same time, the essential polymer behaviors are preserved as will be shown

later. Special considerations were given to the connectivity between adjacent units. If all
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connected configurations between two adjacent units are allowed with volume exclusion

(Figure 4.9), there is a large variation in the total surface area and the center-to-center

distance (Table 4.2). Energetic penalty that favors the more constant center-to-center

length can restrict the available conformation mode to only the top 3 in Table 4.2 such

that transition from one conformation to another has a large energetic barrier. In ad-

dition, in a model that counts on exposed surface area, modes close to the bottom of

Table 4.2 change the surface area by approximately 20%.

Figure 4.9: Configurations between two adjacent polymer units. Total surface area A,
center-to-center distance d, and the degeneracy of each mode are listed on the graph.
(A, d)× degeneracy, all in the unit of grid.

To solve this problem three alternative modes were allowed (bottom 3 of Figure 4.10)

with maximal 3 overlapping lattice sites. These allows for a total of 98 configurations

between adjacent monomers (Table 4.3). With this configuration, the difference in total

surface area differ by up to 10%. In addition, the transition energy barrier between

any two allowed connection configurations is minimized. A fast algorithm looks up the

relative positions of the two adjacent units and returns the number of overlapping lattice

sites.

The total energy of the system is the sum of the following factors:

• Neighboring polymer-polymer unit interactions: contains repulsive and at-

tractive potentials to keep the polymer chain connected and volume excluded.
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Surface area (A) Distance (d) Degeneracy
45 3.00 6
48 3.16 24
50 3.32 24
51 3.61 24
52 3.74 48
53 4.12 24
54 4.24 12
54 4.36 24
54 4.69 24
54 5.20 8

Table 4.2: Table listing the total surface area A (grid2), center-to-center distance d (grid),
and the degeneracy of each mode.

Figure 4.10: The modified model has 6 allowed modes for adjacent units. The total
surface area A, center-to-center distance d, and the degeneracy of each mode are listed
on the graph. (A, d)× degeneracy, all in the unit of grid. Red grids indicate overlapping
polymer units. These modes are only allowed for adjacent polymer units.

Surface area (A) Distance (d) Degeneracy
48 2.83 12
45 3.00 6
49 3.00 24
48 3.16 24
50 3.32 24
51 3.46 8

Table 4.3: List of surface area A, distance d and degeneracy of the modified model.
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• Non-neighboring polymer-polymer interactions: contains electrostatic and

dispersive terms, which is effectively the surface tension of the polymer.

• Polymer-water interactions: essentially work of adhesion between polymer

chain and water

• Water-water interactions: essentially the cavitation free energy.

In each simulation step, one polymer unit is randomly chosen and the equilibrium

free energy of the local polymer-solvent system is calculated for each position the chosen

could move to. The minimal energy movement is then chosen to move this polymer unit.

We first tested this model by allowing an initially linear hydrophobic polymer to relax

in water. Figure 4.11 shows the polymer collapse in water as the radius of gyration (Rg)

decreases as the simulation progresses.

Figure 4.11: The collapse of a hydrophobic 12-mer in water. The polymer is colored
based on the sequence of the units. Blue cubes in the solvent indicate a water lattice site
is vacant.

To study the effect of solvent condition on the polymer mechanical response, different

polymer-water interaction strengths were used. Figure 4.12 shows a hydrophilic (in this

case, the polymer-water interaction has 90% strength as water-water interaction) 20-mer

in water has large conformational fluctuation throughout the duration of the simulation,

which indicates that it is just a random coil adapting various conformations in water

(Figure 4.12). As the hydrophobicity of the polymer increases, they adapt a collapsed

conformation as the Rg stays constant; the Rg of the collapsed hydrophobic polymer is

also much smaller than the average of hydrophilic polymer (Figure 4.12).
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Figure 4.12: The trajectory of radius of gyration (Rg) of a 20-mer, ranging from hy-
drophilic (blue) to more hydrophobic (green), to completely hydrophobic (orange and
red). Each monomer occupies 3 lattice grids; therefore the starting linear conformation
has a Rg of 17.3 grids.

Opposing constant forces to the terminal units of the polymer is achieved by applying

a biasing potential to their equilibrium free energy. The equilibrium end-to-end distance

of the polymer is recorded as a function of force. A 20-mer hydrophilic polymer exhibits

an entropic elastic response as shown in Figure 4.13. Given the 2.4 Å lattice spacing,

the polymer should have a contour length of 14.4 nm. A worm-like-chain was used to

fit the simulation result, giving a persistence length of 1.3± 0.4 Å and contour length of

15.1± 0.2 nm, similar to their expected values.

Similarly, a 20-mer hydrophobic polymer in water was simulated at various pulling

forces. The fully extended initial state was used in all simulations where the chain was

allowed to relax to equilibrium. It was shown that the choice of initial state does not

alter the equilibrium properties of this model.

At forces below 100 pN, the polymer remains stably collapsed with small end-to-end

distances (Figure 4.14). When the applied force reaches above 120 pN, the polymer

assumes an extended conformation (Figure 4.14) with most of the chain exposed to

solvent. In the force region between 100 pN and 120 pN, the equilibrium end-to-end

distance undergoes a phase-like transition from a collapsed state to an extended phase

with the applied force as the reaction coordinate (Figure 4.15A). The phase transition

is marked by the large magnitude end-to-end distance fluctuation (Figure 4.15B) as

the polymer conformation fluctuates between an extended and collapsed state, forming

transient locally collapsed blobs along the chain (Figure 4.14).

The Ising simulation shows force induced phase transition between the extended and
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Figure 4.13: The WLC fit to the force-extension response curve of a 20-mer hydrophilic
polymer. The average end-to-end distance is shown as red dots, the error bars reflect
the standard deviation of the end-to-end distance fluctuation at a particular force value.
The WLC fit is shown as black line. The confidence and prediction bands are blue and
green.

Figure 4.14: Simulation of polymer collapse under tension. Left, equilibrium end-to-end
distance trajectories of polymers under different tension. Right, from bottom to top:
a collapsed conformation under low force, under force in the transition regime, and an
extended polymer under high force.
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Figure 4.15: A. Equilibrium end-to-end distance (red dots) vs. external tension. Error
bars indicate the standard deviation of the end-to-end distance. The green dotted lines
show the maximum and minimums of the end-to-end distance in each recorded end-to-
end distance trajectory. B. The fluctuation amplitude (as standard deviation) of the
end-to-end distance vs. external tension.

collapsed conformation of a hydrophobic polymer in water, evident in the plateau be-

havior in the force-extension curve. The results here, both in profile and magnitude are

comparable to the analytical model in Section 4.2.1 and other theoretical work.

4.3 Conclusion

This chapter reviewed and investigated how solvent conditions affect the mechanical

response of a single polymer from a theoretical perspective. In a good solvent, the

polymer responds to external force as a non-linear spring, as a result of entropic elasticity.

The entropic elasticity arises from the reduction of conformational degree of freedom as

the chain is pulled beyond its equilibrium conformation. The mechanical responses of

two commonly used models, namely the freely-jointed chain (FJC) and worm-like chain

(WLC), were described in detail. When the solvent condition is no longer favorable

for the polymer to adopt randomly coiled conformations, the polymer collapses into

a compact globule. The collapse of a hydrophobic homopolymer in water is such an

example. The forced unfolding of a collapsed hydrophobic polymer in water drives the

polymer through a coil-to-globule phase transition, where the work done by the external

force counteracts on the driving force for the coil-to-globule collapse. The force-extension

curve for such coil-to-globule transition is marked by a constant force profile, which we

call the force plateau. This force plateau is followed by the entropic elastic response

similar to that when the polymer is in good solvent condition after all collapsed globules

are forced to solvate, and that there are no collapsed globules anywhere along the chain.

This phenomenon has been studied here by means of an analytical model and an Ising
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simulation. Experimental evidence of the unfolding of a single hydrophobic polymer in

water will be discussed in the following chapter.



Chapter 5

Experiments of Hydrophobic

Polymer Pulling

Given theoretical studies on the mechanical unfolding behavior of hydrophobic polymers,

Figure 5.1 illustrates what one may expect to happen in a single molecule pulling experi-

ment. A collapsed hydrophobic polymer in water can be forced to unravel with the AFM

tip where a single chain is forced to hydrate as it is pulled out of the collapsed globule.

From the force-extension curves during this process, the hydration free energy (∆Ghyd)

per monomer can be extracted. This chapter provides experiment evidence for single

chain pulling events and for the hydration nature of these pulling events. In addition,

the sample preparation and experimental procedures are detailed.

5.1 Typical force curve of hydrophobic homopoly-

mer unfolding

Figure 5.2 shows an example of single molecule force-curve of polystyrene in water. The

shape of the force curve closely resembles what was expected from theoretical and sim-

ulation studies (Section 4.2). The plateau region of the force curve corresponds to the

unfolding of a hydrophobic homopolymer, where the polymer in the collapsed state co-

exists with extended state. As the plateau continues, the work done by the cantilever on

the collapsed polymer provides it energy to hydrate, thereby converting more chains in

the collapsed state into extended state until the entire chain is hydrated. At this point,

any further stretching of the polymer follows the entropic elasticity as if the polymer is

in a good solvent (Section 4.1). This is shown by a rapid rise of the force towards the

end of the pull.

59
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Figure 5.1: Single molecule pulling experiment of a hydrophobic polymer as it transitions
from a collapsed to an extended state. AFM forces the hydration of a single hydrophobic
polymer chain in water by pulling it from a collapsed state. The top magnified inset
illustrates that the individual monomers on the sub nanometer length scale along the
extended chain are hydrated. The bottom magnified inset illustrates that hydration of
the collapsed globule follows a surface area controlled hydration process.

Figure 5.2: Typical AFM force-extension curve of a hydrophobic polymer in water or
poor solvents. Data showing PS stretching in water. Blue curve is the approach curve
where the force is zero. Red curve is the retracing force curve when a single chain is
attached to the tip. The schematic shows the different stages of the single molecule pull.
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5.2 Extract hydration free energy from force curves

As Figure 5.3 illustrates, the upper left portion shows a single molecule extension exper-

iment that converts the collapsed conformation to the extended conformation through

a coil-globule transition. In a thought experiment, relaxing the force while maintaining

the extended conformation without inducing any collapsed structure leads to a fully hy-

drated random coil that maximizes chain entropy. The collapse of this fully hydrated

random coil back to the collapsed conformation is the hydrophobic collapse identified in

this work, and the free energy is associated with −∆Ghyd. Dispersed free monomers can

be converted to the collapsed or random coil state through either aggregation or poly-

merization, respectively, preventing the free monomer ∆Ghyd from being used directly in

calculations of polymer hydration.

Figure 5.3: Single molecule pulling experiment are used to obtain ∆Ghyd of a hydrophobic
polymer as it transitions from a collapsed to an extended state. Left, a single molecule
force-extension curve showing a force plateau followed by elastic stretching (red) and a
baseline with no polymer attachment (grey). The force plateau corresponds to hydration
of a single chain; the entropic elastic stretching occurs when the chain extension force is
governed by entropy reduction, which is fit closely by the worm-like chain (WLC) model
(blue). The area under the WLC fit (blue shade) contains the entropic contribution to
the free energy extending the polymer from a collapsed globule. The area between the
force plateau and the WLC fit (red shade) is due to hydration only. Right, free energy
differences between polymers and free monomers in various conformational states.

The experimental procedure extending the polymer from a collapsed to an extended



Chapter 5. Experiments of Hydrophobic Polymer Pulling 62

state involves hydrating the chain and lowering the entropy of the chain (Figure 5.3). To

separate ∆Ghyd, the contribution associated with chain entropy must be subtracted from

the total work done to stretch the chain (Figure 5.3):

∆Ghyd(T ) =

∫
F (T )dz + T∆Sext(T )

N
(5.1)

where ∆Ghyd(T ) is the temperature dependent hydration free energy per monomer on

the chain, F (T ) is the experimentally measured pulling force integrated over the plateau

region of the force curve, ∆Sext(T ) is the difference in entropy of a solvent exposed

chain from random coil to elastically extended states, N is the number of monomers in

the extended portion of the chain and T is temperature. Therefore, the contribution

from ∆Ghyd is calculated as the area between the force plateau and the entropic elastic

response of the chain (Figure 5.3).

Given the known persistence length of a single polymer chain, the constant force

ensures the percentage extension to the contour length of the extended chain also remains

constant in the force plateau region. This is because the entropic elastic response of the

extended chain can be normalized to a function of the percentage extension x/L0 by the

worm-like chain response (Section 4.1.2):

F =
kBT

Lp

[
1

4 (1− x/L0)
2 −

1

4
+

x

L0

]
(5.2)

Therefore, even for force curves that do not show entropic elastic stretching (the

chain breaks off from the tip before reaching the entropic elastic stretching region), we

know exactly how to subtract the chain entropic elastic contribution from the total work.

Furthermore, the entire force-curve is scalable as we will show in Section 5.4.5, therefore

the plateau force is unaffected by the length of the pull.

5.3 Methods and materials

5.3.1 Substrate preparation

Silicon substrate was cut from a silicon wafer into 1 cm2 squares. These substrates are

subsequently cleaned by “piranha” solution (3:1 of 98% sulfuric acid to 30% hydrogen

peroxide) for approximately 30 minutes. The piranha solution may be boiled to speed up

the cleaning. This procedure removes organic materials on the substrate. The substrate

is then rinsed and then kept in filtered (0.2 µm cellulose) and deionized (18.2 MΩ) water

prior to sample deposition to minimize contamination. When taken out of the solution,
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Si substrates were blow-dried with nitrogen gas. The direction of gas flow goes towards

the tweezers, such that contaminants from the tweezers will not be carried onto the

substrate.

Atomically flat gold (111) substrate was prepared from ultra-flat gold purchased from

Ssens and Arrandee. The gold substrate was flame annealed by hydrogen flame for

approximately 15 minutes to produce gold (111) surface. A well annealed gold substrate

has a duller and whitish appearance. As the result of the annealing, single crystalline

grains of gold approximately 500 nm in size can be seen under AFM scan. In addition,

the gold (111) surface displays a signature triangular pattern due to atomic terraces. The

flame annealed gold should be used as soon as possible to avoid contamination.

5.3.2 Polymer preparation

Polystyrene (PS) and Poly(4-t-butyl styrene) (PtBS) with molecular weight of 130 kDa

and 145 kDa, and polydispersity index of 1.05 and 1.08 were purchased from Poly-

mer Source (P5157-S, P8213-4tBuS). Poly(4-vinylbiphenyl) (PVBP) was purchased from

Sigma Aldrich (CAS No. 25232-08-0, 182540-1G) with molecular weight of 115 kDa and

unknown polydispersity index. The polymers were dissolved in distilled tetrahydrofuran

(Sigma Aldrich) or toluene (Sigma Aldrich) at 1 mg/mL concentration for 6 hours and

subsequently diluted to 1 µg/mL and left to further dissolve for 24 hours. This procedure

ensures polystyrene molecules are untangled and individually dissolved in the above sol-

vents. The diluted solution was then spin-coated on piranha-cleaned silicon substrate or

flame-annealed gold at 2000 rpm and one drop. The sample was then thoroughly dried

in vacuum chamber before use. All solvents used in sample preparations are filtered with

0.2 µm filters. For organic solvents, polytetrafluoroethylene (PTFE) filters were used;

for aqueous solutions, cellulose filters were used. All organic solvents used in the exper-

iments are checked to be compatible with the plastic used in the filter and syringe. For

use in the fluid cell, the substrates are attached to the glass bottom of the fluid cell with

slow dry epoxy glue. The epoxy is allowed to cure for 12 hours in a desiccator that is

constantly vacuumed to get rid of evaporated solvents in the glue.

To verify that the hydrophobic polymer is indeed deposited on to the substrate, the

contact angles of water on the substrate with different amount of polymer spin-coated

were measured (Figure 5.4). Higher contact angle indicates greater hydrophobicity, as

water tries to minimize the expensive interfacial area. Spin-coating with 1, 2, and 3

drops of PS solution in THF on gold substrate revealed an increasing contact angle. This

indicates that polymer material is deposited onto the surface with each additional drop
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Figure 5.4: Contact angle change with different number of drops PS solution on Au
surface, followed by a wash with solvent THF. The numbers at the bottom are the
contact angle.

of PS solution, as additional drops increase the surface coverage of PS. A subsequent

washing step with pure THF, removes loosely bounded polymers on the surface, thereby

dropping the contact angle. This contact angle change from deposition and washing steps

is strong evidence that the surface hydrophobicity change is due to PS deposition, rather

than surface modification by THF.

5.4 Evidence of single chain unfolding due to hy-

drophobic hydration

The most important aspect of single molecule force spectroscopy experiment is to deter-

mine the signature of the single molecule events. In the case of multiple-domain protein

unfolding experiments, the regularly spaced force rupture events is the signature that one

such protein being pulled, as each rupture corresponds to the unfolding of one domain

(Figure 5.5). However, the force curves for the unfolding of a hydrophobic polymer does

not exhibit regular patterns that directly suggest single chain pulling.

To complicate the problem, plateaus in force-extension curves have been observed in

a number of polymer-pulling experiments. Depending on the polymer, two mechanisms

could lead to force plateaus [155, 168, 36, 80, 81, 108, 43, 2, 158]. The first mechanism is

due to mechanically induced polymer solvation in poor solvents, which is the mechanism

discussed in previous chapters [155, 168]. The second mechanism is due to polymer-

surface interaction (Figure 5.6): an extended polymer can be adsorbed onto a surface

and form a train-like structure [36, 80, 81, 108, 43, 2]. The force plateau arises from

peeling the polymer away from the surface, as the total adhesion energy is proportional

to the polymer length. The adsorbed polymer can only retain an extended conformation

on the surface in good solvent [36]. Reports on such train-like structures usually comes

from charged polymers, hence the desorption force is sensitive (change up to two orders
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Figure 5.5: Mechanical unfolding of a multiple-domain protein reveals equally spaced
unfolding peaks. (Figure adapted from Cao and Li [28].)

of magnitude) to small changes in the ionic concentration (in 5 to 100 mM range) as well

as surface type [80, 81, 43, 158]. The following sections provide evidence for hydrophobic

hydration as the mechanism for the plateau seen in this study. In addition, the evidence

for single molecule events are identified.

5.4.1 Surface topography of a single polymer

The polystyrene we studied are in poor solvents, therefore, it is unlikely that polystyrene

assumes an extended state on the surface. A surface topography scan of sparsely de-

posited polystyrene (Figure 5.7a&c) confirms that individual polystyrene molecules are

indeed in their collapsed state with an average height of roughly 4–5 nm (Figure 5.7b&d),

which is similar to the diameter of a single collapsed polystyrene at 7.3 nm as calculated

from the specific volume of polystyrene below its glass transition temperature Tg [51, 109]:

v = vg − 2.5× 10−4(Tg − T ) (5.3)

vg = 0.943 + 2.4× 10−4Tg (5.4)

Tg = 100− 1.7× 105/M (5.5)

where v (mL/g) is the specific volume of the polymer at temperature T (◦C), vg (mL/g)
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Figure 5.6: The alternative mechanism that can give rise to force plateau profiles. A.
Surface adsorbed DNA being peeled off by AFM. B. A force curve showing ∼7 pN force
plateau as a result of DNA desorption from OH–SAM. C. A polymer can form “train-like”
extended conformations on the surface, the force is due to adhesion energy between the
polymer and the surface. B. An example of a force curve from PAMPS. (Figure adapted
from Erdmann et al. [43], Liu et al. [108], and Zhang et al. [185].)
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is the specific volume at glass transition temperature Tg (◦C), and M is the molecular

weight. The width of each dot is roughly 20 nm (Figure 5.7d) due to surface features

convoluted with tip radius (average of 13 nm according to manufacture specification);

the width after deconvolution is on the order of 5–10 nm, consistent with the height

measurement. The uniformity in height and the size of the dots suggests that these are

single polystyrene molecules in their collapse states on the Si surface.

Figure 5.7: Surface topography of polystyrene deposited on Si surface. (a) Surface to-
pography of a 500 × 500 nm area. (b) Cross section profile of the white dashed line in
(a). (c) Surface topography of a 100×100 nm area. (d) Cross section profile of the white
dashed line in (c).

All hydrophobic homopolymers in this study, such as polystyrene, are not charged;

therefore, they should not respond directly to the ionic strength of the solvent as charged

polymers do. The increase in plateau force at higher salt concentration (See Section 7.4) is

therefore, a result of the increased solvent-solvent interaction, in line with the mechanism

of solvating hydrophobic polymer in poor solvents.

Polymers that do not collapse in solvent can form train-like structures when adsorbed

onto the surface. In this case, polymer-surface adhesion force immobilizes extended

polymer, such as DNA molecules on a mica surface (Figure 5.8), thereby preserving

the extended conformation [164]. Pulling surface adsorbed DNA molecules also produce

plateau forces8, however the mechanism is evidently due to peeling the molecule from

the surface. The initial collapsed conformation of hydrophobic polymers on hydrophilic

Si surface is significantly different from a train-like structure. Hence the force plateaus
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is more likely to be a solvent induced effect rather than polymer-surface interaction.

Figure 5.8: DNA adsorbed on mica surface. A. AFM topography scan. B. histogram of
DNA height on surface. (Figures reproduced from Sun et al. [164].)

5.4.2 Surface independence of plateau force

The plateau force observed in this report was found to be insensitive to the surface

properties. Experiments performed on silicon (Si) and gold (Au) surfaces using silicon

nitride (Si3N4) and gold-coated AFM tips showed no differences in the magnitude of

the force plateau (see Table 5.1). Similarly, Thormann et al. showed in an experiment

that pulling polystyrene beads from hydrophilic and hydrophobic surfaces [168] does not

produce any differences in the plateau force, which further confirms that the plateau

force is surface independent and is due to polymer-solvent interactions only. The force

plateau magnitude in our study is dependent only on the solvent condition, which further

confirmed the force plateau is the result of solvating polymer in poor solvents.

Tip–surface Force plateau (pN)
Au–Au 76±10

Si3N4–Au 81±16
Si3N4–Si 81±13

Table 5.1: Force plateau magnitude using different tip-surface combinations

5.4.3 Step size distribution of multiple force plateaus

Depending on the tip curvature and the single molecule density on the surface, multiple

polymers can adsorb onto the AFM tip. The step-by-step detachment of the polymers as
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the AFM tip pulls away from the surface gives rise to multiple force plateaus (Figure 5.9,

Figure 5.10).

Figure 5.9: Step size distribution showing A. uniform and B. non-uniform plateau step
height distributions. The mechanism behind the uniform distribution is simultaneously
pulling on multiple non-interacting chains; whereas the mechanism behind the non-
uniform distribution is pulling interacting chains.

In unfolding experiments of hydrophobic polymers used in this study, multiple plateau

force curves exhibit two step height distributions. The first type shows plateaus with uni-

form step height, which is indicative of multiple non-interacting chains are being pulled

simultaneously [168] (Figure 5.9). When the chains do not interact, the total force exerted

on the cantilever is proportional to the number of chains (Figure 5.9 & Figure 5.10D),

giving rise to identical step sizes between multiple plateaus (Figure 5.10B) [168]. The

second type shows force plateaus with non-uniform step heights, which can be described

by a model where multiple polymer chains interact to form a bundle while being pulled

into the solvent [155] (Figure 5.9 & Figure 5.10A, C). The interacting hydrophobic chains

bundle together, resulting in smaller solvent accessible surface area than the sum of the

individual chains (Figure 5.10C) [155]. Therefore, as more chains bundle together, the ef-

fect of each additional chain added to the bundle exerts less and less force (Figure 5.10A).

Although force plateaus can be generated from either the hydrophobic hydration

mechanism or the polymer-surface interaction mechanism, the latter mechanism can only
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Figure 5.10: Mechanism behind non-uniform (A, C) and uniform (B, D) step size dis-
tributions. Non-uniform step sizes are the result of inter-chain interactions, while non-
interacting chains are responsible for uniform steppings.(Figures adapted from Thormann
et al. [155, 168].)

produce multiple plateaus of identical height differences. The non-uniform step size is a

signature reserved only for the mechanism of polymer bundle hydration. Therefore, the

coexistence of uniform and non-uniform plateau steps suggests that the force plateaus in

this study are solely due to the hydration of hydrophobic chains (Figure 5.10) [155, 168].

5.4.4 Consistent last force plateau marks unfolding of a single

chain

Under the same condition, all force curves showing polymer pulling events (either uniform

or non-uniform step heights), one common feature emerges: the height of the last force

plateau from the force baseline are identical. Overlapping hundreds of force curves show

the last force plateau separated from the baseline force (Figure 5.11 and Figure 6.10).

The absence of force curves between the force plateau and the baseline suggests the force

plateau corresponds to single chain pulling events. Such discrete distribution of force

plateau is typical for all hydrophobic homopolymers under all conditions in this study.

The distributions of both the last plateau and the baseline are Gaussian (Figure 5.11); the

Gaussian peak-to-peak difference is the value of plateau force quoted in later chapters.
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Figure 5.11: Superposition of 100 independent PVBP force curves with single chain
pulling events at 25◦C. The lower and upper traces correspond to baseline and force
plateau from single chain pulling events, respectively.

5.4.5 Normalization of contour length

For the force curves that exhibit an entropic elastic response before rupture, their contour

length can be extracted from a WLC fit (Section 4.1.2). Each force curve can then

be normalized by their contour length and plot force against the percentile extension.

After such normalization, all force curves can be superimposed on top of one another

(Figure 5.12). This is an indication of two things: one, regardless to the length, all

chains have the same persistence length; and two, the physics behind the forced hydration

is length independent within the range of polymer sizes accessible to our experiment

(hundreds of nm). The identical persistence length is an evidence for single chain pulling

events.

5.4.6 Length distribution of the last force plateau

In multiple-domain protein unfolding experiments, the increased contour length of each

unfolding event is precisely the length of the protein because each domain is pulled by

its ends (Figure 5.5). Even though the AFM tip may not pull on the exact ends of

the chain, the multiple protein domains between the tip and the surface provides the

single molecule pulling data. However, it is experimentally difficult to pull at the ends
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Figure 5.12: Contour length normalized force-extension curves are well superimposed,
showing that globule-coil transition phenomenon probed here is independent of polymer
length in the regime accessible to these experiments.

of a single unstructured polymer globule. Even with chemical modifications, only one

end of the polymer can be tethered to either the surface or the AFM tip. Furthermore,

physisorption cannot be avoided; its effect may be indistinguishable from the effects

due to chemical modification. The experiments in this study relied on physisorption for

polymer attachment. Therefore, the adsorption point is randomly distributed along the

chain. The distribution of the rupture length (Figure 5.13) shows a decay of towards the

expected polymer length. Only few force curves show total force curve length greater

than the expected polymer length, likely due to polydispersity of this polymer sample

(Mw/Mn = 1.08). The sharp drop-off towards lower molecular length is due to tip-surface

snap off events and software cut offs (See Section 6.4), where shorter molecular lengths

are systematically removed from the analysis. This distribution is evidence that the

polymer being pulled is indeed the polymer that was deposited onto the surface.

5.4.7 Reversibility and velocity independence of plateau force

To see whether the force plateau exhibits any sort of energy barrier crossing process,

constant velocity pulling experiments at different pulling velocities were accomplished.

Hundreds of force-extension curves for each pulling velocity were recorded. The force

curves are then overlapped to generate a histogram of forces through the entire force-

curve trajectory. By multiple peak fits with Gaussians, three major force populations



Chapter 5. Experiments of Hydrophobic Polymer Pulling 73

Figure 5.13: Single molecule pull length distribution of polystyrene with Mw = 131 kDa,
which is expected to be 321 nm in contour length.

were identified, coming from: 1. cantilever approaching the surface, 2. pulling on a

single chain, and 3. retraction of the tip after the polymer desorbs from the tip. The

first and third force populations are forces due to the hydrodynamic drag of the AFM

cantilever. The force difference between the approach and retraction increases linearly

with the pulling velocity. The linear dependence of the two also indicates that the water

flow around the cantilever is laminar, giving minimal turbulence to the system. When

a single chain is pulled, because a force plateau region is reached, the velocity of the

cantilever is the same as after the polymer desorbs from the cantilever. Hence, the

hydrodynamic contribution in this region of the force curve is equal to that during the

free retraction. To see whether there is a pulling velocity dependency, the free retraction

was chosen as the reference force and plotted the magnitude of the forces against pulling

velocity. Figure 5.14 shows that both force populations that correlate to single and double

chain pulling are constant through the range of velocity.

Activated barrier crossing processes were not observed in these experiments performed

at constant room temperature (300 K). If the process were to involve cantilever force

driven barrier crossing events, a larger plateau force, or even random sawtooth pattern,

would be expected as the pulling velocity is increased. This has been well explored

and documented in protein unfolding and dissociation of binding partners [119, 186, 45].

Unlike protein unfolding where a significant energy barrier is crossed going from folded

to unfolded state, the free energy landscape of extending polystyrene in poor solvents

seems to be monotonically increasing. However, one could imagine that it is possible

that the free energy landscape is rugged due to the hydration energy of each polymer

unit as each is being pulled out of the collapsed globule. This barrier does not exist
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Figure 5.14: The force plateau magnitude (solid circles) is velocity independent from 500
to 3000 nm/s. The retraction portion (hollow circles) of the force curves are zeroed as
the reference because the cantilever is moving at the same velocity in the same direction
in this region as the force plateau region. The hydrodynamic drag of the cantilever can
be clearly seen from the surface approaching portion (solid squares) of the force curve.
Solid lines are linear fits to each of the three data sets. There is no apparent velocity
dependency of the force plateau magnitude within the margin of error. Also note the
linear dependency of hydrodynamic drag to velocity, indicating the flow of solvent around
the cantilever is laminar.

in the continuum model for polymer that looks like spaghetti. However, if one were to

consider the polymer made of finite size beads and each bead were exposed to the solvent

in an on/off fashion, then a small finite barrier would exist per monomer. These small

barriers contribute to a staircase-like roughness on the overall monotonically increasing

energy landscape as the grey line illustrated in Figure 5.15. The linear spring constant

of the AFM cantilever gives rise to a parabolic energy landscape (Figure 5.15, dashed

line). When the polymer system is coupled to the AFM cantilever, the energy landscape

of the system is the sum of the previous two (Figure 5.15, black line). This shifts the

systems energy minimum to a lower end-to-end distance from the cantilever’s intrinsic

equilibrium position, which is interpreted as the deflection of the cantilever. Due to the

roughness on the polymer’s own energy landscape, there will be roughness at the bottom

of system’s energy landscape, which is populated according to Boltzmann’s distribution.

Therefore, as long as the lowest energy states are populated much faster than the rate at

which the cantilever pulls on the polymer, i.e. vhop >> vpull (Figure 5.15) there will be

no observable force dependency on the pulling velocity that is caused by the roughness

of the energy landscape. The barrier height is roughly 1.1 kBT, which is close enough to

the thermal noise floor, and allows a fast hopping rate from one minimum in the energy

landscape to an adjacent one.

The pulling velocities ranging from 500 to 3000 nm/s in these experiments are prob-
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ably too slow to accelerate barrier crossing events. The time scale required to see the de-

pendence of force on velocity would depend on the diffusion constant of the polystyrene in

solvent as well as the barrier height (in this case, the solvation free energy per monomer).

Figure 5.15: Schematic of the energy landscape of the polymer, the AFM cantilever
and the polymer–cantilever system along the coordinate of end-to-end distance of the
polymer. The end-to-end distance of the polymer equals the surface–tip distance of the
AFM cantilever when the polymer is attached to the tip.

The time scale of the pulling experiment is slower than the self-organization time scale

of the collapsed state. The portion of the polystyrene in the collapsed state has enough

time to rearrange itself to avoid self-entanglement or is initially not entangled. Supposing

that the collapsed state of polystyrene could not rearrange fast enough compared to

configurational changes induced by the pulling, we would unavoidably pull entangled

polystyrene out of the collapsed state. The force-extension profile of such events would

neither have a constant force profile due to trapped states, nor be velocity independent

due to friction between polymer chains. The behavior of such a scenario would be similar

to plastic deformation. Lastly, the velocity independence also excludes the possibility

that the force plateau is due to hydrodynamic friction between the polymer and the

solvent. Any friction between polymer and solvent is due to hydrodynamic drag, which

would exhibit a pulling rate dependency. All the above evidence further suggests that

the behavior of the polymer system is due to a conformation transition from collapsed

state to extended state in poor solvent and that the magnitude of the extension force is

a result of the solvent condition.

To test the reversibility of the pulling, “fly-fishing” method was used. In fly-fishing,

the AFM tip cycles back and forth without touching the surface or breaking contact with

the molecule. Many systems show hysteresis such as protein unfolding and refolding.

However, the force curves for hydrophobic polymer unfolding do not show any hysteresis,
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indicating that the process is reversible. Furthermore, it indicates that the experimental

time scale is much greater than the dynamics of the chain; hence the system is constantly

in equilibrium with its surroundings.

5.5 Conclusion

In this chapter, the experimental basis for studying the hydrophobic hydration of a single

hydrophobic polymer was established. Two critically important experimental aspects

were examined. One is the test for the signature of single molecule event. The other

is to verify the nature of the single molecule event, that is, whether it is caused by

hydrophobic hydration of a single chain. The following three evidences suggest that a

force plateau around 70–80 pN corresponds to the stretching of a single chain. First,

the last force plateaus before the final rupture events always have the same height,

the existence of a Gaussian distributed minimal force well separated from the baseline

indicates that it is from a single chain. Second, force curves that show multiple uniform

steps have step sizes equal to the height of the last force plateau, indicating the lowest

force quantization comes from a single chain. Three, all entropic elastic stretching shows

identical persistence length, possible only with a single chain.

Two mechanisms, namely single chain hydration and polymer-surface interaction can

give rise to the force plateau. The following evidences suggest that the force plateau is

the result of polymer chain hydration rather than polymer-surface adhesion: First, the

hydrophobic polymers form globular structures rather than extended chain-like struc-

tures, which can give rise to plateau forces due to polymer-surface adhesion. Secondly,

studies on different surfaces (gold, silicon, and mica) show identical forces, indicating

the process is surface independent, and cannot be polymer-surface interaction. Lastly,

the step size distribution of multiple step plateaus showed two distributions, and only

the hydration mechanism can explain the coexistence of both uniform and non-uniform

spacing of plateau forces.

These evidences are true for all hydrophobic homopolymers used in this study as the

only difference between these polymers is the size of the hydrophobic side chain.



Chapter 6

Single Molecule Data Analysis

In single molecule experiments, analyzing single molecule data is as important as collect-

ing these data. Single molecule events in force spectroscopy do not occur frequently; often

less than 1% of the collected data contains single molecule events. Therefore, force curves

containing high quality single molecule events need to be filtered from the vast amount

majority of raw data that contain no single molecule events. For instance, a statistically

significant data set should contain a few hundred single molecule force curves, which

would require the number of raw force curves to be on the order of tens of thousands.

Automated programs can replace laborious manual filtering of such large dataset. In

addition, automated programs based on a set of selection criteria are far more objective

than human eyes and could bypass bias due to human subjectivity.

Besides automated filtering, force curves often need to be conditioned before analysis.

The AFM system is prone to interferences from the detection laser and drifts from thermal

/ mechanical sources, which can severely bias subsequent analysis. This chapter describes

methods to automatically detect and correct for such imperfections in the force curves.

Force curves after data conditioning are ready for further statistical analysis. Lastly,

methods to analyze force curves with both force plateau and entropic elasticity responses

are described in detail.

6.1 Automated data analysis program design

All programs are written in Igor Pro 6.1 (Wavemetrics Inc.), the native operating envi-

ronment of the Asylum Research AFMs. This efficiently integrates data collection and

analysis, giving immediate feedback on the data collection. In addition, settings and en-

vironment parameters recorded in the native Igor Binary Wave (.ibw) files can be easily

extracted without file conversion. The programming environment in Igor Pro is simi-

77
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lar to C language and is equipped with extensive mathematical and statistical analysis

libraries, making it an ideal development environment for analysis.

Figure 6.1: Program structure. An arrow pointing from module A to B indicates that
module A uses resources from module B.

The program contains 6 modules (Figure 6.1), each containing functions for a spe-

cific type of analysis. Two graphical user interfaces (GUI) rely on higher level control

functions in the force curve processing module, which oversees the loading (common load

force module), conditioning (common load force module) and analysis (polymer, protein

and rupture analysis modules) of force curves. All of the above modules then rely on

a set of common mathematics, string processing and curve-fitting functions in the com-

mon helper functions module. The modular design ensures that future improvements

and modifications on each module do not affect the rest of the program. In addition,

individual modules can be loaded to specific applications, which is generally a good

programming practice.

The flow program can be divided into three phases, responsible for force curve condi-

tioning, filtering, and analysis (Figure 6.2). The force curve conditioning phase corrects

for any imperfections in force curves caused by optical, thermal and mechanical drifts

and instabilities. Each force curve is loaded into the memory from an .ibw file with

force, deflection and z-sensor data split into separate waves (a wave is an array of data

in Igor Pro). The loaded force curve is first pre-conditioned to correct for invOLS, the

force offset, and the tip-surface distance offset. Then, the rupture points along the re-

traction portion of the force curve are detected, which partitions the force curve into

segments containing individual force plateaus or entropic elastic curves. At this stage,

the baseline from both approach and retraction are also isolated, any tilt caused by laser
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Figure 6.2: Program flow diagram. The force curve fitting procedures on the left intakes
raw, unfiltered force curves to be conditioned and scored to determine the ones that con-
tain single molecule events. The resulting conditioned force curves are stored in memory
to be further analyzed. The corresponding original force curves are stored separately
for backup. The force curve analysis procedures takes conditioned single molecule force
curves to process as either force plateaus or entropic elastic pulls. Statistics from the
analysis of each force curve are collected.

interference with the surface and long-range tip-surface interactions are corrected in the

fine-conditioning step.

Once a force curve is thoroughly conditioned, a score is assigned to indicate its quality.

Depending on the study, different scoring systems are used. Take hydrophobic polymer

unfolding for example, if we specifically want force curves that contain only one plateau,

the scoring system would be designed by summing up the following conditions:

• Presence of any molecular events:

– Yes: 1

– No: −100

• Molecular event length (this score favors longer events over short pulls, it is more

accurate to determine the shape and statistics of longer events)

– < 15 nm: 0

– 15–30 nm: 0.5

– 30 nm: 1

• Absolute plateau height (the standard deviation of the last plateau force does not

exceed 75± 15 pN)
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– 50-100 pN: 1

– > 100 pN or < 50 pN: 0

• Force standard deviation of the plateau (in events of contaminations, the molecular

event may not be a plateau, a plateau has the lowest force standard deviation among

any force profiles)

– Force standard deviation < 1.2 baseline standard deviation: 1

– Force standard deviation < 1.5 baseline standard deviation: 0.5

– Force standard deviation > 1.5 baseline standard deviation: 0

• Number of force plateaus (in the event multiple chains are pulled at once)

– 1 plateau: 1

– 2–3 plateaus: 0.5

– > 3 plateaus: 0

Any molecular events satisfying the most desirable conditions in all 5 criteria would

have a score of 5; missing in one less crucial condition gives 4.5, etc. Therefore, a threshold

value can be placed to filter out desirable force curves. One can assign even more elaborate

scoring schemes to bin force curves with different characteristics into different categories.

The same idea can be applied to sift through multiple-domain unfolding force curves

where scores of unfolding domain size and the number of domains can be assigned. The

automated filtering process is monitored using a GUI where force curves and the scores

are displayed. This provides a live evaluation of how well the filtering process works

and whether it is introducing any systematic bias. Once a good force curve is found,

its conditioned copy is saved in an Igor Pro experiment file (.pxp); another copy of the

original .ibw file is copied to a separate folding as backup.

At this stage, the number of filtered force curves is manageable and can be individually

analyzed. The analysis code detects the precise location of each rupture segments and

fit each force curve segment with the appropriate model. Information of each force curve

segment is collected and statistical analyzed.

6.2 InvOLS correction

As shown in Section 3.3, invOLS is among the most critical values for force spectroscopy

experiments as it dictates the measured force values. Figure 6.3 shows a force curve before
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and after invOLS correction. The magnitudes of force before and after the correction

are clearly different. Although invOLS is prone to drift over time (Section 3.7.2), the

LVDT sensor built in the z-piezo provides a standard to calibrate the invOLS in every

force curve, given that an indentation onto a hard surface is performed.

Figure 6.3: invOLS corrected (blue) and uncorrected (red) force curves, plotting force
against tip-surface separation.

The first step to correct for invOLS is to determine the indentation portion of the

force curve. The beginning of the indentation in the retraction portion of the force curve

is marked by the point with maximal cantilever deflection. The end of the indentation

is marked by the first point following the max indentation where the deflection drops to

zero (Figure 6.4B). The corresponding portion of the z-piezo sensor curve provides the

exact distance the tip deflects. A correction factor can be applied to the deflection such

that deflection matches z-piezo sensor readings during the indentation. A tip-surface

separation that remains zero during indentation indicates that invOLS and deflection

are properly calibrated (Figure 6.4A).

6.3 Baseline tilt correction

A number of causes contribute to the linear tilt in the force curve baseline include electro-

static interactions and optical interference. Long-range electrostatic force from a charged

surface can be felt by the cantilever many microns away. The electrostatic force is dis-

tance dependent and linear in most cases. The effect is strongest in air, and is greatly

reduced when experiments are performed in aqueous solutions. However, in the majority

of cases, the baseline tilt is caused by optical interference, as changing the detection laser

alignment affects the slope of the tilt. This happens when the AFM cantilever is too

small to contain the laser spot such that part of the laser can reflect off the substrate
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Figure 6.4: Identifying the indentation portion of force curve. Individual trajectories
(data vs. time) of A. Z-piezo movement, tip-sample separation, and B. cantilever deflec-
tion. The dotted lines mark the start and end of the retraction portion of the indentation
curve. The tip-surface separation remains at 0 during the indentation.

onto the photo diode and interfere with the cantilever reflected signal. The result of this

is a nearly linear tilt in the cantilever’s deflection as a function of distance from the sur-

face (Figure 6.5A). Although this can often be corrected by adjusting the position of the

laser spot or the angle of the AFM cantilever with respect to the surface, any slightest

tilt may cause systematic errors to the magnitude of the AFM measurement, especially

when high precision is required. Because the tilt is superimposed onto all other force

features, i.e. a force plateau would have the same tilt (Figure 6.5A). We can recover the

real force curve by subtracting the tilt from all force curves:

Freal(d) = Fobs(d)− αd (6.1)

where Freal(d) is the real force curve profile, Fobs(d) is the observed force curve, α is the

slope of the baseline tilt, and d is the tip-surface distance. Both the approach curve and

the baseline of the retract curve can provide the tilt slope. The recovered real force curve

is shown in Figure 6.5B.
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Figure 6.5: Force curves before baseline correction. Before (A) and after (B) baseline
correction. Retraction force baseline is colored in red, the plateau force for a single
molecule event is colored in yellow. The black curves show the mean value of each
portion, which also shows as a horizontal guideline. The tilt correction fixes tilts in both
the force plateau and the baseline.

6.4 Rupture point detection

The separation (unbinding) of a single molecule from the tip results in a rapid relaxation

of the deflected cantilever, shown in a force curve as a sudden drop in force (Figure 6.6).

Detecting such event is critical to determine the force curve segment containing the

single molecule pulling event. Two detection schemes: the differential detection and the

hypothesis test detection are outlined here.

6.4.1 Differential detection

By taking the differential of the force trajectory over time, an edge in the force trajectory

corresponds to a peak in its derivative (Figure 6.6). These peaks above the noise floor

can be found by scanning through the force derivative and detecting values above a

threshold. This simple method works well for large and rapid force transitions. For

typical pulling experiment with 1m/s pulling speed and 5 kHz sampling rate, the rupture

from 80 pN to 0 pN is clearly visible to the naked eye (Figure 6.6B). The force derivative at

the rupture point is approximately 6 times greater than the baseline derivative standard

deviation, but only 2 times greater than a handful of points at the extrema of the Gaussian

distributed force derivative (Figure 6.6B). As the rupture force decreases, one would

expect a higher rate of false positive detections simply because the true event lies closer

to the edge of the Gaussian distribution. At approximately 40 pN, a reasonable rupture

force for many molecular events, there could be as many as 10 false positive rupture

detections within 0.1 s of force trajectory. To make the matter worse, at higher pulling

velocities, the cantilever cannot snap back to equilibrium position fast enough, which
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will further decrease the sensitivity and specificity of this detection scheme. Therefore,

the experimental conditions most suitable for this detection scheme are low pulling speed

(less than ∼ 2 µm/s, depending on the cantilever drag) and high rupture force (greater

than 100 pN).

Figure 6.6: Force trajectory (blue) over time and its derivative (red). A. of the whole
force curve, B. zooming into the single molecule rupture event. The condition of the
experiment is: 1 µm/s pulling speed and 5 kHz sampling rate.

6.4.2 Hypothesis test detection

The drawback of the differential detection includes lack of sensitivity and specificity, re-

sulting in high false positive rate. This is because the differential detection only considers

the local shape of the force curve (effectively, the two adjacent data points). In order to

enhance the detection sensitivity and specificity, a hypothesis test detection scheme was

used. The basic idea of this scheme is to assume there is one force transition within a

force trajectory, and find the most probable location of this transition. The hypothesis

is that a force transition occurs at time t on a force trajectory F (t) from t1 to t2; fur-

thermore, before and after t, F (t) have constant force profiles. The mean square score

of the hypothesis is:
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δ =
t∑
t1

[
F (t)− 1

t− t1

t∑
t1

F (t)

]2
+

t2∑
t

[
F (t)− 1

t2 − t

t2∑
t

F (t)

]2
(6.2)

A lower δ value indicates a better hypothesis. A test case was constructed where 3

plateaus were convoluted with Gaussian noise with a standard deviation of 1 (arbitrary

unit). The step sizes are 0.5 and 0.7 respectively (Figure 6.7A). This is equivalent to

a normal force curve measurement where the thermal noise has a standard deviation of

10 pN and the events are 5 to 7 pN. Such small transition events in the trajectory cannot

be picked up by the previous differential method as Figure 6.7B shows the differential

signal do not have any visible peaks around the transition points. Plotting 1/δ over

the entire range, Figure 6.7C shows an unambiguous sharp peak at the 0.7 transition

point. Recursively applying this algorithm to two segments it divides the trajectory into,

the 0.5 transition point was identified (Figure 6.7D). Even though the value of 1/δ rises

around the transition point, they never exceed the value at the transition point. More

importantly, there is no false detection far away from the supposed transition point.

Because of this property, the detection signal can be amplified to provide better signal to

noise ratio. Taking the inverse exponential exp(−δ) provides an excellent amplification

of the signal (Figure 6.7E, F).The locations of each transition point is pointed to by a

single sharp peak from exp(−δ).
The hypothesis test detection scheme requires knowledge of the expected force curves,

in this case, force plateaus. Therefore, properly filtered and conditioned force curves are

critical to this step. Tilts in the force plateau and baseline void the hypothesized curve

shape. In a way, this method is similar to curve fitting to a step function with the

transition point as a fitting parameter. The algorithm implemented in this study is

able to detect multiple rupture events by recursively scan force segments partitioned by

each transition until the transition threshold drops below a preset threshold. Due to the

advantages of this detection scheme and the low false-positive rate, all force curves were

analyzed using this algorithm.

6.5 Drag correction

Due to the viscosity of the solvent, the measured force (Fmeasured) is the sum of force

from molecular events (Fmolecule) and a linear velocity-dependent drag force:

Fmeasured = Fmolecule +
dz

dt
η (6.3)
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Figure 6.7: A test case comparison for force transition detection. A. The test trajectory
(red) is synthesized from the step function (blue). B. Ineffectiveness of the differential
method (green) and signal smoothing (blue). C. 1/δ trajectory (blue) of the entire force
curve, indicating the most likely position of the primary force transition. D. 1/δ trajectory
(blue) of the force trajectory to the left of the primary transition point, indicating the
most likely position of secondary force transition. E. and F. show the exp(−δ) trajectories
(blue), giving better indications of both primary and secondary force transition events.
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where z is the tip-surface distance, dz/dt is the tip velocity, which may differ from the

z-piezo velocity v (Figure 6.8A). It is critical to correct for the molecular drag effect to

recover the true force curve from the molecular responses, as much information about the

molecule rely on accurate fit and statistics of the force curves. Uncorrected force curves

will cause systematic errors in parameters such as persistence length, contour length,

rupture force and the force loading rate at the rupture.

Figure 6.8: Effects of solvent viscous drag on the force curves. A. Schematic showing
the experimental force curve (red) is offset from true force curve (green) by a velocity
dependent drag. B. Examples of force curves from different pulling velocity. The sample
being pulled is the multi-domain GB1 fusion protein. C. the corrected and uncorrected
velocity dependent rupture force

The drag is not worrisome for force plateaus, as dFmolecule/dt = 0, leading to the

tip velocity equal to the driving velocity v. Therefore, the experimental baseline can be

used as zero-force reference force plateaus. However, dFmolecule/dt is non-zero when the

molecule exhibits non-constant force responses such as the entropic elastic response. In

this case, Fmolecule rises faster towards the rupture point, thereby lowering the true tip

velocity at rupture. The apparent rupture force with respect to the experimental baseline

would be lower than expected (Figure 6.8B, C).

Two parameters are needed to correct for drift: the tip velocity dz/dt, and the drag

coefficient η. The tip velocity can be determined directly from taking derivative of the

tip-surface separation (Figure 6.9B, C). The drag coefficient in a particular solution can

be calibrated by moving the tip forward and backward at constant velocities without

touching the surface or any molecular attachments. The difference in force between the

forward and backward force trajectories is 2ηv. One also needs to determine the distance

dependence of η, as η increases as the tip approaches the surface [92]. Placing these

determined factors allows the reconstruction of the entire force curve, giving rise to more
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Figure 6.9: Force (top), tip-surface distance (middle), and tip velocity (bottom) trajec-
tories of a multiple-domain GB1 protein unfolding force curve.
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accurate rupture force parameters and WLC fitting parameters.

6.6 Statistical analysis of force plateaus

Statistical analysis on the mean value of the force plateaus was carried out. Two methods

were used that gave agreeing results. The first method is to get statistical information

from all data points along the force curves. After data conditioning and filtering, the force

trajectory segment containing only the force plateau and the baseline are isolated. Joining

up 840 such force trajectories for PVBP end-to-end shows a statistically well-defined

plateau (Figure 6.10A, B). Force histograms taking all data points along the joined force

trajectory in Figure 6.10A shows two well defined Gaussian distributions, the tall one

corresponds to the 0 force baseline (Figure 6.10D); while the smaller one corresponds to

the plateau force (Figure 6.10D). The force difference from baseline peak to force plateau

peak is 75.57 ± 0.02 pN. The baseline distribution has a width of 11.87 ± 0.02 pN and

the width is 13.42± 0.03 pN for force plateau. The errors here represent Gaussian fitting

error.

Figure 6.10: Statistics of plateau force by taking all data points into distribution. A.
joining 840 force trajectories containing only the plateau and baseline, end to end. The
lower baseline (centered around 0 pN) clearly distinguishes from the force plateau (cen-
tered around 75 pN). B. zooming into a segment of A. C. overlapping all force-extension
curves. D. the force histogram, showing two clear peaks. Both fit to Gaussian distribu-
tions. Red Gaussian distribution indicates the baseline, while blue distribution is where
the force plateau is.
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The distribution of all force curve data points is convolved with the thermal fluctu-

ation of the cantilever. In order to obtain the distribution of the underlying physical

process, one must remove the cantilever’s thermal fluctuations. To do so, the distribu-

tion of the mean value of each force plateau was investigated, which forms a Gaussian

centered at 75.30±0.07 pN with a width of 6.4±0.1 pN (Figure 6.11A). The distribution

of the mean value and the distribution of all data points peak at the same value, however,

the distribution of the mean value is significantly narrower (Figure 6.11B). All results in

this thesis are processed by the distribution of the mean plateau force.

Figure 6.11: Distribution of the mean force. A. Histogram of mean plateau force. B.
Comparison of the histogram of mean force (blue) vs. the histogram of all force points
from force curves (red).

6.7 Graphical User Interface (GUI)

As all experiments step into unknown territory, there are risks to assume the code that

works for one case would work for another. In particular, if the force curve shapes differ

from one experiment to another. Blindly filtering force curves may result in representative

curves being discarded because they do not resemble the filtering criteria. Furthermore,

failures to either properly condition the force curves, or to detect rupture events, or to fit

the curves will result in systematic biases if these analysis are done blindly. Therefore,

it is necessary to monitor both filtering and analyzing stages of automated processing.

Graphical User Interfaces (GUIs) were designed to combat this issue. During the loading

and filtering of the force curves, a GUI displays the force curve being processed and

its score (Figure 6.12). Typically the program can process 400 force curves per minute

(depending on the computer speed), which is more than 10 times faster than manual

filtering and is slow enough to spot common features in the force curves and whether

they are picked up by the program.
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Figure 6.12: Force curve loading GUI, featuring live display of force curves and the
filtering results.

The data analysis GUI allows one to either manually analyze individual force curves

or automatically analyze all force curves. Different parameters for manual processing

must be changed within the code. The analysis results are displayed live on the GUI.

The force curve itself is color-coded for different every segment including approach curve,

individual pulling events, and retraction baseline (Figure 6.13). The curve fit results

are displayed overlapping the force curves, the fit parameters and overall statistics are

also graphically displayed. Such a GUI is not only good for analysis, but also good for

quickly determine the results right after an experiment to provide guidance for the next

experimental condition.

6.8 Conclusion

Due to the sheer volume of force curves that needs to be analyzed for single molecule

force spectroscopy experiments, automated programs are required to perform unbiased

processing. The development of an automated program was described; in particular,

the critical steps taken to condition, filter, and analyze force curves. Single molecule

force curves directly from experiments may not be in the form for direct analysis due

to instrumental drift and noise. Conditioning of these force curves by detecting and
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Figure 6.13: Force curve analysis GUI. Force curves can be individually analyzed or
batch processed. The fitting parameters such as contour length (Lc) and persistence
length (Lp) of each force curve are displayed for immediate assessments. Accumulated
statistical results are displayed on the right.

correcting problems in invOLS, baseline tilt, and viscous drag was undertaken. Once

conditioned, the force curves containing single molecule pulling events satisfying a set of

criteria are filtered and further statistically analyzed. In addition, GUIs were developed to

monitor all these processes to ensure the automated processes do not introduce systematic

biases to the results.



Chapter 7

Solvent Dependence of Hydrophobic

Hydration

In this chapter, the hypothesis that polymer-solvent interfacial tension is adequate to

describe the energetics of the collapse of a hydrophobic homopolymer chain at fixed tem-

perature is examined, which serves as a simplified model for studying the hydrophobic

collapse of a protein. This implies that changes in polymer-solvent interfacial tension

should be directly proportional to the force to extend a collapsed polymer into a bad

solvent. To test this hypothesis, single molecule force spectroscopy on a collapsed, single,

polystyrene chain in water-ethanol and water-salt mixtures were undertaken where the

monomer solvation free energy (∆Gsolv) was measured from ensemble average conforma-

tions. (In this chapter, the term “solvation free energy” is used rather than “hydration

free energy” due to the fact that general solvents are used that are not necessarily aque-

ous. In the case of aqueous solutions, ∆Gsolv would have the same meaning as ∆Ghyd

used in other parts of the thesis.) Different proportions within the binary mixture were

used to create solvents with different interfacial free energies with polystyrene. In these

mixed solvents, a linear correlation was observed between the interfacial tension and the

force required to extend the chain into solution, which is a direct measure of ∆Gsolv per

monomer on a single chain at room temperature. A simple analytical model compares

favorably with the experimental results. This knowledge supports a common assumption

that explicit water solvent may not be necessary for cases whose primary concerns are

hydrophobic interactions and hydrophobic hydration.

93
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7.1 Introduction

The hydrophobic interaction is involved in many important chemical and biological pro-

cesses including receptor-ligand interactions, protein folding and assembly, as well as in-

teractions in lipid membranes. Understanding the mechanism of the hydrophobic effect

has become increasingly important to explain fundamental biophysics and biochemistry

[156, 54, 72, 88, 32, 111, 85] as well as to engineer new materials [53, 47, 187, 19, 62].

Despite the rich theoretical literature on hydrophobicity, the mechanism of the interac-

tion is still not completely understood due to the relatively small amount of experimental

verification. The effects of microscopic bubble bridges [8, 29], water structure [44, 55],

dewetting transition surrounding hydrophobes [77, 83, 78] and solvent density fluctua-

tion [167, 121, 177] have been investigated to explain the hydrophobic effect in various

systems including particles [77, 177], plates [78, 34], proteins [54, 110, 189, 57, 24, 86, 33]

and polymers [55, 167, 121, 7, 82] (see reviews [32, 15, 166, 39, 142, 147, 12]). The role of

hydrophobic interaction in polymer and protein system is of special interest due to the

fact that the majority of functional biomolecules are polymeric. Because of the complex

interactions involved in the hydrophobic collapse of polymers, it is difficult to directly

apply the concept of hydrophobic interaction to study these systems of interest. In this

study, a simple parameter, namely the interfacial tension between the hydrophobic poly-

mer and solvents (interfacial tension refers to polymer-solvent interfacial tension for the

rest of this chapter), was explored to see how it can describe the force that holds a hy-

drophobic polymer chain (polystyrene) out of solutions - poor solvents for polystyrene.

Indeed, theories and simulations studying the hydrophobic effect have used the solvent-

vapor surface tension to predict the free energy of the interaction (surface tension refers

to the liquid-vapor surface tension for the rest of this article). There is evidence that

showed the ∆Gsolv of hydrophobic particles scale with the surface area [4]. However, some

theories have predicted that this scaling law holds for large hydrophobic particles but fails

for small hydrophobic particles where ∆Gsolv scales with the volume [74, 112, 75, 146].

In particular, it has been argued that the size of biological systems falls in the cross-over

region between small and large hydrophobic particles, making hydrophobic interaction’s

role there even more difficult to predict. It is shown from force-extension curves and

solvent dependence data, that the system’s ∆Gsolv scales with the length of the extended

polymer, and the ∆Gsolv per monomer unit in aqueous solution is proportional to the

interfacial tension. At the same time, this does not contradict the size dependence effect

predicted for small solutes.

Analytical theories and simulations have shown that a homopolymer in poor solvent
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under tension undergoes a phase transition where a single chain is forced to solvate by

the external force as it is being pulled out of the collapsed state and into the solvent.

When this happens, the collapsed state (beads) coexists with extended state (connecting

thread) in a single chain in what is called the “necklace of beads” model where the force-

extension profile in this transition region is constant [57, 41, 140, 66, 35, 190, 65]. In these

models, the total free energy of the system is related to the solvent–solvent, polymer–

solvent and polymer–polymer interactions; these effects are combined to give rise to

the constant force profile. In the case of a hydrophobic polymer in aqueous solvents, the

dominant driving force for the polymer collapse is the hydrophobic interaction. Therefore,

the hydrophobic hydration of a polymer chain in solvent can be directly probed in the

force plateau region. This is experimentally challenging as highly hydrophobic polymer

does not dissolve in aqueous solvents, making it impossible to study with conventional

ensemble measurements. However, it is possible to study such a system at a single

molecule level where a single chain is pulled into solution by force spectroscopy using

atomic force microscopy (AFM).

Force spectroscopy has become relatively commonplace during the past decade with

the advancement of AFM, optical tweezers and other single molecule techniques. It has

enabled numerous single molecule mechanical studies on biological molecules such as pro-

teins and DNAs [161, 98, 150, 117]. Much has been learned about the unfolding and re-

folding pathways of proteins under mechanical forces [117, 118, 16, 131, 125, 102] as well as

the binding activities between receptors and ligands [119, 128, 116] for example. Despite

the numerous theoretical and simulation efforts, experimental studies focusing directly

on hydrophobic collapse of polymers and proteins are still rare [61, 60, 100, 172, 184].

Due to the complex interactions of amino acids in proteins, it is difficult to isolate the

role of hydrophobicity for study. Therefore in this work, a simple homopolymer was used

whose primary apparent cause of collapse in water is the hydrophobic interaction. This

facilitates theoretical modeling efforts and hence enables direct comparison of simulation

and experiment. Although the polystyrene chain used in this experiment is a homopoly-

mer and is roughly three times longer than that of a typical globular protein, it serves

as a simple model for pulling hydrophobic chain from a single protein globule. The focus

of the model here is to look at the effects of solvent conditions and how it affects the

hydrophobic collapse from an energetic perspective. Single molecule force spectroscopy

allows us to observe the force response of a single molecule under mechanical perturba-

tion.

In this chapter, single molecule pulling experiments on polystyrene in various aque-

ous solvents was reported. The results show a linear correlation between the force to
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extend the hydrophobic polymer and the polymer-solvent interfacial tension obtained

from macroscopic measurement. Our analytical model confirms the experimental results

by showing similar force-extension profiles and linear dependency of the extension force

to the interfacial tension. These results suggest that, fixed at room temperature, the

macroscopically measured interfacial tension between polystyrene polymer and aqueous

solvent captures most of the essential interactions that are still applicable to microscopic

systems down to a single macromolecule.

7.2 Methods and materials

7.2.1 Sample preparation

Polystyrene with a molecular weight of 130k and a polydispersity of 1.05 was purchased

from Polymer Source Inc. (P5157-S). The polymer was dissolved in distilled tetrahy-

drofuran (Sigma Aldrich) or toluene (Sigma Aldrich) at 1 mg/mL concentration for 6

hours and subsequently diluted to 1 µg/mL and left to further dissolve for 24 hours. The

diluted solution was then spin-coated on piranha-cleaned silicon wafer or flame-annealed

gold at 2000 rpm for 1 minute. The sample was then thoroughly dried in vacuum cham-

ber before use. Ethanol and deionized water were passed through 0.2 µm PTFE and

cellulose filters respectively.

7.2.2 Single molecule force spectroscopy

Gold-coated biolevers from Olympus (BL-RC150VB-C1) and silicon nitride cantilevers

from Veeco (MLCT-AUNM) were used in the single molecule pulling experiments. The

cantilever spring constants were calibrated by thermal method, and are 5 pN/nm and

∼15 pN/nm respectively. All experiments were performed using the MFP-3D AFM from

Asylum Research. For all experiments, the system temperature was kept constant at

300 K using the thermal controller from Asylum Research. The data acquisition rate was

5 kHz and various pulling velocities between 500 nm/s and 3000 nm/s were used. Data

analysis was performed according to Chapter 6.

7.3 Determination of macroscopic interfacial tension

The hypothesis is that the force plateau is due to hydrophobic hydration and the magni-

tude of the plateau force is therefore proportional to the interfacial tension between the
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aqueous solvent and the polymer. To test this hypothesis, pulling experiments on sin-

gle polystyrene molecules adsorbed on silicon surface in different aqueous solvents were

performed. Different polymer-solvent interfacial tension γps can be achieved by changing

solvent surface tension and can be calculated according to the extended Fowkes equation

[48, 56, 139, 49, 50]:

γps = γp + γs − 2
√
γdpγ

d
s − 2

√
γppγ

p
s (7.1)

or Wu’s equation [179, 180]:

γps = γp + γs −

(
4γdpγ

d
s

γdp + γds

)
−
(

4γppγ
p
s

γpp + γps

)
(7.2)

with:

γp = γdp + γpp (7.3)

γs = γds + γps (7.4)

where γp and γs are the surface tensions of polystyrene and the solvent, γdp and γds are the

dispersive contributions to the surface tensions, γpp and γps are the polar contributions to

the surface tensions of the polymer and the solvent.

The dispersion and polar components of polystyrene have been reported with great

variations, which is also the case for many other polymers [154, 17]. The discrepancy

in the reported dispersion and polar component values can be a result of the model or

equation used to produce them. For instance, in the study by Saito [154], the polar com-

ponent of polystyrene of 0.9 mJ/m2 was generated using the extended Fowkes equation

whereas the polar component is 4.8 mJ/m2, over 5 times greater when generated using

Wu’s equation (see Table 7.1 and Table 7.2) [154]. Since both values are calculated from

the same experimental contact angle measurements, they should reproduce the same

work of adhesion with the corresponding equations. The discrepancies in polar and dis-

persive contributions from the two equations are entirely due to their different definitions

in the work of adhesion calculation. Hence, as long as the equation used to calculate the

interfacial tension matches the one used to obtain the polar and dispersive contributions,

these discrepancies will not affect the interfacial tension. In this study, the solvent polar

and dispersive components from literature [154, 37] are calculated using the extended

Fowkes equation; to match it, the polar and dispersive components of polystyrene was

used, calculated also by the extended Fowkes equation (see Table 7.1).
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Decreasing the surface tension of the aqueous solution most effectively reduces the

interfacial tension with the polymer. To reduce the surface tension of the aqueous solution

in the experiment, ethanol was added to deionized water at different molar ratios (see

Table 7.2). The addition of ethanol to water strongly influences the surface tension of

water, giving surface tensions that range from 72.6 to 21.9 mJ/m2. It has been reported

that ethanol reduces the surface tension of water by changes in hydrophobic hydration

[133]. The dispersive and polar contributions to the surface tension of ethanol-water

mixture were taken from earlier contact angle experiments [37]. It has been shown

that addition of salt increases the surface tension of the water by a combination of

factors including the electrostatic image force, ion hydration and others as described by

Weissenborn [79, 176]. For NaCl in water, the surface tension increases by 2.08 mJ/m2

for every additional molar increase in the concentration of NaCl [79, 176]. Higher surface

tension does not necessarily result in higher interfacial tension; Table 7.2 shows that

iodomethane has a large surface tension but a low interfacial tension. Apparently the

boundary between good and bad solvent for polystyrene occurs at an interfacial tension

of ∼5 mJ/m2.

The addition of ethanol or salt affects mainly the polar component of solution sur-

face tension while the dispersion component does not change much. At the same time,

the polar component of the surface energy of polystyrene according to the extended

Fowkes equation contributes only 2.2% of the total adhesive interaction energy between

polystyrene and the various solvents, while the rest comes from dispersive interactions

(Table 7.1 and Table 7.2). This indicates that the change in interfacial tension con-

tributed by dispersive interaction is relatively constant for our aqueous solutions while

the greatest contribution comes from the changes in the polar component of the solvent.

Since the polar interaction and hydrogen bonding in aqueous solution is the putative

cause of hydrophobic effect, this result suggests that by adding ethanol and salt, one is

directly modifying the strength of hydrophobic hydration and hydrophobic interaction.

Polymer γs (mJ/m2) γds (mJ/m2) γps (mJ/m2)
Polystyrene [154] 40.7 35.9 4.8 Derived from Wu’s eq
Polystyrene [154] 40.6 39.7 0.9 Derived from ext. Fowkes eq

Table 7.1: Dispersive and polar contributions to surface tensions of polystyrene used in
this study by Wu’s equation and extended Fowkes eqation
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Solvent γs (mJ/m2) γds (mJ/m2) γps (mJ/m2) γps (mJ/m2)

Poor solvents
2M NaCl in water [79, 176] 76.8 22.1 54.7 43.6

Water [37] 72.6 22.1 50.6 40.0
2.5 mol% EtOH[37] 57.6 20.6 37.0 29.0
5.0 mol% EtOH[37] 47.7 19.6 28.1 22.1
10 mol% EtOH[37] 36.8 18.5 18.3 14.7
20 mol% EtOH[37] 29.5 17.8 11.8 10.2
30 mol% EtOH[37] 27.6 17.6 10.0 9.1
40 mol% EtOH[37] 26.6 17.5 9.1 8.5

EtOH[37] 21.9 17.0 4.9 6.2

Good solvents
Iodomethane [157] 45.0 42.1 2.9 0.5
Hexadecane [96] 27.6 27.6 0.0 2.0

Benzene 28.9 28.9 0.0 1.8

Table 7.2: Dispersive and polar contributions to surface tensions of the solvent used in
this study as well as the interfacial tension between the solvent and polystyrene

7.4 Unfolding polystyrene in aqueous solutions

Varying the concentration of ethanol in water changes the surface tension of the solution

and consequently changes the interfacial tension between the polymer and the solvent.

All experiments were done in a closed fluid cell, to minimize solvent evaporation that

would lead to changes in concentration of ethanol and NaCl. Force plateaus were seen in

pulling experiments in all water-ethanol mixtures and pure ethanol (Figure 7.1). With

increasing ethanol content, the plateau force decreases (Figure 7.1), while NaCl salt

solution elevates the plateau force (Table 7.3). To find the magnitude of the plateau

forces more accurately, the force curves from each solvent experiment are overlapped by

their retraction baseline (Figure 7.2a) and created a histogram of forces from regions

of the force-extension curve that contains only the force plateaus (i.e., no indentation)

and the retraction baseline (Figure 7.2b). The retraction baseline is used because the

cantilever is moving at the same velocity at the force plateau region as in the retraction

baseline. As will be described later in the article, the force plateau is also velocity

independent over the range studied. Hence, there is no need to correct for any effects

due to pulling velocity. The histogram containing only the plateau and baseline is then

fitted to Gaussian curves to assess the mean and standard deviations of the plateau force

(Figure 7.2b).
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Figure 7.1: Plateau force magnitude and interfacial tension as a function of the mol%
ethanol in water. The closed circles with error bars are calculated from the experimental
force plateau data. The vertical errors are due to the cantilever thermal noise and
standard deviation in the results for multiple samples, the horizontal error bars comes
from the precision of preparing and maintaining the correct ethanol concentrations (as
a result, zero error bars for pure water and pure ethanol). The thick gray line is the
calculated polymer-solvent interfacial tension at various ethanol concentrations. The
inset shows force curves corresponding to a range of ethanol concentration. The height
of the force curve decreases as the concentration of ethanol increases.

Pure water 2M NaCl solution
Interfacial tension (mJ/m2) 40.0 43.6

Plateau force (pN) 80± 13 97± 15

Table 7.3: Plateau force magnitude and interfacial tension in pure water and 2M NaCl
solution.

Figure 7.2: (a) Superposition of ∼300 force-extension curves shows discrete steps, which
indicates the pulling of single chain from the surface. (b) Histograms (gray open squares)
showing the baseline and the first step from the figure above. Gaussian distribution (solid
black) fits well over the histogram. The taller peak on the left corresponds to the baseline,
whereas the one on the right is the distribution of the first plateau forces.
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The transition from plateau to entropic elastic behavior in the high surface tension

aqueous solvents such as pure water and NaCl solution is more distinct than for those in

higher concentrations of ethanol. This suggests that the collapsed and extended struc-

tures are more distinct in higher surface tension aqueous solutions (e.g., pure water and

salt solutions) than in low surface tension solutions (e.g., high ethanol concentration).

It has been shown that polystyrene swells slightly 81 in ethanol while remaining in the

collapsed state. Since the driving force for polystyrene to collapse in water is much

greater than in ethanol solutions due to higher interfacial tension, the collapsed struc-

ture should be more tightly condensed. Compared with well collapsed polystyrene in

water, the swelling in ethanol gives polystyrene chain a conformation closer to that of an

extended structure because more chains are solvent exposed in the swelled state. This

could contribute to the observed, more gradual transition from force plateau to entropic

elasticity in ethanol.

7.5 Unfolding polystyrene in good solvents

Due to the incompatibility between the material of our microscope and good solvents for

polystyrene such as tetrahydrofuran and toluene, previous results for polystyrene pulling

in toluene was used [60]. It has been shown that polystyrene force-extension profile

agrees well with models describing entropic elasticity such as the freely joined chain

model (Figure 7.3). This is not surprising, as one would expect this type of behavior for

a homopolymer in good solvent. Because benzene, toluene, hexadecane and iodomethane

are all good solvents for polystyrene, it is reasonable to assume that the force-extension

profile in all four solvents exhibit similar entropic elastic response. Therefore, we assigned

a magnitude of zero to the hypothetical force plateau in these solvents.

Figure 7.3: Pulling PS in toluene, a good solvent, shows a purely entropic elastic response.
(Figure adapted from Gunari and Walker [60].)
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7.6 Correlation between extension force and interfa-

cial tension

Figure 7.4a plots the plateau force against the interfacial tension in different solvents.

While benzene, hexadecane and iodomethane (on the very low end of interfacial tension)

are good solvents for polystyrene, the rest of the solvents used in this study, which

includes ethanol, ethanol water mixture, water and salt solutions, are bad solvents. The

general trend is the worse the solvent, the higher the plateau force. The data are well

fitted by a line that passes through the origin, within the margin of error:

Fplateau = (2.2± 0.3)γps + (2± 7) (7.5)

where Fplateau is in the unit of pN, γps is in unit of mJ/m2, and the errors correspond to

95% confidence interval. This result strongly indicates the dependence of the magnitude

of force plateau on the polymer-solvent interfacial tension. The values are comparable to

results from the analytical model introduced in Section 4.2.1, which assumed a flexible

cylindrical hydrophobic polymer with dimensions estimated from the size of a styrene

molecule. Of course, the assumption of the cylindrical polymer shape gives only a crude

approximation of the solvent exposure area per polymer unit. However, the linear depen-

dency and the similar values between experiment and theory show that the basic physics

behind the force plateau is captured by the model.

As mentioned above, in the water–ethanol and water–salt systems, the change in

interfacial energy is mainly due to the polar and hydrogen bonding interactions of the

solvent alone, while the solvent–polymer and polymer–polymer interaction energies re-

main relatively constant. The dependence of the plateau force on the interfacial energy

then suggests that the plateau forces are direct results of hydrophobic interaction at

fixed room temperature. This also suggests that the net effect of water structure at

the microscopic interface with the hydrophobic polystyrene is already incorporated in

the macroscopically measured interfacial tension parameter. This knowledge could help

reduce the complexity of simulations by showing that explicit water solvent may not

be necessary for cases whose only concerns are hydrophobic hydration and hydrophobic

interaction at fixed temperature.

A similar solvent dependent study reported a linear dependence of the unbinding force

between hydrophobic small molecules – β–cyclodextrin and adamantane on the surface

tension of the solvent instead of the interfacialtension [184]. For highly hydrophobic

solute in alcohol–water mixtures, the interfacial tension scales relatively linearly with
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Figure 7.4: Correlation between plateau force and γps. (a) The force plateau magnitude
plotted against the interfacial energy between the solvent and polystyrene for various
solvents. (b) ∆Gsolv per monomer calculated from force plateau corrected for chain
entropic elasticity. The linear fit and the 95% confidence interval of the fit are shown as
solid and dashed lines. The vertical errors are due to the cantilever thermal noise and
standard deviation in the results for multiple samples, the horizontal error bars comes
from the precision of preparing and maintaining the correct ethanol concentrations (as a
result, zero error bars for pure water and pure ethanol).
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the surface tension of the solvent due to linear scaling of the dispersive contribution of

the solvent and the lack of polar contribution of the solutes. Hence, a linear correlation

between force and interfacial tension would also result in linear correlation between force

and surface tension. However, the interfacial tension is a more fundamentally significant

parameter because it incorporates not only solvent-solvent interaction (surface tension),

but also solvent-solute and solute-solute interactions. This is evident from the zero y–

intercept of force-interfacial tension plot and non-zero y–intercept [184] when graphing

force against solvent surface tension. Therefore, it is more meaningful to use the in-

terfacial tension to explain hydrophobic and the more general solvophobic interaction.

Furthermore, interfacial tension is a more general description of the interaction between

polymer and solvent and therefore can also be extended to explain polymers in good

solvents. For example, iodomethane is a good solvent for polystyrene with interfacial

tension value of 0.5 mJ/m2, but has a high surface tension value of 45 mJ/m2. This

places the force vs. interfacial tension data point of iodomethane on the line extrapo-

lated from Figure 7.4a and b, but the iodomethane data point of force vs. surface tension

would not lie on any line that extrapolates force against surface tension.

7.7 Interfacial tension provides solvent condition on

microscopic scale

The results presented here tested how the hydrophobic interaction strength in a poly-

mer depends on the solvent condition. Ethanol was used to decrease the strength of

hydrophobic interaction, while NaCl salt was used to increase it. Ethanol effectively

decreases the surface tension of water (Figure 7.1) by disrupting water–water hydrogen

bonds and adsorbing at interfaces [20], thereby weakening the hydrophobic interaction.

Indeed, SMFS on PS in aqueous ethanolic solutions revealed plateau forces whose mag-

nitude decreased with increasing ethanol fraction (Figure 7.1). Ethanol is a poor solvent

for PS, and a low plateau force in pure ethanol was observed (Figure 7.1 inset). The

magnitude of the decreasing plateau force can be correlated to the interfacial tension

at bulk PS–water interface (Figure 7.4). This linear correlation was observed for other

solvents too. Pulling experiments in good solvents for PS such as toluene and benzene

generated force curves that exhibit purely entropic elastic response indicating that PS

was initially not in a collapsed state; hence, the energy associated with the unfolding is

zero. Furthermore, NaCl solutions increased the magnitude of the plateau in the same

way it increases the surface tension of water and thereby strengthens the hydrophobic
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interaction. Therefore, the macroscopically measured interfacial tension describes the

strength of hydrophobic interaction well even on the microscopic level. Another sin-

gle molecule experiment drew a similar conclusion, that the unbinding force between

hydrophobic small molecules (β–cyclodextrin and adamantine) linearly depends on the

surface tension of the water-ethanol mixture [184].

Figure 7.5: The effects of salt and ethanol on the size dependence of the hydration ∆G
per unit area. (Graph adapted from Rajamani et al.42)

One might ask whether the proportionality with macroscopic interfacial tension con-

tradicts our finding that the hydration of hydrophobic polymers is dominated by the mi-

croscopic scale. Theoretical studies of solvent additives indicate that ethanol decreases,

while NaCl increases, the hydration ∆G on both small and large length scales (Fig-

ure 7.5)42. Therefore, it is expected that even though the hydration ∆G to unfold a

hydrophobic polymer is on the microscopic scale, the strength of the hydrophobic in-

teraction scales with the macroscopic counter-part, the interfacial tension. Therefore,

the correlation between microscopic hydration and macroscopic interfacial tension can

be expected (Figure 7.6).

7.8 Conclusion

In this paper, the force-extension behavior of a hydrophobic polymer in aqueous solutions

by single molecule force spectroscopy was examined in detail. The force-extension curves

from all aqueous solutions show a constant force plateau region as predicted by theoretical

model based on the established idea that collapsed and extended components coexist on

a hydrophobic polymer under tension. The dependency of the extension force on the

solvent condition was examined using ethanol-water and salt-water solutions that shows

a linear dependence of the extension force to the interfacial tension between the polymer

and the solvent. The changes in the macroscopic interfacial tension values are mainly
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Figure 7.6: Ethanol alters the hydration ∆G/A on the microscopic and macroscopic scales
similarly. This gives rise to similar solvent-dependent profiles between the microscopic
polymer ∆Gsolv and the macroscopic interfacial tension.

due to changes in polar and hydrogen bonding interactions of the solvent. The linear

transition of the polymer extension force in pure water to that of pure ethanol indicates

that the hydration of hydrophobic polymer in pure water transitions smoothly to the

more general solvophobic effect. This may suggest that hydrophobic effect is essentially

solvophobic effect with water as the main solvent. The linear fit intersects the origin of the

plot corresponding to the zero-interfacial energy and zero ∆Gsolv, where purely entropic

elasticity response for the polymer in good solvent is expected. The correlation between

the microscopic ∆Gsolv per monomer unit and the macroscopic interfacial tension implies

that the macroscopically measured interfacial tension has a corresponding counterpart on

the microscopic level. This suggests that the interfacial tension alone is enough to describe

the behavior of polystyrene in various solvents at fixed temperature. Finally, the force-

extension profile was found to be independent of pulling velocity, which confirms that

the plateau force observed is due to hydrophobic hydration and not polymer plasticity

or polymer-solvent friction.



Chapter 8

Temperature and Size Dependence

of Hydrophobic Hydration

A signature of hydrophobicity is its temperature dependence. This chapter reports the

first experimental evaluation of the temperature and size dependence of hydration free

energy (∆Ghyd) in a single hydrophobic polymer, which tests key assumptions in models

of hydrophobic interactions in protein folding. Herein, ∆Ghyd required to extend three

hydrophobic polymers with differently sized aromatic side-chains was directly measured

by single molecule force spectroscopy. The results are three-fold. First, ∆Ghyd per

monomer is found to be strongly dependent on temperature and does not follow interfacial

thermodynamics. Second, the temperature-dependence profiles are distinct among the

three hydrophobic polymers as a result of a hydrophobic size effect at the sub-nanometer

scale. Third, ∆Ghyd of a monomer on a macromolecule is different from a free monomer;

corrections for the reduced ∆Ghyd due to hydrophobic interaction from neighboring units

are required.

8.1 Introduction

Hydrophobic hydration involves the minimization of the free energies of water molecules

near non-polar surfaces. Hydrophobic hydration of macromolecules is central to under-

standing protein folding [24, 189, 10, 52, 33, 32] and advancing materials science and

biotechnologies [40, 132, 31]. A detailed methodology has been developed to study hy-

drophobic hydration by the mechanical unfolding of a collapsed single hydrophobic poly-

mer [105]. Typically, ∆Ghyd is assumed to scale with the solvent accessible surface area

(SASA) of molecules according to macroscopic interfacial thermodynamics, which is sup-

ported by the linear correlation between the SASA and the free energy to transfer hydro-

107
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carbons from a hydrophobic solvent (such as hexadecane) to water [1]. Despite a strong

correlation, the experimentally measured small hydrocarbon ∆Ghyd is smaller than that

predicted by the calculated SASA [165], showing the breakdown of macroscopic interfacial

thermodynamics at the microscopic scale and suggesting that the origin of the correlation

goes beyond SASA. In addition, the temperature dependence of ∆Ghyd (the signature of

hydrophobic hydration) varies according to the size of the solute; this cannot be explained

simply by the macroscopic interfacial tension. In an earlier attempt to address these is-

sues, Tolman [169] developed a thermodynamic treatment that lowers the surface tension

of water at the solute-water interface by taking into account the cavity curvature. Later

developments included temperature dependence of the Tolman length using simulations

to address the temperature dependence of ∆Ghyd [5, 3]. However, it was argued that the

correction to the effective surface tension to maintain the correlation between ∆Ghyd and

SASA at small length scales lacked a clear physical meaning [59]. Instead of depending

on a scaling relation with SASA, theories and simulations were developed predicting that

∆Ghyd has nontrivial size dependence: below approximately 1 nm radius, ∆Ghyd of a

spherical solute scales roughly with the solute volume; whereas above this value, ∆Ghyd

scales with SASA and asymptotically approaches the behavior described by macroscopic

interfacial thermodynamics [32, 143, 87, 84, 83, 162, 112, 74, 76, 146, 159, 7, 75]. These

treatments correctly predict the trend for the temperature dependence of ∆Ghyd for small

molecules.

Theoretical studies of hydrophobic hydration relied on experimental measurements of

small molecule solubilities in water and their transfer free energies from organic solvents

to water. It is usually assumed that these small molecule ∆Ghyd can be directly applied

to hydrophobic side chains in polymers and proteins. However, this assumption has not

been experimentally tested due to the lack of a suitable experimental model system and

the difficulty of studying hydrophobic macromolecules insoluble in water. Hydropho-

bic homopolymers provide simple models of the hydrophobic hydration and collapse of

proteins and other linear biological molecules (Figure 1.1). Preceding hydrophobic col-

lapse, an initially extended hydrophobic polymer in water undergoes entropic coiling

that reduces the tension along the chain to a point where the coil-globule transition

can occur. The onset of this transition depends on the overall hydrophobicity of the

polymer such that the transition begins at higher tension and radius of gyration for a

hydrophobic homopolymer than for a mixed hydrophobic/hydrophilic polymer such as a

protein (Figure 1.1). Similar to a protein, a hydrophobic homopolymer collapses in an

aqueous environment into a compact globule that is largely disordered. This captures

the essential physics governing the hydrophobic hydration of a protein and is illustrated
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in Figure 1.1. Ensemble studies of hydrophobic polymers are not viable due to their

insolubility in water and limited experimental access to different conformational states

(e.g., extended and collapsed). However, by way of single molecule force spectroscopy us-

ing Atomic Force Microscopy (AFM), the conformation of a single hydrophobic polymer

can be changed from collapsed globule to extended coil (Figure 5.1) and ∆Ghyd in this

process can be estimated (Figure 5.3). A previous study provides a detailed description

of the control experiments undertaken here for the mechanical unfolding of a collapsed

single hydrophobic polymer in aqueous solvents [105]. This report presents the effect

of temperature on hydrophobic hydration of several polymers and how the size of side

chains affects their temperature dependence. The result shows that a phenomenologi-

cal model using SASA and macroscopic interfacial thermodynamics cannot account for

the observed temperature dependence of macromolecular hydrophobic hydration. The

observed temperature dependence shows the turnover behavior typically seen in the hy-

dration of small hydrophobic molecules. Moreover, individual monomers along the chain

cannot simply be viewed as independent units threaded together, and analysis of the

magnitude of ∆Ghyd shows that there are significant hydrophobic interactions between

adjacent units that make the energetic cost to hydrate the chain much smaller than the

sum of energies of individual monomers. Therefore, it suggests that free monomer ∆Ghyd

cannot be directly applied to calculate ∆Ghyd of a hydrophobic macromolecule.

8.2 Methods and materials

8.2.1 Choosing polymers

In order to study the behavior due to the side chains only, we choose polymers with the

same backbone but different side chains. Another criterion for choosing the polymer is

that the side-chain must be non-polar. This limits the side-chain selection to alkanes

and aromatic groups. However, we found that the interaction between the AFM tip

and polyethylene and polypropylene are too weak to be picked up by the AFM tip via

physisorption. Therefore, we choose polystyrene based polymers for our studies. Due to

the availability of polymers, the following three polymers were chosen: polystyrene (PS),

poly-4-tert-butylstyrene (PtBS), and poly-vinyl-biphenyl (PVBP) (Figure 8.1).

8.2.2 Polymer sample preparation

The preparation and surface deposition of PS, PtBS and PVBP polymers were per-

formed according to the previously described procedure. 10 PS and PtBS are purchased
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Figure 8.1: Three hydrophobic polymers used in this study, PS, PtBS, and PVBP, share
the same backbone but differ in the non-polar side chains. The van der Waal surface of
the side chain is illustrated below each polymer.

from Polymer Source Inc (P5157-S and P8213-4tBuS); PVBP was purchased from Sigma

Aldrich (CAS No. 25232-08-0, 182540-1G). Details of the polymer preparation can be

found in Section 5.3.2.

8.2.3 Single molecule force spectroscopy

All single molecule experiments in this study employed the Asylum Research MFP-3D

AFM. The use of stiffer 60 pN/nm Si3N4 AFM tips from Veeco (MLCT-AUNM) mini-

mized the intrinsic cantilever bending due to different experiment temperatures, a prob-

lem that makes softer cantilevers employed in the previous work [105] unusable. The

spring constants of the cantilevers do not change significantly (< 1%) from 30◦C to

80◦C, as verified by the thermal noise method. The following methods were employed

to minimize measurement errors: first, one AFM cantilever was used for every set of

temperature dependent experiments (30◦C to 80◦C), which eliminated the cantilever cal-

ibration error (∼5–10%) within each set of temperature dependent experiment. The

final force value at each temperature is obtained from averaging 5–8 sets of independent

experiments. Second, it was verified that the measured force was unaffected by any slow-

drifting parameters, such as changes in laser intensity or formation of air bubbles on the

AFM cantilever. This was achieved using different temperature sequences (Figure 8.2)

to ensure that there was no correlation between temperature and time. In order to avoid

finite size effect of the collapsed state, single chains were pulled from a layer of polymer

aggregate such that the change of surface area of the collapsed state can be approximated
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to zero. Roughly 150000 force curves were collected per polymer sample per experiment

to ensure sufficient statistics of the results. Approximately 75% of the force curves did not

exhibit chain pulling events, roughly 15% percent exhibited rugged profiles characteristic

of complex adhesion rupture processes and were discarded. The remaining ∼10% of the

force curves were selected for further analysis. For each of the selected force-extension

curves, the last force plateau corresponding to single chain hydration was identified and

a force histogram containing the last force plateau and the baseline was collected and

fitted to two Gaussian functions. The peak to peak distance between the two Gaussians

gave the plateau force magnitude of each force curve.

Figure 8.2: Different temperature sequences used in the experiment ensures no systematic
errors from slow varying parameters affect the subtle temperature dependencies.

The experimentally accessible temperature range is 25◦C to 80◦C. Due to the lack of

cooling options such as a Peltier device or coolant circulation, the lower temperature limit

is the room temperature at 22◦C. However, due to heat conduction from the electronics

in the AFM head, the equilibrium temperature of the fluid is roughly 25◦C. As we have

discussed in Section 3.7.1, it is critical for the cantilever to reach thermal equilibrium

before experiments. Hence, 25◦C is the lower limit of this temperature study. The upper

temperature limit of 80◦C is chosen for AFM stability. Above 80◦C, convection current

inside the fluid cell makes measurement instable. In addition, bubbles form easily on the

cantilever, causing the cantilever to bend quickly over time. Even with the sealed fluid

cell, water vapor was able to escape, causing the fluid cell to lose water rapidly.

8.2.4 Renormalization of forces

The thermal AFM cantilever calibration procedure introduces approximately 10% error

to the spring constant. Therefore, the force values from separate sets of experiments
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(each set using the same cantilever) differ (Figure 8.3A). Because each set of experiment

uses the same cantilever, the trend within each set is preserved. Therefore, the differences

between different sets can be scaled to the same level. Each set of experiment is linearly

scaled such that the sum of the standard deviation of each data point is minimized. The

result is that all data points from different sets of experiments are condensed as shown

in Figure 8.3B.

Figure 8.3: Normalizing the temperature dependence data from several independent
experiments. Lines are linear fit to each set of experiment. A. Raw data for 4 independent
experiments showing large inconsistencies due to AFM cantilever calibration. B. After
normalizing, all data overlaps.

8.3 Single chain hydration responsible for force plateau

in all three polymers

Using atomic force microscopy (AFM), a single polymer chain can be pulled from a

naturally collapsed state to a hydrated, extended state as illustrated in (Figure 5.1).

It has been predicted theoretically and shown in simulations that forced hydration of

a collapsed hydrophobic polymer produces a constant force-distance profile (Figure 5.2)

[57, 35, 66]. Force-extension curves of single hydrophobic polymers such as PS, PtBS and

PVBP show characteristic constant force plateaus corresponding to single chain hydration

[105, 60, 155, 168], followed by entropic elastic stretching before the chain detaches from

the AFM cantilever or the Si substrate (Figure 5.2 and Figure 5.3). Statistical analysis

of the force plateau magnitudes from thousands of independent molecular pulling events

at a given temperature for a given polymer shows a quantized distribution (Figure 5.11),

which suggests that the lowest force plateau results from hydration of a single polymer

chain. Furthermore, when normalized to the same contour length, the force curves can be
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superimposed on top of one another (Figure 5.12), showing that the polymer chains have

the same persistence length and that the physics behind the forced hydration is length

independent within the range of polymer sizes accessible to our experiment (hundreds

of nm). The constant force profile is an indication that ∆Ghyd for each monomer on

the chain is identical within experimental accuracy; and its contribution to the total

∆Ghyd of the extended chain is additive [105]. Surface topography scans of all three

polymers samples confirm that they form compact globules on the Si surface (Figure 5.7

and Figure 8.4).

Figure 8.4: A. An AFM topography image of a PVBP sample shows single, isolated,
PVBP molecules forming globules in water. The image is typical of hydrophobic polymer
samples (PS, PtBS and PVBP) deposited on Si Surface used in this study. B. Cross-
sectional profile of the red dashed line in A.

8.4 Temperature and size dependencies of single chain

hydration

The effect of polymer side-chain size on the ∆Ghyd of an extended polymer is investi-

gated [106]. Evidence from small molecule ∆Ghyd illustrates that molecular size does
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not necessarily correlate with the magnitude of hydration ∆Ghyd due to differences in

solvent-solute attraction. However, the temperature dependence of hydration ∆Ghyd con-

tains rich information on hydration entropy and enthalpy, which allows probing of the

effect of molecular size on hydrophobic hydration.

8.4.1 PS unfolding energy is temperature dependent

Large hydrophobic particles (radius much greater than 1 nm) behave differently from

small ones (radius smaller than 1 nm). In the macroscopic limit, the temperature de-

pendence of the ∆Ghyd of large solutes is well described by interfacial thermodynamics.

This implies that the temperature dependence of macroscopic ∆Ghyd follows similar de-

creasing trend of the surface tension of water when temperature rises. The macroscopic

phenomenon is surface area dominated and enthalpy driven as the number of disrupted

water H-bonds at the interface scales with the surface area. For length scales less than

1 nm, ∆Ghyd of a hydrophobic solute is predicted to scale with its volume rather than

surface area [112, 74, 76, 13]. In contrast to the temperature dependence of macroscopic

interfacial tension, ∆Ghyd for a hydrophobic solute increases at low temperature, reaches

a maximum and decreases at high temperature. This temperature dependence has been

observed for small hydrocarbon molecules [181], and has been reproduced by many the-

oretical studies [83, 162, 74, 75]. This anomalous increase in ∆Ghyd before the turnover

point is believed to originate from the lowered entropy of water molecules adjacent to

the small hydrophobic molecules, as the degrees of freedom of these water molecules are

reduced by the formation of more ordered, dynamic structures.

Figure 8.5: PS plateau force histograms show a steady increase of the mean force value
as temperature increases.

To examine whether hydrophobic macromolecules follow a macroscopic or microscopic



Chapter 8. Temperature & Size Dependence of Hydrophobic Hydration115

temperature dependence, the hydration of a single PS chain in water was studied at tem-

peratures ranging from 30◦C to 80◦C. Force plateaus from approximately two thousand

force-extension curves corresponding to independent single chain pulling events show

Gaussian distributions of the plateau force at each given temperature (Figure 8.5). The

mean plateau force increases monotonically as a function of temperature (Figure 8.5 and

Figure 8.6). An increase of roughly 7 pN in the mean plateau force from 30◦C to 80◦C

corresponds to a 10% increase in the absolute value of the plateau force. A mean force

resolution of less than 5 pN, below the thermal noise floor of ∼20 pN in typical AFM

force spectroscopy, was achieved from a large sample population that forms well defined

Gaussian distributions. ∆Ghyd is calculated from the work done in the plateau region of

the force curve by subtracting the entropic contribution from a single polystyrene chain

using a method described previously [105]; the value of ∆Ghyd ranges from 5.6 kJ/mol

at 30◦C to 6.1 kJ/mol at 80◦C for PS (Table 8.1 and Figure 8.6).

T (◦C) PS: F (pN) PtBS: F (pN) PVBP: F (pN)
25 65.11± 4.08 67.75± 3.13
30 69.54± 1.90 70.17± 1.13 70.18± 2.15
35 71.69± 2.08 71.97± 3.04 74.43± 1.31
40 72.54± 1.38 74.31± 1.44 75.06± 5.28
45 72.93± 1.66 74.69± 0.98 75.66± 1.17
50 73.05± 1.10 75.55± 2.54 77.79± 1.09
55 73.40± 0.42 76.37± 2.68 74.90± 1.68
60 74.78± 1.37 77.05± 2.12 76.38± 0.35
65 74.83± 0.59 77.39± 1.64 73.35± 3.06

Table 8.1: Experimental data of the temperature dependence of the plateau force.

8.4.2 Differences in temperature dependence due to side-chain

sizes

To further characterize the nature of the temperature dependence of ∆Ghyd, the effect

of side-chain size was examined. Direct verification of the size dependence of ∆Ghyd

is experimentally challenging. Theoretical studies often use ideal spherical hydropho-

bic particles with well defined sub-nanometer radii. Experimentally, even the smallest

nanoparticles are several nanometres in diameter; too large to study the length scale of

interest concerning microscopic hydrophobic hydration. Differently sized hydrophobic

molecules fall in the right size range for studying microscopic hydrophobic size depen-

dency, but there is no single parameter to describe the ‘size’ of a molecule considering the

different molecular geometry (molecules are usually not spheres) and interactions with
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Figure 8.6: Experimental results of size and temperature dependencies on hydropho-
bic hydration. The temperature dependencies of plateau force (solid gray markers) and
∆Ghyd (open colored markers) are shown in C, PS (circle), D, PtBS (box) and E, PVBP
(diamond). Parabolic fits to the force (solid line) and ∆Ghyd (dashed line) data illus-
trate their distinct dependencies on temperature. While the profile of ∆Ghyd for PS is
monotonically increasing, the profiles for PtBS and PVBP peak at 55.1◦C and 47.8◦C,
respectively. The vertical error bars reflect the standard deviations of the mean from
different sets of measurements.
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water. These complications make it difficult to interpret direct comparison of ∆Ghyd

with molecular size even when good correlation exists, such as in the case of linear alka-

nes. However, one can verify the effect of molecular size on hydrophobic hydration by

examining the effect of size on the temperature dependence of ∆Ghyd.

The ∆Ghyd of small (1–3 Å) non-polar molecules monotonically increases with tem-

perature in the experimentally accessible range as in the case of short-chain alkanes and

noble gases. Larger non-polar molecules (< 10 Å) such as benzene and toluene exhibit a

different characteristic temperature dependence of ∆Ghyd, which increases with temper-

ature and reaches a maximum before it decreases as temperature continues to rise. Once

the particle size is greater than a few nanometers, its ∆Ghyd follows macroscopic interfa-

cial thermodynamics, which monotonically decreases as temperature rises. Theories on

small particle hydration have shown that as the particle size increases, the temperature

at which ∆Ghyd is maximized will shift lower, providing a smooth transition between the

temperature dependence of ∆Ghyd from small to large solute 21, 23, 28.

To examine this effect, two other hydrophobic polymers with identical backbones

but side-chains of different sizes were used: poly(4-tert-butylstyrene) (PtBS) and poly(4-

vinylbiphenyl) (PVBP) with calculated monomer sizes (backbone + side-chain) of∼9.5 Åand

∼11.4 Å, respectively. Both polymers’ monomers are larger than that of PS (∼7.2 Å),

but not large enough to fall into the macroscopic regime. The single molecule force-

extension curves for PtBS and PVBP have the same features as PS due to the same

physical phenomena (coil-globule transition and hydrophobic hydration) governing their

shape.

Interestingly, the temperature dependences for the three polymers are different (Fig-

ure 8.6). We found that the unfolding force and ∆Ghyd of PS monotonically increase

with temperature (Figure 8.5 and Figure 8.6) while PtBS and PVBP show turn-over be-

havior at different temperatures (Figure 8.6). The turnover behavior is characteristic of

solutes whose sizes lie in the cross-over regime between hydrophobic hydration of small

(< 7 Å) and large (> 20 Å) solutes (Figure 2.1b) and are distinct from macroscopic

interfacial thermodynamics (Figure 2.1a), indicating that the polymer hydration mecha-

nism is determined by the microscopic scale of their side-chains. Fitting the ∆Ghyd as a

function of temperature to Equation 8.1 [5] yields turn-over temperatures of 92± 45◦C,

55.1 ± 0.9◦C, and 47.8 ± 0.9◦C for PS, PtBS, and PVBP, respectively. The turn-over

temperatures decrease as the size of the hydrophobic side-chain increases from 7.2 Åfor

PS to 9.5 Åfor PtBS and 11.4 Åfor PVBP, in agreement with theoretically predicted

length scales [5, 74, 7] (Figure 2.2b). The different temperature dependencies of PS,

PtBS and PVBP are direct results of the differing sizes of the side-chains. The vanished
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hydration entropy at the turn-over temperature indicates a characteristic hydrophobic

hydration length scale that is directly related to the microscopic-macroscopic cross-over

length scales associated with this temperature.

G(T ) = G(T0) + (T − T0) (Cp − S(T0))− T ln

(
T

T0

)
Cp (8.1)

H(T ) = H(T0) + (T − T0)Cp (8.2)

S(T ) = S(T0) + ln

(
T

T0

)
Cp (8.3)

The entropic and enthalpic contributions to the ∆Ghyd can be separated (Figure 8.7)

based on Equation (8.1), (8.2), and (8.3) (Equations 15a-c from Ashbaugh et al. [5]),

assuming the heat capacity is constant over the temperature range. Both hydration

entropy and enthalpy are negative at room temperature (Figure 8.7), in agreement with

experimental small molecule (e.g. methane) data. The negative entropy indicates the

local restructuring of water, while the negative enthalpy is due to the dispersive attractive

interaction between polymer and water. The temperature and monomer size dependence

of ∆Ghyd are consistent with hydrophobic polymer unfolding simulations from Athawale

et al. [7]. Their work suggests that the presence of the turnover behavior of ∆Ghyd

is the result of Lennard-Jones attraction between polymer and water. Ashbaugh et al.

also showed that increasing attraction lowers the ∆Ghyd and shifts the turn-over point to

higher temperature [5]. A study from Huang et al. [75] showed that attraction between

the solute and water does not significantly alter the turnover temperature of ∆Ghyd, as

the attraction does not contribute greatly to hydration entropy. In addition, the turnover

temperature is much more sensitive to the size of the solute than the attraction between

the solute and solvent [75].

As Figure 5.3 illustrates, the forced hydration process changes the conformation of

the hydrophobic polymer from collapsed to extended state with constant tension. The

tension on the extended, solvent exposed portion of the chain keeps that portion of the

chain constantly extended at ∼75% of its contour length, which significantly lowers the

entropy (∆Sext < 0) between the extended and relaxed conformations, both of which are

fully hydrated. (Figure 5.3) Here, the fully hydrated, relaxed conformation is not a stable

state accessible to our experiment as it would only exist transiently and undergo rapid

hydrophobic collapse (shown by the reversible force curves in [105]). Such a transient

state was considered in order to compute the free energy contributed from only hydration
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Figure 8.7: The temperature dependencies of hydration entropy (red), enthalpy (blue),
and free energy (green) of PtBS.

as the chain unfolds. A fully hydrated, but extended state shares the same hydration

contribution but also has a large free energy contribution from the reduced chain en-

tropy ∆Sext. The temperature dependent contribution of T∆Sext causes the turnover

temperature of ∆Ghyd to be lower than that of F (T ) as shown in Figure 8.6.

8.4.3 Significance of the temperature and size dependence

The turnover behavior of the extended polymer ∆Ghyd has an important ramification:

the hydration entropy diminishes at a critical temperature corresponding to ∆Ghyd max-

imum. The negative hydration entropy below this temperature suggests that the overall

degree of conformational freedom of water is reduced surrounding the solute. Above

the critical temperature, the thermal motion overcomes the restrained water molecules’

confining potentials and the hydration entropy becomes positive. The results indicate

that the critical temperature corresponding to zero hydration entropy decreases as the

solute size increases. Therefore, at a given temperature, different mechanisms govern the

hydration of hydrophobic side chains depending on their sizes. The negative hydration

entropy at lower temperature suggests that water is more structurally organized around

extended hydrophobic polymers. Even though the length of the polymer extends hun-

dreds of nanometers, the size across the chain is sub-nanometer, which is small enough

to allow water connectivity across the chain. Temperature dependence of extended poly-

mer ∆Ghyd showed similar size dependence as for small molecules, whose ∆Ghyd per

surface area decreases from macroscopic interfacial tension (when the spherical solute
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radius exceeds ∼1 nm) to 0 as the solute size shrinks [32, 74, 75]. This places the inter-

action between extended polymers on the same small molecule length scale as their free

monomer counterparts. The different nature of small molecule hydration from macro-

scopic interfacial energy warrants re-examining the hydrophobic interaction of polymers.

In particular, the lower-than-SASA-predicted ∆Ghyd suggests a weaker driving force for

the association of hydrophobic residues in a chain.

Figure 8.8: Molecular structure of a short segment of PS illustrates the approximate
dimensions of the polymer. The diameter was taken as the longest distance between two
atoms in the monomer. In the case of PS, the distance is 7.2 Å. The length per monomer
along the chain is measured by adding bond length projections that total 2.5 Å.

However, free monomer ∆Ghyd cannot be directly applied to polymer systems. As

Figure 5.3 illustrates, ∆Ghyd can be obtained by measuring free monomer solubility or

transfer energy from the equilibrium between free monomers and their aggregates (similar

to the collapsed state of a polymer). The change of ∆Ghyd due to polymerization from

free monomers to a polymer is significant, as the magnitude of ∆Ghyd of free monomers

is 3–4 times greater than that assigned to repeated units on the polymer. This is not

surprising when a realistic picture of the polymer is considered: for PS, the size of each

monomer from the back-bone to the end of the side chain is approximately 7.2 Å, whereas

the distance between adjacent monomers is only 2.5 Å(Figure 8.8). The proximity of

neighboring side chains indicates that there are likely significant hydrophobic interactions

between them. As a result, the net free energy required to hydrate each sandwiched

monomer unit on the chain is reduced compared to the free energy required to hydrate

a free monomer without neighbors. Therefore, the resulting estimated driving force for

hydrophobic collapse of a chain is actually much lower than if one were to assume each

monomer on the chain has the same ∆Ghyd as a free monomer. Knowing ∆Ghyd of free

monomers from either transfer or solubility experiments may be insufficient to predict
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the free energy of macromolecules, and the direct measurement of ∆Ghyd in the system

of interest by the single molecule technique presented here may be necessary for accurate

assessment.

The temperature and monomer size dependence of ∆Ghyd are consistent with hy-

drophobic polymer unfolding simulations from Athawale et al. [7]. Their work suggests

that the turnover behavior of ∆Ghyd is present only when a Lennard-Jones attraction

between polymer and water is introduced. However, study from Huang et al. [75] indi-

cates that attraction between solute and water does not significantly alter the turnover

temperature of ∆Ghyd, as the attraction does not add to the entropic contribution to

the free energy. In experimental systems, it would be difficult to assess the contribution

due to polymer–solvent attraction. Furthermore, it was pointed out that the turnover

temperature is much more sensitive to the size of the solute than the attraction between

solute and solvent [75]. The length of the polymer used in the experiment reported here

is much greater (100s of nm) than the 25-mer (∼4 nm) used in the simulation from

Athawale et al. [7]. As a result, the experiment does not probe the finite size effect as

the work of Athawale et al. did. In addition, since both area and volume of the extended

polymer are proportional to the extended chain length, the experiment cannot directly

test whether the extended polymer ∆Ghyd is area or volume dependent.

Traditionally, the hydration of linear alkanes has been studied as a model for hy-

drophobic hydration and interaction. Similar to polymers, the lengths of linear alka-

nes can be increased (from ∼3.5 Åfor methane to ∼12.5 Åfor decane), while the cross-

sectional diameter remains ∼3.5 Å. As shown below, the implications of these results are

consistent with the existing linear alkane data. Data from transfer free energy experiment

at 298K [1] show that ∆Ghyd linearly correlates with alkane chain lengths of various hy-

drocarbons and derivatives (Figure 8.9), suggesting the total ∆Ghyd is additive for each

additional CH2 at a given temperature [178]. The additive effect is consistent with the

finding that, for a linear macromolecule, ∆Ghyd of the extended state is the sum of the

contributions by individual monomers along the chain. The additive nature implies that

the temperature dependence of ∆Ghyd for the whole extended polymer chain is identical

to ∆Ghyd of a single repeated unit on the chain, independent of the chain length. The

temperature dependence of linear alkane hydration energies shows weak length depen-

dence from methane to nonane even though the length spans from the microscopic to the

macroscopic thermodynamics regimes. To explain this, one must distinguish the different

molecular geometries – the size of a linear molecule such as alkane and polymer cannot

be characterized by its length, whereas size dependence in theoretical studies usually

refers to the radii of spherical particles. In addition, there are significant hydrophobic
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interactions between adjacent CH2 units on the linear alkane because the transfer free

energy of methane from hexadecane to water is 16.6 kJ/mol, but the additional transfer

free energy for each additional CH2 is only 4.7 kJ/mol (Figure 8.9).

Figure 8.9: Transfer free energy from water to hexadecane at 298 K for various length
alkanes with different functional groups: aromatic (red solid circle): benzene to hexyl-
benzene, alkane (yellow solid square): methane to octane, alkene (green solid diamond):
ethene to nonene, alkyne (cyan open circle): ethyne to nonyne, alcohol (blue open square):
methanol to decanol. The horizontal axis shows the length of the alkane chain attached
to these functional groups. Solid lines show linear fit to the data. The numerical values
of the data come from published tables of transfer free energy [1].

This work adds an important piece to the puzzle of hydrophobic solvation. It is

worth noting that in previous work the solvation free energy was shown to correlate with

interfacial tension when both monomer size and temperature were kept constant; the only

varying parameter being the chemical composition of the solvent [105, 184]. The results

of this study show that, in the more general case, one should include a temperature T

dependence in both the monomer ∆Ghyd and the solvent quality terms in the simple total

solvation free energy expression for the extension of the polymer ∆Gsolv
total [105]:

∆Gsolv
total(T ) = ∆Ghyd(r, T )χ(T )N (8.4)

where r is the size of monomers on the chain, ∆Ghyd is the hydration free energy per

monomer on the chain in pure water, N is the number of solvent exposed monomers

and χ(T ) is the relative solvent quality correction factor defined by the ratio between

solvent-polymer and water-polymer interfacial free energies (γsp and γwp):

χ(T ) =
γsp(T )

γwp(T )
(8.5)
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We found that the overall free energy of collapse per monomer ∼6 kJ/mol is lower

than the ∆Ghyd of similarly sized monomers in the range of 20–30 kJ/mol. This is

mainly due to the hydrophobic and dispersive interactions between adjacent side-chains

(Figure 2.2c), which are sufficient to offset the reduction of solute configurational entropy

going from free monomers to polymers.

Chandler showed that in the microscopic regime, the hydration free energy per unit

area (∆Ghyd/A) increases linearly with particle size, indicating an apparent volume-

dependent scaling relation, which strengthens with temperature [32] (Figure 8.10). On

the other hand, ∆Ghyd/A in the macroscopic regime plateaus at the surface tension

value, indicating an area-dependent scaling relation, which weakens with temperature [32]

(Figure 8.10). Our observation of the thermal signature of ∆Ghyd at different molecular

sizes is the evidence for this view, suggesting that an entropically driven, volume scaling

relationship exists for the microscopic length scale, as illustrated in Figure 8.11.

Figure 8.10: The effect of temperature on the size-dependence of hydration ∆Ghyd/A
(Adapted from Chandler [32]).

8.5 Other sources of possible temperature depen-

dencies

Many physical processes are sensitive to temperature. This section investigates other po-

tential sources of temperature dependencies that could lead to the observed effect. It was

found that these sources are unlikely the cause of the temperature and size dependencies

observed in the experiments.
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Figure 8.11: The observed temperature dependent hydration ∆Ghyd/A are signatures of
hydrophobic hydration at different length scales. This schematic relates the experimental
results of polymers with diffrent side-chain sizes to the theoretica hydrophobic size effect
curves.

8.5.1 Temperature dependence of polymer desorption from sur-

face

As discussed in Section 5.4, the surface desorption mechanism can also give rise to force

plateau in the force-extension curves (Figure 5.6 and Figure 5.8) [36, 80, 81, 108, 43].

Whittington and colleagues have studied the forced desorption behavior of polymers

from a surface by directed walk models [2, 138, 137]. Both two- and three-dimensional

models used in their studies showed force-extension curves with a plateau, similar to what

other experimental studies have concluded; the effects of temperature, finite length, and

anchoring point on the pulling behavior were also investigated. A particularly interesting

temperature dependence of the critical desorption force arises from their studies using

three-dimensional directed walk model (Figure 8.12) [2]. Below the critical temperature

(Tc), a temperature dependent force plateau is present in the polymer desorption force

curve. As the temperature rises from T = 0 to T = Tc, the critical force needed to detach

the polymer from the surface increases, then decrease (Figure 8.12A). At temperature

above Tc, the polymer detaches from the surface spontaneously without mechanical force

(Figure 8.12B). The phase diagram for polymer adsorption is shown in Figure 8.12C,

above the phase transition curve, the polymer is desorbed from the surface; while below

it, the polymer is adsorbed. The phase transition curve corresponds to the temperature
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response of the force plateau in the force-extension curve, where adsorbed and desorbed

polymer can coexist. Similar behavior for two-dimensional directed walk model was also

observed, although the critical force monotonically decreases with temperature without

any turn-over behavior [2].

Figure 8.12: Temperature dependence of polymer desorption force curves, assuming one
end of the polymer is attached to the surface, the other end is pulled away from the
surface. A. Force-extension curves for T < Tc. B. Force-extension curves for T > Tc.
Red dashed line corresponds to T = Tc. C. Phase diagram indicating the adsorbed and
desorbed phases of the polymer, the phase transition line correspond to critical force for
their coexistence. (Figure reproduced from Alvarez and Whittingon [2].)

This is unlikely the cause for the temperature dependent plateau force as evidence

suggests that the plateau force is not caused by polymer-surface adhesion (Section 5.4).

Although the surface adhesion may contribute to the overall unfolding free energy to

some extent, the hydrophobic effect is the dominant driving force in this case. The facts

that the plateau force is surface independent (Section 5.4.2) but solvent dependent (Sec-

tion 7.4, 7.5, and 7.6 are strong evidence that the polymer-surface interaction is weak

in comparison to the solvent effect. In addition, pulling experiment by physisorption on

a surface adsorbed polymer is unlikely to pull on the ends of the polymer. The force

curves in such scenario will always contain a double step with identical step sizes. This

is not what was observed in experiments for three reasons: first, single plateau force

curves are the dominant events when surface density of polymer is low; second, the dou-

ble/multiple plateau events are much better controlled by the polymer density on the

surface, indicating that the plateaus are likely from independent chains; and third, the

non-uniform plateau steps cannot be explained by polymer desorption mechanism (Sec-

tion 5.4.3). Lastly, the temperature dependent plateau force observed in this experiment

turns over more sharply than what was predicted by the surface desorption mechanism,

as the extrapolated desorption force at T = 0 K would be negative (see Figure 2.1, Fig-
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ure 8.5, Figure 8.6, and Figure 8.7). Therefore, surface desorption mechanism is unlikely

to contribute to the temperature dependence in this experiment.

Although not the case in this study, polymer surface interaction is one of the most

important problems in surface and polymer science. Experimental evidence for temper-

ature and polymer length dependencies of the critical desorption force is lacking and

requires future investigations.

8.5.2 Temperature dependence of cantilever spring constant

The spring constant ks of the cantilever is related to the Young’s modulus of the cantilever

material and its dimensions [64]:

ks =
Et3w

4L3
(8.6)

where E is the Young’s modulus, t is the thickness, w is the width, and L is the length

of the cantilever. The spring constant is linearly proportional to the Young’s modulus.

Since the dimensional change of the cantilever is negligible [173] from 20◦C to 80◦C, the

only other contribution comes from the Young’s modulus. The Young’s modulus of both

Si and Si3N4 decreases by < 0.2% from 20◦C to 80◦C (Figure 8.13). This variation in

spring constant is below the noise floor of our measurement and is insignificant comparing

to the temperature dependent effect of ∆Ghyd. It has been shown that the spring constant

calibrated by the thermal method [90] has a weak temperature dependence [64, 145] of up

to 5% from 20 to 80◦C. This difference is a systematic error from the thermal calibration

method rather than true spring constant differences [145]. Therefore, it is necessary

that all initial spring constant calibrations of the AFM cantilever are performed within

5 degrees of ambient temperature.

8.5.3 Temperature dependence of the piezoelectric actuators

Although separated from the heated fluid cell, the temperature inside the AFM head was

higher than the equilibrium operation temperature in the fluid. The piezoelectric actua-

tor used for single molecule pulling is housed inside the AFM head, and will be affected

by this uncontrolled temperature change. The piezoelectric coefficient has a temperature

dependence of roughly 0.05% per degree K in the range between 0◦C and 75◦C (Fig-

ure 8.14), other studies have also shown the effect on piezoelectric sensitivity is negligible

[120]. This corresponds to an upper bound of 2.5% change if the piezoelectric actua-

tor’s temperature follows the experimental temperature. The piezo sensitivity change
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Figure 8.13: Temperature dependence of the Youngs modulus of A. Si [173] and B. Si3N4

[23]. (Figures adapted from Wang et al. [173] and Bruls et al. [23].)

directly affects the calibration of the cantilever’s optical sensitivity (invOLS), if one were

to use the factory calibrated room temperature piezo sensitivity for higher temperatures.

Fortunately, the displacement of the piezoelectric actuator is separately monitored by a

LVDT, which records the true displacement. Its measurement is completely independent

from the piezo sensitivity, hence temperature independent. Therefore, the invOLS and

subsequent force values would be influenced by temperature changes in the AFM head.

All measurements in this study are based on the LVDT measurement, rather than the

piezo sensitivity.

Figure 8.14: The effect of temperature on the piezoelectric actuator. (Figure adapted
from Physik Instrumente [141].)
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8.6 Conclusion

The experimental results presented here provide a fundamental description of the hydra-

tion of a single hydrophobic chain in water. The temperature dependencies of ∆Ghyd for

single chain PS, PtBS and PVBP differ from macroscopic interfacial thermodynamics

specifically due to the small length scales of the monomer units along the chain. Further-

more, ∆Ghyd(T ) from the 3 polymers clearly showed the temperatures that correspond

to ∆Ghyd(T ) maxima decrease, for increasing hydrophobic side-chain sizes. This trend

provides an apparent transition from the monotonically increasing profile of ∆Ghyd(T )

for PS to the monotonically decreasing profile of a macroscopic hydrophobe. The results

of this paper demonstrate that monomer size plays a key role in the origin of hydropho-

bic interaction energy in polymer systems from homopolymers to heteropolymers such

as proteins. The length scale of amino acid is relevant here; the deviation of the actual

∆Ghyd from the prediction of interfacial thermodynamics is significant to the folding

and stability of proteins. When only a few hydrophobic residues associate, the resulting

complex may not reach the length scale where the hydrophobic interaction is driven by

the minimization of interfacial area; but rather, the energy to form the complex scales

according to its volume. Therefore, the resulting hydrophobic complex should be rather

weak and short-lived until the complex reaches a certain critical “nucleation” size, which

may play a key role in the stability of early-stage protein folding. For instance, during

the early stage of protein folding from a random coil, the path of hydrophobic associa-

tion among different-sized hydrophobic core residues may be significant to the stability

of particular intermediates. This work highlights the risks of underestimating how many

amino acids are required to form a stable hydrophobic core of a protein.



Chapter 9

Summary and Future Work

9.1 Summary

Single molecule force spectroscopy was successfully applied to investigate the hydration

behavior of hydrophobic polymers. In the end, a system was established where the

behavior of hydrophobicity in polymers can be studied quantitatively. Due to their

relatively simple structures, hydrophobic homopolymers were used to study hydrophobic

collapse in both theories and experiments.

The mechanical unfolding behaviors of a single chain in different solvent conditions

were studied from a theoretical perspective. Both an analytical and a lattice model

indicated a force plateau in the force-extension curve is the signature of hydrophobic

hydration of a single chain. Such force plateau signature was indeed observed in single

molecule pulling experiment of hydrophobic polymer in aqueous solutions. Extensive

control experiments were performed to study the nature of the observed force plateau.

All evidences point to solvent effect as the main driving force behind the observed force

plateau. To analyze and find single molecule events from the vast majority of force curves

that contains nothing or contaminants, automated analysis programs were developed

and tested to streamline data collection, filtering, conditioning, force curve analysis,

and statistical analysis. Combining this with the techniques to control noise, drift and

contamination in the AFM system produced large quantities of high precision data that

allowed force variations below thermal noise floor to be revealed.

The ability to accurately determine the unfolding force, and thereby the hydration

free energy per monomer has advanced the understanding of the size, temperature and

solvent dependent hydration behavior of hydrophobic polymers. The results indicate

that although the length of a polymer can be hundreds of nanometers long, its hydration

behavior is dominated by the dimension of its monomers on the sub-nanometer length

129
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scale. The temperature dependence of hydration free energy is highly sensitive to molec-

ular size. From the temperature dependence of hydration free energy, we identified that

the length scale crossing over from microscopic to macroscopic hydration is on the order

of 1 nm, which is consistent with theoretical predictions. The apparent volume scaling

relationship in this length regime implies that the hydrophobic driving force for small

molecules to aggregate is smaller than what a surface area dependent model would pre-

dict. For instance, the stability of hydrophobic clusters in the folding intermediates may

not be as stable as might be assumed, which may impact the folding pathway predictions.

In addition, the turn-over points at a particular temperature signify the characteristic

length scales where the entropic contribution of hydration is zero, which is indicative of

the cross-over length scale of hydrophobic hydration at that temperature.

9.2 Ongoing and future work

Moving forward, several critical questions remain to be answered. Although spherical

cavities in theoretical calculations showed interesting size dependent behavior, molecules

are not spherical. An ongoing investigation shows that as the molecular size increases,

its shape deviates further from being spherical. In fact, the molecular surface area is

linearly proportional to the molecular volume for an almost exhaustive list of 118 small

hydrocarbon molecules (Figure 9.1). The linear correlation of molecular surface area

and molecular volume makes it difficult to assess the hydrophobic size effect at the sub-

nanometer scale, i.e. whether the hydration free energy is surface area dependent or

volume dependent. This indicates that a single parameter such as molecular volume

or surface area may be insufficient to fully describe the hydrophobic size effect for real

molecules. Further theoretical and experimental works are needed to understand how

molecular geometry, solute-solvent attraction and surface chemistry heterogeneity affect

a molecule’s hydration behavior.

Another ongoing quest is to understand the ruggedness of the unfolding landscape

(Figure 5.15 and Figure 9.2). When a constant force equal to plateau force is applied

to the chain, the overall energy landscape is leveled. The ruggedness of the leveled

landscape may provide information on the hydration mechanism of a single polymer unit

right at the interface between the collapsed polymer and water. Every polymer unit at

the interface can either go into the collapsed state, or stay hydrated. Therefore, the

measurable total length of the extended state will undergo a one-dimensional random

walk. Extensive single molecule force clamp studies have been carried out to characterize

this random walk behavior. In a force clamp experiment, the force pulling on the polymer



Chapter 9. Summary and Future Work 131

Figure 9.1: Molecular volume vs. area of 118 small hydrocarbons. The molecular surface
is defined as the surface traced by the contact point of a spherical probe, representing the
solvent molecule, as it is rolled over the target molecule. The solvent excluded volume is
defined as the volume enclosed within the molecular surface. The graph is color coded
by the ovality of the molecule, defined as the ratio of molecular surface area and the
minimal surface area for the solvent excluded volume. A few representative molecules
with their van der Waal surfaces are shown in the insets. The dashed line is a linear fit
of the volume vs. area data.
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is kept constant via a feedback mechanism that constantly adjusts the z-position of the

cantilever such that a constant cantilever deflection is achieved. Unfortunately, due to

the large size of the AFM cantilever (hundreds of µm in length) its thermal fluctuation

due to surrounding water molecules overwhelms the molecular fluctuation from the tip

attached single polymer. In addition, the solvent damping effect prevents short time-

scale (< 1 ms) force fluctuations from being directly detected. What the cantilever

can pick up is the averaged molecular force fluctuation over 1 ms. Therefore, the force

feedback mechanism falsely tracks the thermal fluctuation of the cantilever rather than

real molecular events.

Figure 9.2: The rugged energy landscape of hydrophobic polymer unfolding. The stair
function in red marks the free energy landscape of the polymer being hydrated, each step
correspond to the hydration of an additional polymer unit. The blue arrow marks the
energy provided by a constant force. The saw-tooth patterns at the bottom are the free
energy landscapes of the combined system. Even though both require identical unfolding
force, A. shows a more rugged landscape than B. Therefore, the energy barrier in the
combined energy landscape in A is higher than B. As a result, B is closer to thermal
equilibrium and has a shorter transition life. Experimentally, the velocity dependency in
A. would be more pronounced than in B.

Although the molecular force fluctuation is smaller than the thermal fluctuation, they

are still convoluted, making it possible to be detected via dynamic force spectroscopy.

However, as Section 5.4.7 mentioned, no statistically significant velocity dependence was

observed for pulling velocities from 500 nm/s to 3000 nm/s, as a result of the molecular

system being close to equilibrium in this time scale. Ongoing studies using faster data

acquisition card is able to extend the pulling velocity up to 40 µm/s where a small but

noticeable velocity dependency emerged (Figure 9.3). A modest increase of ∼ 3 pN in
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plateau force over the velocity range is promising. Velocity dependent forces are usually

associated with energy barrier crossing events, which in this case is an indication of the

ruggedness of the unfolding free energy surface. Performing and analyzing pulling ex-

periment at such high pulling velocity is technically challenging, as the requirement for

sensitivity is even higher than the temperature dependent studies. Further investigations

are needed to understand: 1. the effects of viscosity differences due to surface proximity,

2. how sampling frequency and the number of data points affect the statistical distribu-

tion, 3. the half time for cantilever to recover from rupture events (ringing), and 4. how

the intrinsic force fluctuation changes at different velocities.

Figure 9.3: Velocity dependent plateau force at very high pulling velocities. Data point
at each velocity is marked by a red circles. A linear fit (solid black line) and a 95%
confidence interval (dashed grey curves) indicate an overall positive correlation between
force and pulling velocity.

Another critical question that can be addressed by the system presented here is

to understand the effects of urea and guanidine hydrochloride (GdnHCl) on polymer

hydrophobic collapse. Both urea and GdnHCl are commonly used protein denaturant

agents; however, their denaturation mechanisms are elusive. Whether the driving force

behind protein denaturation is due to water structure breaking or denaturant-protein

interaction is actively debated. It is expected that single polymer unfolding studies in

these solvents may be able to put an end to this debate.

Lastly, interfaces represent important loci for biomolecular interactions; the effect

of surface chemistry and surface patterning on polymer hydrophobic collapse is impor-

tant for understanding protein-surface interactions such as denaturation and aggregation.

Garde et al predicted intriguing behaviors of hydrophobic polymers at hydrophobic in-

terfaces [91], which is still a challenge to experimentalists.
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We have entered a golden age where single molecule experiments and simulations can

be compared. We expect that the synergy between experiment and theory in the area

of hydrophobic hydration will accelerate our understanding of molecular hydrophobicity

and improve our ability to include it in biomolecular engineering.
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Appendix A

Derivation & Numerical Solution of

Analytical Model

All symbols carry the same description as found in Section 4.2.1. This appendix is

adapted from the Supporting Information of Li and Walker [105].

Assume:

V =
4

3
πR3 + πr2L (A.1)

A = 4πR2 + 2πrL (A.2)

WLC model:

FWLC =
kBT

Lp

[
1

4

(
1− x

L

)−2
− 1

4
+
x

L

]
(A.3)

Balancing ∆E at collapsed state, at extended state interface:

∆E = FWLCdx = γidA (A.4)

∆E = FWLCdx = FWLC
xdL

L
(A.5)

∆E = γidA = γi(8πRdR + 2πrdL) (A.6)

Relating dR to dL:

8πR2dR = −2πrdL (A.7)
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4R2dR = −rdL (A.8)

Hence,

FWLC
xdL

L
= γi(8πRdR + 2πrdL) (A.9)

FWLC
x

L
dL = γi

(
2πrdL− 8πRr2dL

4R2

)
(A.10)

FWLC
x

L
dL = 2πrγi

(
1− r

R

)
dL (A.11)

FWLC
x

L
= 2πrγi

(
1− r

R

)
(A.12)

Since FWLC is a function of x/L, we use x/L as a variable to solve for R at each x/L

value:

FWLC
x

L
= f

(x
L

)
(A.13)

R =
r

1− f(x/L)
2πrγi

(A.14)

Since R and L are related by V , we can solve for L:

V =
4

3
πR3 + πr2L (A.15)

L =
V − 4/3πR3

πr2
(A.16)

L =
V

πr2
− 4r

3
(

1− f(x/L)
2πrγi

)3 (A.17)

Hence, we can get F and x by parameterizing x/L:

x = L
x

L
=

V

πr2
x

L
− 4r

3

(
1− FWLC( x

L) x
L

2πrγi

)3 (A.18)



Appendix B

Derivation of Expected End-to-end

Distance in FJC Model

Given:

〈
~R2
〉

=

∫ ∫ ∫
P (~R)~R2d~R (B.1)

〈
~R2
〉

=

∫ ∫ ∫
∞

(
3

2πNl2

)3/2

exp

[
−3(x2 + y2 + z2)

2Nl2

]
(x2 + y2 + z2)dxdydz

=3

(
3

2πNl2

)3/2 ∫
∞

exp

(
− 3x2

2Nl2

)
x2dx

∫ ∫
∞

exp

(
−3(y2 + z2)

2Nl2

)
dydz

=3

(
3

2πNl2

)1/2 ∫
∞

exp

(
− 3x2

2Nl2

)
x2dx

(B.2)

We make the substitution:

y =

√
3

2Nl2
x (B.3)

The previous equation becomes:

〈
~R2
〉

=
3√
π

2Nl2

3

∫
∞

y2d−y
2

dy (B.4)

We drive the following integral:

155



Appendix B. Derivation of Expected End-to-end Distance in FJC Model156

∫
∞

x2d−x
2

dx =− 1

2

∫
∞

xde−x
2

=− 1

2

xe−x2|+∞−∞ − ∫
∞

e−x
2

dx


=

√
π

2

(B.5)

Apply this to the previous equation, we obtain:

〈
~R2
〉

= Nl2 (B.6)
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