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ABSTRACT 

Nanoscale Manipulation and Studies of 

Individual Biomolecules and DNA-Based Nanostructures 

by 

Nolan C. Harris 

Nanoscale manipulation of individual biomolecules, using such techniques as the atomic 

force microscope (AFM) and laser optical tweezers (LOT), has increased the scope and de

tail with which important biological interactions, such as protein folding, receptor-ligand 

binding, and double-stranded DNA melting, can be studied. In recent years, single molecule 

manipulation via AFM has been used to characterize the mechanical properties of vari

ous proteins. However, since single molecule manipulation experiments are typically per

formed under nonequilibrium conditions, extracting thermodynamic properties from these 

measurements has proven difficult. The derivation of Jarzynski's equality, which relates 

nonequilibrium work fluctuations to equilibrium free energy differences, provides the pos

sibility for extracting equilibrium information from single molecule manipulation data. 

Here, single molecule force measurements of the stretching and unfolding of the titin 127 

protein are analyzed using Jarzynski's equality to reconstruct the underlying free energy 

landscape associated with this process. We describe the procedures for the automated se

lection, alignment, and Jarzynski analysis of single molecule data. We use the recovered 

equilibrium free energy landscape to estimate thermodynamic properties such as the un

folding free energy barrier, which is in good agreement with estimates from bulk kinetics 



studies and various simulations. 

Also, The convergence behavior of Jarzynski's equality with respect to pulling velocity 

is studied experimentally. We demonstrate that with enough pulling trajectories, Jarzynski's 

equality will indeed recover the equilibrium free energy landscape for a given process. The 

number of trajectories required to recover the equilibrium free energy for a given pulling 

velocity is used to quantify this convergence behavior and identify a range of pulling ve

locities that is most efficient for thermodynamic analysis of single molecule manipulation 

data. Single molecule manipulation is also used to characterize DNA melting transitions by 

repeatedly stretching and relaxing an individual A-DNA molecule. Here, a force induced 

transition between B form DNA (B-DNA) and S form DNA (5-DNA), prior to dsDNA 

melting, is observed. The mechanical properties of the various conformations, 5-DNA, 

5-DNA, and single-stranded DNA, are quantified using polymer elasticity models, and are 

shown to agree well with expectations from previous experiments and theory. 

Fabrication of DNA-based nanostructures, particularly DNA-gold nanoparticle assem

blies, has generated significant interest due to their interesting optical and phase transition 

properties. Here, the effects of various types of disorder within the DNA-gold nanoparticle 

system are studied and quantified. We show that the stability of these complex fluids can 

not be quantified using expectations from free DNA hybridization. For example, when link

ing pairs of gold nanoparticle probes using a DNA linker sequence, a lack of base-pairing 

symmetry between the probes creates a disorder that decreases the overall stability of the 

system. This occurs despite the energy contribution that is gained by adding a single base 

pair to one probe, creating the lack of symmetry. The assumption that base-pairing defects 



iv 

will lower the stability of the nanoparticle aggregates due a loss of hybridization energy is 

also found to be violated with surprising frequency. In some cases, nonspecific binding be

tween the gold particle surface and a free DNA base can result in a system with increased 

stability, despite the loss in energy resulting from a mismatched or deleted base. These 

observations demonstrate that the DNA interactions within these nanostructures are highly 

complex and that the system stability is not always governed by free DNA hybridization. 
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Chapter 1 

Single Molecule Manipulation: 

An Introduction 

1.1 The atomic force microscope 

Since its invention in 1986 [1], the atomic force microscope (AFM) has emerged as 

a powerful tool, capable of topographical characterization of a wide range of biological 

systems with submolecular resolution. The AFM was preceded by the scanning tunneling 

microscope (STM), which monitored tunneling electron current to measure tip-sample sep

aration [2]. The disadvantage of STM, however, is that it requires electrically conductive 

samples. This drawback led to the development of AFM, which uses force, rather than 

current, to monitor changes in sample height. The basic operating principles of AFM are 

relatively simple. An atomically sharp probe, or tip, at the end of a flexible cantilever is 

brought into contact with a sample surface, mounted on a movable stage. The microfabri-

cated probe is held stationary while the scanner moves the sample, gathering information 

much in the same manner as a phonograph needle plays a vinyl record. The tip-sample 

interaction forces produced by changes in the physical height of the sample result in a de

flection of the AFM cantilever. This deflection is typically measured using an optical lever 

consisting of a position sensitive photodiode that collects the signal from a laser beam re

flected off the cantilever surface. An commercial AFM, along with a schematic illustrating 

a simple AFM setup are shown in Fig. 1.1. 

The most basic AFM operating mode is constant force contact mode, in which a con

stant interaction force, or user-defined setpoint, is maintained between the AFM tip and 

1 
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Figure 1.1 (a) Modern commercial atomic force microscope, (b) Schematic of AFM with vari

ous components. The movable sample is scanned by a stationary AFM cantilever with an atomically 

sharp probe. A laser beam is reflected off the cantilever surface and the signal is collected by a po

sition sensitive photo detector. 

sample. This is achieved via a feedback loop in which the cantilever deflection is mea

sured, compared to the setpoint, and the tip-to-sample distance is adjusted accordingly. 

Specifically, the sample is mounted on an AFM scanner made up of piezoelectric material, 

which expands and contracts according to an applied voltage. Electrodes independently 

control the three major axes of the piezo. Voltages applied to the lateral (X-Y) axes of the 

piezo move the sample stage in a raster-type scan pattern. As the probe scans the sample 
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surface, the AFM cantilever bends according to the contours of the sample surface. This 

deflection is monitored by focusing a laser beam on the flexible end of the cantilever and 

collecting the reflection signal using a four element photodiode array. The vertical deflec

tion voltage differential, i.e. the difference in beam intensity between the upper and lower 

photodiodes, is measured and used to adjust the voltage applied to the vertical (Z) axis of 

the piezo. This results in vertical movement of the sample stage, returning the interaction 

force to the user-defined setpoint. 

In recent years, AFM has evolved beyond constant force contact mode to include im

proved imaging techniques, such as tapping mode [3] and non-contact mode [4], as well 

as techniques capable of manipulating single molecules and measuring their interaction 

forces [5,6]. Tapping mode was developed to image samples too soft to be imaged using 

traditional contact mode, due to the physical damage resulting from the shear forces ex

erted during scanning. In tapping mode, the AFM cantilever is oscillated near its resonance 

frequency, tapping the sample surface for a short time at the bottom of its oscillation pat

tern. Tapping mode produces significantly smaller lateral forces than contact mode AFM, 

making it possible to image fragile biological samples such as living cells [7], weakly 

adsorbed DNA molecules [8], membrane proteins [9], supported lipid bilayers [10], and 

single polymer chains [11,12]. Similarly, in non-contact mode AFM the cantilever is oscil

lated slightly above its resonant frequency, a few nanometers away from the sample surface. 

The attractive Van der Waals forces between the sample and AFM probe are monitored to 

measure the sample surface topography [4]. Single molecule manipulation, one of the most 

recent evolutions of AFM and the primary technique used for the work presented herein, 
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will be discussed in depth in the next section. 

1.2 Single molecule manipulation experiments 

In the mid 1990s researchers were looking for new techniques to study the intra- and 

intermolecular forces characterizing specific interactions between individual molecules. 

Examples of such interactions include receptor-ligand binding, antibody-antigen binding, 

and binding between complementary strands of DNA. Techniques such as magnetic [13] 

and optical trapping [14,15], pipette suction experiments [16], and surface force appara

tus experiments [17] had the sensitivity to measure molecular interactions, but lacked the 

specificity and spatial resolution required. The stiffness of the trapping potential used in 

magnetic and optical traps also limited the maximum applied force that could be generated, 

making these techniques ill suited for systems with larger interaction forces. In 1994, re

searchers realized that the AFM, capable of measuring force and distance with picoNewton 

(pN) and subnanometer (nm) resolution, was an ideal technology for measuring molecu

lar interaction forces [5,6,18]. Moreover, the forces which could be measured by AFM 

were far greater than those possible with magnetic and optical traps, allowing systems 

with higher interaction forces to be probed [19]. Thus, a new field emerged, the study of 

the force interactions of individual molecules using AFM, referred to hereafter as single 

molecule manipulation. 

In single molecule manipulation, the coordinate of interest becomes the vertical dis

tance between the AFM tip and sample surface. The biological sample is typically chemisorbed 

to a substrate surface mounted on the AFM piezoelectric scanner. Depending on the sam

ple, one or both ends of the molecule being studied can be functionalized to adsorb to the 
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substrate. The piezoelectric actuator, controlled by an ultrafast feedback loop, moves the 

stage vertically to increase and decrease the tip-sample distance. Once the probe contacts 

the sample surface, one or more molecules may adsorb to the AFM tip via either a specific 

interaction, as is the case with functionalized AFM probes, or nonspecific interaction, as 

is the case with DNA and large protein molecules. The probe is then retracted, extending 

the attached molecule. The molecule, attached at one end to the substrate and at the other 

to the probe, is pulled by the cantilever, causing the cantilever to bend. The bending of 

the cantilever is monitored using an optical lever system and converted to molecular force 

based on the stiffness of the cantilever spring and Hooke's Law, 

F = ksAz, (1.1) 

where ks is the measured spring constant of the cantilever (pN/nm), Az = VD is the 

cantilever displacement (nm), V is the displacement voltage (V), and D is the deflection 

sensitivity of the cantilever (nm/V). The ability to precisely and accurately control the 

tip-sample distance, to move the piezo at a desired speed or maintain a constant force, 

is a necessity in single molecule manipulation. For this reason, modern single molecule 

AFMs are equipped with an independent capacitive sensor that monitors actual piezo stage 

displacement within an ultrafast feedback loop. Piezo position, A, is converted to molecular 

end-to-end extension, z, using 

z = X-Az. (1.2) 

In this way, single molecule manipulation can measure molecular force as a function of 

tip-sample distance, so called force-extension curves. 

Raw force plots in single molecule manipulation are the cantilever deflection versus 
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Figure 1.2 Schematic plot illustrating the approach (red) and retract (blue) of the AFM probe 

to and from the sample surface. During stage (1) the probe is far from the sample surface and feels 

no deflection. As the probe approaches the sample in stage (2) it sometimes snaps into contact 

with the sample due to short range tip-sample interactions. The piezo continues to extend in stage 

(3), pressing the probe into the sample surface and increasing cantilever positive deflection. During 

stage (4) the piezo retracts, extending molecules attached to the tip, creating a negative deflection 

followed by a jump back to zero force due to the cantilever snapping back to its equilibrium position 

when the molecule detaches from the tip. The cantilever equilibrium position (dashed gray line) is 

shown at each stage for reference. 

piezo position for the approach and retract of the cantilever to and from the sample surface. 

A schematic of a raw force plot, with illustrations of the probe position relative to the 

AFM stage, are shown in Fig. 1.2. The AFM tip begins far from the sample surface, not 

deflected and in its equilibrium position (1). As the probe approaches the sample surface 

long range tip-sample interactions, such as electrostatic forces, occur. Close to the sample 

surface the probe sometimes snaps into contact with the sample due to attractive short 

range Van der Waals forces (2). During contact with the sample, the cantilever is deflected 
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by the hard substrate surface. As the piezo continues to extend, the probe applies greater 

force to the sample and the cantilever deflection increases (3). The region of the force 

plot between (2) and (3) is called the contact region, and used to calculate the cantilever 

deflection sensitivity, a measure of the distance the cantilever deflects for a given change in 

photodiode signal output. After the cantilever reaches a user-defined deflection threshold, 

the piezo will begin to retract. In single molecule manipulation, a biomolecule attaches 

to the AFM tip and is stretched as the piezo increases tip-sample distance. This stretching 

results in a negative cantilever deflection, followed by an abrupt jump back to the cantilever 

equilibrium position when the molecule detaches from the tip (4). 

1.2.1 Cantilever type and spring constant calibration 

A wide range of AFM cantilevers are produced with characteristics optimized for the 

various AFM functions. Typical single molecule manipulation cantilevers are rectangular 

or triangular and produced from silicon nitride, due to the material's flexibility. Dimensions 

range from 10-500 /jm in length, 20-40 fim in width, and < 1 /jm in thickness. A tip, with a 

radius of 2-50 nm, is placed at the flexible end of the cantilever to interact with the sample. 

The most important cantilever characteristics affecting single molecule manipulation are 

the spring constant, ks, where 1 < ks < 600 pN/nm, and resonant frequency, /o, where 

1 < /o < 500 kHz. As a result of their small size, thermal fluctuations impose limits on the 

displacement and force resolution obtainable by AFM cantilevers. It has been demonstrated 

that resolution in displacement, force, and time can be increased by either increasing /0 or 

by reducing the hydrodynamic drag on the AFM probe [20,21]. Hydrodynamic drag can 

be minimized by reducing the physical dimensions of the probe [22], thus small cantilevers 
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Figure 1.3 Power spectral density obtained from the fourier transform of the measured cantilever 

fluctuations in thermal equilibrium. The solid red line is a Lorentzian fit to the PSD. The area under 

the fitted curve is used to estimate ks sa 42 pN/nm from Eq. (1.4). 

with high resonant frequencies are expected to be the most sensitive and least noisy probes. 

Accurate determination of the cantilever spring constant is essential in single molecule 

manipulation because ks is used to convert cantilever displacement to molecular force via 

Hooke's law. As such, numerous methods for determining ks, each with advantages and 

drawbacks, have been developed throughout the years [23,24]. There are three commonly 

used spring constant calibration methods: the added mass method [25], which involves 

comparing the resonant frequency of a cantilever before and after adding a known mass, 

the cantilever geometry method [26], which calculates ks based on the resonant frequency 

and an estimate of the cantilever geometry, and the thermal oscillations method [27], which 

measures the thermal noise spectrum of the cantilever in order to estimate ks. The thermal 

oscillations method will be explained in detail, as it was used to determine ks for all ex

periments discussed in the following chapters. Assuming the cantilever acts as a harmonic 

#w*w MMH #»** w *^ 



oscillator, we can use equipartition to describe the potential energy of the system, 

(\rmjlzl) = l-kBT, (1.3) 

where m is the effective mass, LU0 is the resonant frequency, and z0 is the oscillation ampli

tude of the cantilever, and kB is the Boltzmann constant. Because u>% = ks/m, 

_kBT _ksT_ 
ks ~ (zl) ~ P ' {YA) 

where P = {zl), i.e. the integral of the power spectrum for the cantilever's thermal fluc

tuations is equal to the mean-square cantilever deflection [27]. The power spectral density 

(PSD), obtained from measuring the thermal fluctuations of a typical cantilever, free from 

tip-surface interaction, is shown in Fig. 1.3. The resonance peak is fit with a Lorentzian 

model, where the area under the fitted curve represents (ZQ). The thermal oscillations 

method has the advantage of being fast and relatively easy, while still maintaining accuracy 

(10-20%) comparable to other more time consuming and difficult methods [23,27]. 

1.2.2 Elasticity models for force-extension of biomolecules under applied force 

In single molecule manipulation, an external force is applied to an individual molecule 

tethered between a substrate surface and a flexible AFM cantilever. The molecular response 

to this applied force can be described using polymer elasticity models, of which the two 

most commonly used are the freely jointed chain (FJC) and wormlike chain (WLC). The 

FJC model assumes a polymer chain consisting of n inextensible Kuhn segments of charac

teristic length Ik connected via freely rotating joints (see Fig. 1.4a). The Kuhn segments are 

assumed to be orientationally independent, with no interaction between segments, resulting 

file:///rmjlzl
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in an elastic response to applied force given by [28], 

!(F, = k (coth ( 0 ) _ w ) _ (1J) 

where lc = nZfc is the contour length of the polymer, ks is the Boltzmann constant, and 

T is the absolute temperature. The FJC model only accounts for the entropic stretching 

of the polymer chain up to the contour length lc; however, at high forces it was observed 

that the enthalpic stretching of individual Kuhn segments resulted in a deviation from the 

expected behavior [29]. These observations prompted the development of the extensible 

FJC [29,30], which accounts for the added extension resulting from the stretching of Kuhn 

segments by modeling each segment as a spring with elasticity kseg (see Fig. 1.4b), 

zext(F) = z(F)(l + -^T). (1.6) 

The WLC model treats a polymer molecule as a homogenous elastic rod, or worm-like 

chain, characterized by its contour length, lc, and persistence length, lp (see Fig. 1.4c). The 

persistence length, lp, characterizes the stiffness of the WLC, i.e. for lengths longer than lp 

correlation between tangents to the polymer is lost. The energy of a stretched WLC can be 

used to numerically approximate its elastic response to an applied force [31,32], 

F(z) = hT 

lp 

_1 z_ 
(1.7) 

. 4 ( 1 - e ) 2 4 'c 

where lp and lc are the persistence and contour lengths of the polymer chain. 

1.2.3 A review of single molecule manipulation experiments 

This section will provide a brief overview of the considerable breadth of research that 

has been performed on a wide variety of biological systems using single molecule manip-
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Figure 1.4 Polymer elasticity models commonly used in single molecule manipulation, (a) The 

freely jointed chain (FJC) consists of orientationally independent, inextensible Kuhn segments of 

length Ik connected via freely rotating joints, (b) The extensible FJC (eFJC) model accounts for 

the enthalpic stretching of Kuhn segments by modeling each segment as a spring with elasticity 

kSeg- (c) The wormlike chain (WLC) models a polymer molecule as a flexible rod with stiffness 

characterized by its shortest linear length, called the persistence length, lp. 

ulation. Single molecule manipulation via AFM typically fall within two major categories, 

constant velocity and constant force experiments. Constant velocity experiments, com

monly referred to as dynamic force spectroscopy, involve pulling, stretching, or manipu

lating a given biomolecule at a constant velocity while monitoring the molecular force re

sponse. Constant velocity pulling experiments have been employed to study the mechanics 

and elasticity of a variety of different proteins, to include the Ig [33-36], PEVK [37], and 

fibronectin [38] domains of titin, polyubiquitin chains [39], the extracellular matrix protein 

tenascin [40], spectrin [41], the PAS domain [42], ankyrin [43], F-actin crosslinking pro-
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teins [44], and amyloid fibrils [45]. Moreover, this techniques has also been successfully 

applied to study the mechanical stability of nucleic acids [46—48], various polysaccha

rides [49-51], and biopolymers [52]. Constant velocity single molecule manipulation has 

also been used extensively to measure interaction forces, such as those associated with co-

valent bonds [53], cell-cell adhesion [54], receptor-ligand binding [5,55], and various other 

molecular interactions [56,57]. It has been demonstrated that single molecule manipulation 

is capable of distinguishing between individual base pairs in DNA [58], identifying various 

polysaccharides in solution [59], and measuring the stiffness of live metastatic cancer cells 

taken from patients [60]. 

Constant force experiments, commonly referred to as force-clamp spectroscopy, in

volve making continuous adjustments to the AFM stage to maintain a constant force on 

the molecule while measuring length response. Force-clamp spectroscopy is commonly 

used to observe the stepwise unfolding or refolding of molecules, such as titin [61] and 

ubiquitin [62,63]. Constant-force mode AFM has also recently been used to quantify the 

effects of applied force on the kinetics of thiol/disulfide exchange [64]. Constant veloc

ity and force modes are now being combined with high resolution AFM imaging to selec

tively manipulate individual molecules. This technique was recently used to unfold individ

ual bacteriorhodopsins from native purple membrane patches and measure the mechanical 

characteristics of the various structural elements of the protein [65,66]. 

1.3 Titin: a single molecule manipulation reference protein 

The single molecule manipulation studies discussed in the following chapters are per

formed using an engineered polyprotein consisting of repeats of the 127 domain of human 
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cardiac titin. As such, a brief section detailing the physiological and structural details of the 

protein is included. Titin is a giant muscle protein, > 1 //m in length and ~ 3 MD in size, 

found in the striated cardiac and skeletal muscle tissue [67]. The smallest self-contained 

contractile unit of the striated muscle is called the sarcomere. Titin molecules span half the 

sarcomere, from the Z-disc to the M-line region, constituting a third sarcomeric filament 

system that binds both the thick and thin filaments [68]. A schematic of the cardiac sar

comere, with thin, thick, and titin filaments, is shown in Fig. 1.5a. Titin is divided into an 

extensible I-band region, responsible for the protein's elasticity, and an inextensible A-band 

region, which functions as a stiff scaffold. Titin has a modular architecture in which both 

regions are primarily composed of repeats of Immunoglobulin (Ig)-like and Fibronectin 

type 3 (FN3)-like domains [69]. These domains exhibit a /?-barrel structure formed from 

seven anti-parallel /3-strands. Domains are linked to neighboring domains via an elastic 

linker region, which is thought to produce overall flexibility in the chain [70]. The A-band 

is primarily composed of FN3 domains, while the I-band primarily consists of the over

all stronger Ig domains. Mechanical stability dictates the arrangement of domains in the 

I-band, with the weakest Ig domains near the Z-line (proximal Ig region) and the most me

chanically stable near the M-line (distal Ig region) [71]. Among the globular domains of 

Ig repeats there are several unique sequences found in titin's I-band. For example, between 

the proximal and distal Ig regions, there is a long segment rich in proline (P), glutamate 

(E), valine (V) and lysine (K) called the PEVK region [67]. 

The physiological functions of titin in the sarcomere are to maintain the structural con

figuration of the thick and thin filaments, as well generate passive force to oppose sar-
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Thin Filament Thick Filament 

Figure 1.5 Human cardiac protein titin. (a) Schematic of native titin in the sarcomere of the 

striated muscle tissue, (b) 127 domain of titin, generated using structural information from the 

Protein Data Bank, ID 1TIT. 

comeric stretching [67]. When no external force is present, the sarcomere maintains an 

equilibrium, or slack, length of ~ 1.9 /j,m and titin's I-band remains in a contracted state. 

When the sarcomere is stretched by external force, titin's tandem Ig domains are stretched, 

followed by PEVK and N2B regions. This reduction in titin's conformational entropy 

generates a "passive force" that pulls Z-disks back together. Conversely, when the sarcom

ere contracts below the slack length, titin's extensible region is stretched in the opposite 

direction, generating a restoring force that pushes the Z-disks back to their equilibrium 

positions [72]. The mechanical nature of titin's function makes it particularly well suited 
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for study via single molecule manipulation [73,74]. In particular, the 127 domain of titin, 

which was the first structurally determined Ig domain from titin's I-band [68], has become 

a reference molecule for single molecule manipulation experiments. The structure of titin 

127 is shown in Fig. 1.5b, generated using structural information from the Protein Data 

Bank, ID 1TIT. 

1.4 Analysis of single molecule manipulation data 

1.4.1 Nonequilibrium work theorem 

In 1997 Christopher Jarzynski derived the nonequilibrium work theorem [75], relating 

the fluctuations of work performed during a nonequilibrium process to the equilibrium free 

energy difference associated with that process. Jarzynski's equality, as it is also known, is 

particularly applicable to the analysis of single molecule manipulation experiments, where 

the work performed is on the same order of magnitude as thermal fluctuations. To elucidate 

how Jarzynski's equality can be used here, let's consider the equality using the treatment 

laid out in Ref. [76], for the context of a single molecule manipulation pulling experiment 

(see Fig. 2.1). 

The system, immersed in a thermal bath, consists of an individual molecule tethered 

between a stationary substrate and the tip of a movable AFM cantilever. The externally 

controlled work parameter, A, is defined as the distance between the substrate and the base 

of the cantilever. As the experiment begins, the system is at an equilibrated state, A(0) = 

A .̂ We then perform external work on the system by varying the work parameter, according 

to a predetermined schedule, X(t), from an initial state A^ to a final state A#. The system 

should then be allowed to relax to equilibrium while A is held constant at \B- Since A is 
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held constant, AA = 0, meaning that no work is performed during the relaxation process. 

Since no work is performed during relaxation, we can ignore this step and Jarzynski's 

equality will still hold. This process, in which the system is externally perturbed from 

an equilibrated state A^ to an arbitrary state A#, is inherently nonequilibrium. Since this 

macroscopic system is subject to thermal fluctuations, the work required to perform the 

process, W, will vary with each realization of the process, and performing the process 

repeatedly will give rise to a distribution of work, p(W). For this process, Jarzynski's 

equality states [75], 

(e-W) = jdWp{W)e~0W = e~^G, (1.8) 

where j3 = (1/fceT), ks is the Boltzmann constant, and T is the temperature of the thermal 

bath. The brackets represent an average over infinite realizations of the process. The work 

distribution, p(W), is dependent on the schedule \(t), which dictates how far the system 

is driven out of equilibrium. However, according to Jarzynski's equality p(W) can be 

weighted in such a way as to recover the equilibrium free energy, AG, which is independent 

of X(t). Thus, we can use Jarzynski's equality to reconstruct equilibrium free energy from 

nonequilibrium work measurements [76]. 

An interesting consequence of nonequilibrium work theorem is that in order for the 

equality to hold, there must be realizations of a given nonequilibrium process for which 

W < AG. In a macroscopic system this is not possible. However, for microscopic systems 

such as those probed via single molecule manipulation, where the energy contribution from 

thermal fluctuations can be significant, realizations in which W < AG are indeed possible. 

This occurs in rare cases when the thermal motion from the surrounding environment ac-
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tually contributes to the free energy of stretching or unfolding of a molecule during a given 

realization. 

1.4.2 Bell's Model 

Another commonly used method for analyzing data from single molecule manipulation 

experiments involves an extension of Bell's model, which originally sought to quantify the 

affect of applied force in the context of cell-cell adhesion. According to Bell's model [77], 

the lifetime, T, of a bond being stretched by external force is given by, 

T = T0exp\j3(E0-'yF)], (1.9) 

where 1/ro is the natural frequency of the atoms in the solid, E0 is the bond energy, F is 

the applied force, 7 is a parameter dependent on the structure of the solid, and /?_1 = ksT. 

For single molecule manipulation experiments performed at constant pulling velocity, 

v, with a time-dependent applied force, F(t), the mean rupture force, (F), is predicted to 

increase proportionally to the pulling speed, (F) ~ In v [78,79]. Bell's model can thus be 

used to estimate ku(0) and x\ from a fit of (F) versus lnu obtained via single molecule 

manipulation experiments. However, while Bell's model has been shown to fit data from 

single molecule experiments well in some cases, it often fails over broader ranges of pulling 

velocity and when trying to fit full unfolding force probability distributions [80,81]. Other 

approaches, which assume a particular nonlinear free energy potential with Kramers theory, 

have been argued to be able to more accurately reproduce unfolding force distributions 

from single molecule experiments [82,83]. These are phenomenological approaches, and 

the results depend largely on parameter fitting. A theoretical approach such as using the 
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Jarzynski's equality described in the next chapter will provide new insight into the results 

from these single molecule manipulation studies. 



Chapter 2 

Analyzing Single Molecule Manipulation Data Using 

Jarzynski's Equality 

2.1 Introduction 

Beginning in the 1990s, the capability to manipulate and probe individual biomolecules 

provided new insight into the mechanical characteristics of DNA and proteins [84-86]. 

However, extracting information beyond mechanics, such as thermodynamic properties 

and folding/unfolding rates, which are essential to protein dynamics, relied on a phe-

nomenological approach, namely Bell's model (see Sec. 1.4.2). In 1997, derivation of the 

nonequilibrium work theorem, better known as Jarzynski's equality [75], provided an alter

native approach to extraction of equilibrium properties from single molecule manipulation 

data [76,87,88]. In this chapter, we describe the technical details for the analysis of sin

gle molecule manipulation data, with particular emphasis on the application of Jarzynski's 

equality. Specifically, methods for baseline and hysteresis corrections, feature recognition, 

and alignment of SM force curves are examined. This is followed by a detailed explanation 

of the algorithms and procedures used in the Jarzynski averaging of an ensemble of SM 

force curves to reconstruct the underlying free energy landscape for the forced stretching 

and unfolding of a particular biomolecule. 

19 
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2.2 Experimental and Computational Methods 

2.2.1 Sample preparation and data selection 

We used engineered recombinant protein chains consisting of eight serial repeats of the 

127 domain of human cardiac titin (Athena ES, Baltimore, MD). These synthetic molecules 

are engineered with an amino-terminal hex-His peptide sequence and a carboxyl-terminal 

di-Cys sequence. The thiol group in the di-Cys sequence facilitates binding between the 

carboxyl-terminus of the molecule and the gold substrate used in experiments, leaving the 

amino-terminus free to bind with the silicon nitride AFM tip [33]. AFM samples were 

prepared by depositing solution of 10 fA of protein at a concentration of 25-50 ^g/ml on 

a fresh gold surface and incubating at room temperature for 10-20 minutes. The protein 

sample was rinsed with 1-2 ml phosphate buffered saline (PBS). Individual molecules were 

then stretched and unfolded using AFM. 

Stretching of 127 molecules was performed using a Multimode AFM with Nanoscope 

IV controller and PicoForce option (Veeco Instruments, Santa Barbara, CA). Individual 

molecules were attached to the AFM cantilever tip via nonspecific binding and stretched as 

a piezoelectric actuator moved the sample. The cantilever tip was held at the sample surface 

for 1 s to allow nonspecific binding of the molecule to the AFM tip, and then retracted at a 

pulling velocity of either 0.10, 0.50, or 1.00 /Ltm/s. A schematic of the experimental setup is 

shown in Fig. 2.1. The cantilevers used were MLCT cantilevers (Veeco Probes, Camarillo, 

CA) with a spring constant of 50 pN/nm, determined using the thermal oscillations method 

(see Sec. 1.2.1). Cantilever deflection data were collected at an approximate sampling 

rate of 10 kHz using the Nanoscope software (Veeco Instruments, Santa Barbara, CA). 
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Figure 2.1 A schematic of single molecule pulling experiments using AFM. One end of the 

molecule is attached to the cantilever tip and the other end to a gold substrate, whose position 

is controlled by a piezoelectric actuator. An analogue of single molecule manipulation is provided. 

The cantilever spring obeys Hooke's law, whereas the protein molecular spring follows the wormlike 

chain model (illustrated using rubber bands). 

These time series data were converted to force-extension data and analyzed using a program 

written in MATLAB. 

Several thousand SM force curves were collected and filtered for each pulling velocity, 

with approximately 5% representing real single molecule unfolding events. To minimize 

the chance of picking up multiple molecules during one pull, we kept the sample con

centration low enough that the success rate was < 5%, meaning that there is only a 5% 

chance each engagement results in a molecule attachment. Force curves with no discern-

able unfolding events were filtered using the criteria that each force curve must have a 

force, F > 50 pN, at an extension, z > 70 nm. This criteria effectively filters both curves 

with no cantilever deflection and curves with large initial cantilever deflection due to non-
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Figure 2.2 Sample force-extension traces exhibiting nonspecific interactions or artifacts other 

than single molecule unfolding. Common examples are (a) traces with no cantilever deflection 

or (b) large deflection due to nonspecific surface interactions and (c) traces with multiple or (d) 

simultaneous molecule unfolding events. 

specific interaction with the substrate (see Fig. 2.2a-b). However, this criterium does not 

filter for other, more rare, artifacts found in force traces, such as multiple and simultaneous 

molecule unfolding events (see Fig. 2.2b-c). Force curves exhibiting these artifacts were 

filtered later in the analysis procedure following force peak recognition (see Sec. 2.2.3). 

2.2.2 Data preprocessing and corrections 

Single molecule manipulation data are collected as the deflection of the AFM cantilever, 

monitored as a voltage signal from a four quadrant photodiode, versus the position of the 



23 

piezoelectric stage, monitored and controlled by a closed loop position feedback system. 

Cantilever displacement was converted to tip-sample force using Eq. (1.1), and piezo posi

tion, A, was converted to molecular end-to-end extension, z, using Eq. (1.2). To increase 

the signal-to-noise ratio each force trace was averaged using the mean of every ~ 16 points 

to keep the resolution at ~ 0.1 nm. This reduces the noise level in the baseline of the force-

extension curve from ±15 pN to ±5 pN without losing the detailed features of the data, as 

shown in Fig. 2.3. 

Single molecule force traces are subject to several sources of systematic error during 

data acquisition, including piezo drift, laser interference, thermal drift, and uncertainty in 

cantilever spring constant. The drift of the piezoelectric actuator can result in a shift in the 

baseline, defined when the AFM cantilever is at its equilibrium position, from one force-

extension trace to another. For particularly slow pulling velocities, piezo drift can also 

result in a slight slope in the baseline of an individual force-extension trace. The effects of 

piezo drift can be reduced by allowing the piezoelectric material a settling period, typically 

10-30 mins. 

The baseline correction is done by fitting each force-extension trajectory with a first 

order polynomial using a linear least-squares regression. In order to determine the relevant 

data range to fit for each force-extension baseline the position of the final force peak, in 

which the molecule detaches from the cantilever tip, was determined using a 2nd deriva

tive test. Each stretched 127 domain has a characteristic force peak, followed by a sharp 

decrease in force resulting from the rupture of the domain, making a 2nd derivative test 

particularly suitable for finding rupture events. A smoothed 2nd derivative of each data set 
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Figure 2.3 Data preprocessing and averaging, (a) Raw deflection voltage versus piezo position 

data, (b) Data converted to force versus extension (black) and averaged (red) to reduce random 

noise. 

was approximated using a Savitzky-Golay smoothing filter, with a 4th order polynomial fit 

and smoothing window equivalent to 1% of the total number of data points. This smoothing 

method was chosen because it has been shown to be effective at preserving peak height in 

spectroscopic data while still achieving a high level of smoothing [89]. The region contain

ing the final force peak was located using a cutoff threshold for the 2nd derivative height, 
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Figure 2.4 Baseline correction procedure for force-extension traces, (a) Force-extension curve. 

Solid red line is a first order linear least-squares fit to baseline region (highlighted in blue). The 

inset shows the force-extension curve in (a) following baseline correction, (b) Second derivative of 

force-extension curve in (a), approximated using Savitzky-Golay smoothing. Solid red line is cutoff 

value, Cfp, used for detection of possible final force peak. 

Cfp = 6ap", where aF» is the standard deviation of the 2nd force derivative. The final peak 

threshold was chosen such that only the large detachment peak would exceed c/p. The 

region used to fit the baseline of each force trace was approximately 25 nm after the final 
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Figure 2.5 Force-extension curve exhibiting an oscillatory laser interference pattern. 

force peak region to the end of the force trace. Molecular extension is then zeroed for each 

force-extension trace using the point at which the AFM tip contacts the substrate surface. 

The contact point is found at the intersection of the force baseline, now F = 0, and the 

linear fit to the contact region of the force curve. The procedure for correcting piezo drift 

and shifting each trace to zero force and extension is illustrated in Fig. 2.4. 

Laser interference, caused by light scattering off the substrate surface and interfering 

with the reflected laser beam from the AFM cantilever, is another primary source of error. 

Typically, this interference results in an oscillatory signal which can be seen clearly in the 

force-extension baseline (see Fig. 2.5), and is often a direct result of poor alignment of the 

laser beam on the cantilever. Laser interference is usually eliminated completely during 

experiments by ensuring that the laser is well aligned, with little to no laser light spill over 

onto the substrate. However, laser interference occurred occasionally due to stage drift, and 

any force traces exhibiting laser interference were discarded. 
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2.2.3 Feature recognition and WLC fitting 

Following data preprocessing and corrections, force-extension curves were analyzed to 

locate individual domain unfolding events, or force peaks, within the force trace. Individual 

force peaks were found using techniques similar to those used in the previous section to 

determine the location of the final force peak. Force-extension data was smoothed using 

a cubic smoothing spline with a smoothing factor, fsmooth = 0.2. The data was smoothed 

solely for the purpose of locating force peaks; once possible regions of each force peak 

were identified, the original, unsmoothed force-extension data was used. The 2nd derivative 

of the smoothed force-extension curve was approximated using the same Savitzky-Golay 

smoothing filter as in the previous section. Once again, a peak threshold value was defined 

to isolate regions with sudden decreases in the force spectrum, cp = <JF", where Cp <C 

Cfp in order to locate all possible force peaks rather than the final, typically large force, 

detachment peak. 

Values above the peak threshold were identified and binned into separate, distinct peak 

regions using a minimum peak separation value, 6zPtTnin = 10 nm. In other words, all cutoff 

points within ±10 nm were considered to be within the same peak region, as illustrated in 

Fig. 2.6a. The SzPirnin was chosen using the known contour length of titin 127 to assume that 

all values above cp within ±5zp^min were part of the same force peak. Probable force peaks 

were then determined by finding the maximum force within a search window of zpr>i — 10 

to zpr^i + 5 nm, where zpr<i is the center of the zth peak region (see Fig. 2.6b). The search 

window extends 10 nm backwards and 5 nm forwards from zpr^ because the 2nd derivative 

test locates an abrupt decrease in force, meaning that the actual force peak is more likely 
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Figure 2.6 Pattern recognition technique used to identify individual unfolding events within a 

given force-extension trace, (a) Estimated second derivative of the smoothed force-extension trace 

shown in inset. Solid red line is threshold value, Cp, used for detection offeree peak regions. Distinct 

peak regions are grouped and highlighted in blue, (b) Force extension trace with peaks detected (red 

x) using peak regions and search window determined by 2nd derivative test in (a). Search window 

of ZpVii — 10 to zprti + 5 nm are highlighted in blue for each peak region. 

to occur before zpTti rather than after. The set of probable force peaks were then filtered 

according to a user defined minimum peak force, Fv<min = 25 pN, and minimum peak 

separation, 6zPjmin = 10 nm. The Fpmin was chosen using knowledge of the unfolding 
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Figure 2.7 Force-extension trace with WLC model (solid red lines) fit to each individual domain 

stretching event. The force-extension regions over which the WLC model was fit are highlighted 

in blue. The parameters, lp and lc, with standard error estimates, along with the goodness of fit 

estimate, R2, are given for each event in Table 2.1. 

force distributions for titin 127, in which a force peak < FPtmin is usually not observed. 

Once a set of probable force peaks were determined for each force-extension trajectory, 

each 127 force peak was fit with the Wormlike Chain (WLC) model (see Eq. (1.7)) [31]. 

Details on the WLC and other polymer elasticity models can be found in Sec. 1.2.2. The 

relevant data range over which to fit the WLC model was determined by finding the begin

ning and final extensions for each domain unfolding event. The final extension, or domain 

rupture, was defined as the extension at the force peak, zp. The beginning extension was 

located by finding the minimum force between the previous force peak and a distance 

equivalent to 1.5 times the expected snapping motion of the cantilever following an unfold

ing event, 5zsnap — 1.5(Fp/ks), where Fp is the measured peak force. The WLC model 
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was fit to each force trace using least squares [90], 

a = mm^2(g(zi,a)-Fi)2, (2.1) 
i 

where a = (lc, lp) is the vector containing the fitting parameters of the WLC model, g(zi, a) 

is the WLC model evaluated with parameters, a, at the measured extension zi; and Fj is 

the measured tip-sample force. Since the WLC model is nonlinear with respect to a, the 

nonlinear least squares problem was solved numerically, with the bounds 0.2 < lp < 0.5 

nm and zp < lc < zp + 50 nm, where zp is the measured extension of the force peak. The lp 

bounds were determined using the known mean and standard deviation for the persistence 

length of titin 127. The lc bounds were set using the knowledge that the lc corresponding to 

a particular force peak for 127 will typically have a value slightly greater than zp because 

the WLC is nearing its asymptotic limit at the force peak. Standard errors for the fitted 

parameters, a, are estimated using [91], 

a = \Jdiag(t,), (2.2) 

where E is the covariance matrix given by, 

E = [JTJ]-ls2. (2.3) 

The estimated Jacobian of the WLC model is J = Vag(zi, a) and the mean squared resid

ual, s2, from the fit is 

s2 = Q^Pl <2'4) 

where rj = Fi—g(zi, a) is the residual for the zth data point, Q is the number of data points, 

and p = 2 is the number of fitted parameters in the WLC model. Typical WLC fits, with 
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Table 2.1 Fitted parameters, lp ± ai and lc ± <j/c, for the WLC fit to the force-extension trace 

in Fig. 2.7. 
Peak 

1 

2 

3 

4 

5 

6 

7 

8 

lP (nm) 

0.24 

0.23 

0.34 

0.37 

0.34 

0.34 

0.38 

0.33 

°iv (nm) 

0.02 

0.02 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

Unm) 
52.4 

81.9 

105.5 

132.5 

161.5 

189.4 

215.0 

246.6 

ai* (nm) 

0.4 

0.4 

0.5 

0.4 

0.4 

0.5 

0.5 

0.2 

Alc (nm) 

29.5 

23.6 

27.0 

29.0 

27.9 

25.6 

31.6 

-

R2 

0.85 

0.95 

0.94 

0.96 

0.96 

0.96 

0.97 

0.99 

estimated lc and lp, for each domain stretching event in a typical force-extension trace are 

shown in Fig. 2.7. 

The square of the correlation coefficient, R2, was calculated to assess the quality of 

the WLC fit to the force-extension trace. The R2 statistic is the square of the correlation 

between the SM force data and that predicted by the WLC model. In other words, R2 is a 

measure, ranging between 0-1, of how well the WLC model accounts for the variation in 

the experimental force data, with 1 being a perfect linear relationship. The square of the 

correlation coefficient was calculated using [92], 

R2=SSR= Zj,(9i-(F))2 

SST zUF>-(F)r ( } 

where SSR is the sum of the squares of the regression and SST is the total sum of the 

squares, or sum of squares about the mean. 
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2.2.4 Automated force peak and data filtering criteria 

To select force curves containing desired molecular unfolding events, we wrote a pro

gram in Matlab to do the initial screening of force-extension data. During the data selection 

process, only events showing repeated unfolding peaks are selected. We required that indi

vidual force peaks have the expected change in contour length, A/c, and peak force, Fp, for 

titin 127. Following WLC fitting, each force-extension trace is fitted using the following 

procedures and criteria to determine which of the probable force peaks are true unfolding 

events. 

• The WLC fit quality, R2, must exceed the minimum fit quality, i?^iTl. For the titin 

127 domain we set R^in — 0.8 because we found that force peaks with a fit quality 

less than 0.8 were usually not true single molecule events. 

• The peak force, Fp, must be less than the maximum peak force, FPj7nax, and the 

minimum force between the current peak and previous peak, Fvaney, must be less 

than a user denned fraction of the peak force, aFp, 

Fp < Fp<max, where FPtrnax = (Fp) + 5.5aFp, (2.6) 

FVaiiey < aFp, where a = 0.25. (2.7) 

The expectation value of the peak force, (Fp), is dependent on the experimental 

pulling velocity, v, as shown in Fig. 3.3b. It was estimated using an empirical equa

tion, (Fp) = 141n(^o) + 200, where v is in units of nm/s. A rough approximation 

of the standard deviation of the peak force, op = 30 pN, can be estimated from the 

distributions of peak force illustrated in Fig. 3.3a. Cases in which Fvauey > aFp are 



33 

indicative of simultaneous unfolding events which manifest in the force-extension 

trace as a force peak within the WLC stretching of a larger force peak. If either 

criteria was not met the force peak was filtered and Alc was recalculated. 

• The successive run of force peaks was determined by checking Alc for each force 

peak, starting from the final force peak. The detachment peak was found using the 

criteria, 

FP > Fd,min, where FdtTnin = 100 pN, (2.8) 

(Alc) - 5aAir_ < Alc < (A/c) + 5(7A;C, where (Alc) = 27mn,aAlc = 2 nm. (2.9) 

The detachment peak must be greater than the user denned minimum detachment 

force, Fd^min = 100 pN, and fall within the given range of A/c. In the case of 

the final peak, the Alc range is large because the typical detachment force is large 

and involves the stretching of the entire molecule. Once the detachment peak was 

identified, each force peak was tested using the criterium, 

(Alc) - 1.5aAlc < Alc < (Alc) + 1.5<rA,e. (2.10) 

If Alc for a force peak falls outside the given range the peak was eliminated and the 

run of successive force peaks was broken. Once the run of peaks was broken, all 

remaining peaks occurring before the eliminated peak were filtered as well. 

• Once a reasonable run of peaks were identified, the first force peak was checked 

against the following criteria, 

^c,l ••" Tlplnative, W n e r e Inative ~ 

3nm, (2.11) 
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Fp < Fli7nax, where F^max = (Fp) + 2aFp. (2.12) 

The contour length of the initial peak must be greater than the estimated unstretched 

length of the molecule, nplnative, where np is the number of force peaks in the force-

extension trace and lnauve is the approximate minimum length of the 127 domain in 

its folded configuration [93, 94]. In order to filter out initial peaks resulting from 

nonspecific binding, which occur at the beginning of the force trace with typically 

high force, the initial peak force cannot be greater than FitTnax. If /C)i < nplnative 

or Fp > Fi^max, the initial peak was eliminated and the next peak in the series was 

tested using the same criteria. 

Once a succussive run of unfolding events was identified, each force-extension trace 

was tested against the following criteria to filter data with large experimental error resulting 

from laser interference or high concentrations of protein on the substrate surface. 

• A fit quality, R^, was calculated for the fit to the smoothed force baseline to access 

the flatness of the baseline. We chose Rlitmin = 0.8 because force traces with fit 

quality > R^ were found to always be flat. As previously discussed, when the AFM 

cantilever is far from the sample surface, the force baseline should be flat, F = 0. 

However, laser interference or collisions within solution can result in a force baseline 

with an oscillatory signal or other perturbations. Without a flat force baseline it is 

not possible to accurately determine force in the rest of the force-extension trace. 

• The force of nonspecific binding between the AFM tip and sample surface was not 
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allowed to exceed the maximum user defined nonspecific binding force, FnStTnax. 

F < FnStTnax for z < 25 nm, where FnStTnax = 700 pN. (2.13) 

Large nonspecific binding forces are typical in situations where there is a large con

centration of protein or foreign material on the substrate. Data that did not pass this 

criteria were filtered because there is an increased probability that some nonspecific 

interaction has affected the force curve. 

• The number of real unfolding events, np, must be greater than the number of force 

peaks rejected, np r e j , during the peak filtering process. 

In the case that np < np>rej it was likely that more than one molecule was attached 

to the cantilever tip during the force-extension trace, resulting in simultaneous or 

multiple molecule unfolding events. 

• The number of true force peaks, np, could not exceed the maximum number of 127 

domains on the molecule, nPtmax, or be less than the user defined number of unfolding 

events , Tlpjmin-

Tlp,max -> Tip ^ Tlp,mini Wflere Tlpmax = o a n d Tlp^min = *" \A'*-3) 

The molecules used were engineered using 8 titin 127 domains, thus nv<max = 8; a 

force-extension trace with np > np>max is indicative of multiple molecules unfold

ing in a single trajectory. The user defined minimum number of unfolding events, 
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nPtmin = 2, was used to ensure that force traces clearly exhibited force peaks at 

extensions far from the nonspecific binding interaction with the sample surface. 

Force extension traces meeting these criteria were selected as true single molecule un

folding events, exhibiting the characteristic sawtooth signature for single molecule manip

ulation experiments on titin 127, and used to calculate the free energy landscape for 127 

stretching and unfolding. Note that the above screening is the first step in filtering large 

sets of data containing little or no useful information. Additional filtering is done manually 

to select data that have limited systematic error. 

2.2.5 Alignment of single molecule manipulation time series 

The titin 127 free energy landscape was calculated for the stretching of the 1st un

raveled domain through the unfolding of the 2nd domain. The stretching of subsequent 

domains were not used for averaging. Unfolding events were aligned by calculating the 

cross correlation function between the WLC fit to the experimental AFM force trace, g, 

and a reference force trace, G, generated using the average contour and persistence lengths 

of the 1st unraveled domain, (lCti) = 75 nm and (ZPii) = 0.35 nm. The cross correlation 

function between the WLC fit to the AFM force trace, g, and the reference WLC, G, was 

calculated using [95], 

(g*G)(j) = J29(i + J)G*(i), (2.16) 

where i represents the zth discrete data point in a series with Q total data points, g(i + 

j) is the WLC fit to the experimental force trace lagged by j , and G*(i) is the complex 

conjugate of the reference WLC. Force-extension traces were aligned by finding the lag, j , 
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Figure 2.8 WLC alignment procedure used to align ensemble of force-extension traces for 

Jarzynski analysis, (a) Unaligned 127 unfolding domain with WLC fit (blue) and reference WLC 

time series (red), generated using (lc^) = 75 nm and (Zp>i) = 0.35 nm. (b) Cross correlation func

tion, g*G, for a series of possible lags, jSzfu. The function is maximized at jdzfu = —6 nm (blue 

dashed line), the shift that minimizes the difference between the reference WLC and the unfolding 

force trace, (c) Aligned 127 unfolding domain shifted by jSzfu = - 6 nm. (d) Ensemble of 127 

unfolding domains aligned using the cross correlation maximization routine. The reference WLC 

curve (red) used for alignment is shown for comparison. The beginning and final extensions (blue 

dashed line) chosen for analysis purposes are shown. 

that maximized the cross correlation function, (g * G)(j), for each individual force trace 

between 50-200 pN. The lag, j , is converted to units of extension using jSzfit, where 

5zfu = 0.1 nm is the distance between successive data points for the WLC fits. The 

alignment procedure for a typical unfolding domain is illustrated in Fig. 2.8. 
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In order to average the ensemble of aligned force traces over a given molecular ex

tension, each trace must be sliced to have the same beginning and final extensions. The 

true start extension for each domain stretching, immediately following the rupture, is ob

scured by the snapping motion of the cantilever. In other words, the force of the molecule 

is not measured at the beginning of the molecular extension for each domain stretching, so 

a start position for analysis must be chosen. The distance over which the cantilever snaps 

back to equilibrium following rupture is dependent on the rupture peak force, and thus the 

pulling velocity. However, in order to compare free energy landscapes reconstructed from 

data taken at different pulling velocities, the reconstruction distance should be the same for 

each pulling velocity. Thus, the start extension was chosen such that the equilibrium force 

peak for free energy landscapes reconstructed at any pulling velocity would occur at 17 nm. 

Since the initial value in a WLC curve is nearly zero, this choice results in a start extension 

with cantilever spring potential energy UQ ~ 0, while still avoiding the part of the force 

trace resulting from the snapping motion of the cantilever. The reconstructed free energy 

landscape for titin 127 was found to be insensitive to the choice of reconstruction distance; 

this topic is discussed in detail in Sec. 2.3.2. The beginning and final extensions used for a 

typical ensemble of force-extension curves are shown in Fig. 2.8d. 

2.2.6 Jarzynski averaging 

We used the nonequilibrium work theorem (see Sec. 1.4.1, Eq. (1.8)) to reconstruct the 

free energy landscape for the forced stretching and unfolding of titin 127. However, the 

nonequilibrium work theorem is derived for thermodynamic work, Wtherm = IF • d\, not 

the mechanical work, Wmech = J F • dz, relevant for single molecule manipulation experi-
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merits. A comprehensive discussion of the distinction between Wtherm and Wmech and how 

each relates to nonequilibrium work theorem is undertaken by Jarzynski in Ref. [76]. 

In order to calculate free energy as a function of molecular extension, z, we used an 

exact expression that relates the nonequilibrium fluctuations of Wmech to the Gibbs free 

energy, G(z) [88], 

e-Mz) = (S(Z _ 2 t ) e - / ^ W - t / o ( 2 o , A A ) ] ) i V ) ( 2 1 7 ) 

where z0 and zt are the end-to-end distances of the molecule at times 0 and t for a given 

force trajectory, Wz(t) is the mechanical work performed on the molecule up to time t, 

5(z — zt) is the Dirac 5 function, and UQ is the potential energy stored in the cantilever 

spring at t = 0. To practically apply Eq. (2.17), each of the N force-extension traces 

of duration r were divided into discrete time slices 5t so that T = r/St, where T is the 

total number of time slices in a given trajectory. The free energy was then estimated by 

averaging over time slices (within each force trajectory) and over all force trajectories, 

exp[-PG(z^)] » ~ J2ESe(z{m) - zn,s)eM-PiWn,s - £/(zn,o, AA)]), (2.18) 

where zn>s is z at the sth time slice for the nth trajectory, znfi is the initial value of z for the 

nth trajectory, and WniS is the work performed up to time ts = s5t for the nth trajectory. 

The molecular extension, zn>s, and work performed, WntS, for the sth time slice of a 

given force-extension trace were calculated using the following procedure. Force data for 

time slices, T, with ns measurements per time slice were estimated via linear interpola

tion of F(t), generated using the time series. The number of time slices, T = 5000, and 

measurements per slice, ns = 10, were chosen such that Trjs w Qr]s, where Qrjs was the 

total number of data points prior to averaging. Interpolated molecular extension was then 
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calculated by Zinterp = vtinterp — Finterp/ks, where v is the experimental pulling veloc

ity, Unterp is the interpolated time data, Finterp is the interpolated force data, and ks is the 

cantilever spring constant. The mechanical work, WniS, for each time slice, s, was calcu

lated using numerical trapezoidal integration over every r/s data points of the interpolated 

force-extension data. The force-extension is integrated over the region defined in Fig. 2.8d, 

where the cantilever is close to its resting position, z = 0, at t = 0. This initial condition 

is required to satisfy the nonequilibrium work theorem, which requires that each trajectory 

start from an equilibrated state. It is also advantageous when using Eq. (2.18) that the ini

tial energy stored in the cantilever spring, UQ{ZQ, \A), is close to 0. Molecular extension 

for a given time slice, zn>a, was calculated as the mean of every T]S data points of the inter

polated molecular extension. The calculated zn^s and Wn,3 for a typical unfolding event are 

illustrated in Fig. 2.9. 

As briefly discussed, the free energy surface immediately past the transition state cannot 

be reconstructed with high accuracy from constant velocity single molecule manipulation 

data. This is because the force exerted on the molecule is discontinuous when the domain 

ruptures. In the region where the domain ruptures and the cantilever snaps back to its equi

librium position, the assumption that the force on the molecule, Fm, is balanced by the 

cantilever spring restoring force, Fs, no longer holds. Therefore, using the measured Fs 

gave rise to an overestimate of the free energy. Despite the fact that the snapping process 

is almost instantaneous (small change in t, hence A), the change in z is significant because 

Az = Fs/ks. To eliminate the energy contribution from the release of the spring we ap

proximate the Fm immediately after the domain rupture using the WLC fit for the stretching 
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Figure 2.9 WLC extrapolation for the snapping region (shaded) of the force-extension curve. 

The solid red line is the WLC fit for the stretching of the ruptured domain. The dashed line indicates 

the approximation of the force exerted by the molecule in the snapping region. Solid blue line is 

the molecular extension, zs, and work performed, Ws, for a given time slice, s, calculated using 

force-extension integration. 

of that domain (see Fig. 2.9). 

Using the generated zn,s and Wn<s, the z-axis was then divided into bins of width e, 

with z(m) representing the mid-point of the mth bin. The 5 function is 1/e when zn,t falls 

inside the mth bin and 0 otherwise. For titin 127 unfolding we use e = 0.2 nm. The binning 

process is illustrated in Fig. 2.10. The statistical error associated with G(z(-m^) is estimated 

using the bootstrap method [96]. Specifically, the N force-extension trajectories were re-

sampled Nboot = 1000 times to create Nboot data sets. The free energy, Gj(z (m)), was then 

calculated for each of the resampled data sets, i = 1,2,. . . Nboot, using the procedures de

scribed above. The bootstrap standard error for the free energy, a(z^), was calculated 



42 

Figure 2.10 Calculating and binning zntS and Wn>a. For each force extension trace zntS and 

Wn>a are calculated for each time slice, then binned according to which bin zn^s falls. Following 

binning of all time slices for all force trajectories, the WUt3 values within each bin are averaged 

according to Jarzynski's equality. The time slice and bin width shown here are much larger than 

those used for data analysis for illustrative purposes. 

by, 
/ 1 Nboot \ 2 

a ^ ( m ) ) = N T £ ( G ^ ( m ) ) - (G(z(m))})2 , (2.19) 

which is to say that a(z^) is the standard deviation of the Gi(z^) calculated using the 

resampled data sets. The number of bootstrap samples, Nboot = 1000, was chosen such that 

a(z^) converged before Nboot-

In order to extract protein folding information from the reconstructed free energy curve, 
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Figure 2.11 Technique used for estimation of the equilibrium force domain from the recon

structed free energy curve, (a) Work performed, W(z), calculated using W = Fdz for the F(z) in 

(b). (b) Original force-extension trace (black), F(z), with the force-extension trace (red), dW/dz, 

approximated from the derivative of the cubic spline interpolant of W(z). 

G(z), the free energy barrier for titin 127 unfolding, AG*, was estimated by approximat

ing the equilibrium rupture force. The basis for approximating AG^ using this method is 

discussed in detail in Sec. 2.3.3. The equilibrium force curve can be estimated from the 

equilibrium free energy curve as Feq(z) = dG/dz. In detail, Feq(z) was approximated by 

calculating a piecewise polynomial for the cubic spline interpolant of G(z), then taking the 
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derivative of that piecewise polynomial analytically [97]. The process is demonstrated in 

Fig. 2.11 on a typical force domain, F(z), that has been integrated to find work performed, 

W(z), then differentiated as dW/dz to approximate F(z). This method was found to accu

rately determine the force peak to within 3% for over 1500 force-extension domains tested. 

This is well within experimental error, which is dominated by systematic errors such as 

the uncertainty in the AFM cantilever spring constant ~ 10% (see Sec. 1.2.1) and instru

ment drift. Once Feq(z), and thus the equilibrium rupture force, FeqtPeak, were determined, 

the unfolding free energy barrier was estimated using AG£ S» Feq)PeakXu, where xu is the 

distance between the native and transition states for 127 unfolding. 

2.3 Results and Discussion 

2.3.1 Automated filtering and statistical analysis of single molecule manipulation 

data 

The data analysis procedures and criteria detailed above were applied for automated 

analysis of several thousand SM force-extension traces, taken at different experimental 

pulling velocities. Force-extension trajectories were filtered using criteria in order to select 

only those traces that represent single molecule unfolding events. Both mechanical and 

thermodynamic properties of titin 127 were deduced. Statistics such as the change in con

tour length and rupture force associated with individual domain stretching and unfolding 

were also gathered. The statistics for the three pulling velocities measured are shown in 

Fig. 2.12. The rupture force, Fp, distributions in Fig. 2.12a are for the second unfolded 

domain, i.e. the domain unfolded following the complete stretching of the first unfolded 

domain. The most probable rupture force increases with pulling velocity. The change in 
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Figure 2.12 Mechanical characteristics of titin 127 measured using single molecule manipula

tion at various pulling velocities, (a) The distribution of rupture forces, Fp, for all unfolding events 

of the second unfolded domain, (b) The distribution for change in contour length, Alc, estimated 

using the WLC model, for all unfolding events. Solid lines are gaussian fits for each distribution. 

contour length, AZC, distributions for different pulling velocities are shown as well. The 

Alc distributions are independent of pulling velocity, with (A/c) = 27 nm and a standard 

error of 0.4 nm. These statistics agree well with the known mechanical properties of titin 

127 [93], providing strong support that the automated filtering procedures and criteria used 

were successful in selecting single molecule events while filtering out data from other non

specific interactions. 
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2.3.2 Free energy landscapes from Jarzynski's Equality 

Nonequilibrium work theorem, or Jarzynski's equality, was used to reconstruct the free 

energy curve for the stretching and unfolding of an individual titin 127 domain. Figure 2.13 

shows the reconstructed free energy curves for pulling velocities of 0.05, 0.10, and 1.00 

//m/s, determined using Eq. (2.18) with 64, 132, and 226 force-extension curves, respec

tively. The average work performed, (W(z)), during the stretching and unfolding of titin 

127, was also calculated to provide an upper limit of the free energy for comparison, where 

(W(z)) > AG(z). The velocity dependence of (W(z)) is apparent from the calculated 

work-extension curves, as well as the distributions of work performed up to the domain 

rupture (see Fig. 2.13b). The mean and standard deviation of the work distribution increase 

with increased pulling velocity. At higher pulling velocities more work is dissipated due to 

increased friction, increasing the mean work required to stretch and rupture the 127 domain. 

At the same time, the work distribution broadens [98]. In Jarzynski's equality, the broad

ening of the work distribution as pulling velocity is increased offsets the increase in the 

mean by weighting the smaller, more rare work values in a distribution more heavily. Thus, 

free energy curves estimated using Jarzynski's equality are expected to converge to equilib

rium, independent of pulling velocity, as indeed illustrated by the results in Fig. 2.13a. At 

1.00 /xm/s pulling velocity the average work, (W(z)), overestimates G by approximately a 

factor of 2. 

Jarzynski integration was performed over a 17 nm range, which does not include the 

snapping motion of the AFM cantilever (see Sec. 2.2.6). The integration range determines 

how much of the unfolded polymer linker is incorporated in the reconstruction. The free 
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Figure 2.13 Free energy landscapes for the stretching and unfolding of the titin 127 domain, 

(a) Free energy, GJE, calculated using Eq. (2.18) for various pulling velocities. The average work 

performed, (W), is displayed for comparison. The curves are accurate up to the transition state, 

denoted by the change in color to brown, (b) Distributions of work performed up to the domain 

rupture for various pulling velocities. The calculated work includes the stretching of an unraveled 

titin 127 domain coupled with the unfolding of a folded domain. A smoothing spline is fit to each 

work distribution as a guide to the eye. 

energy curve is insensitive to the distance of reconstruction, provided that the molecule 

is in an equilibrium state initially. This is illustrated in Fig. 2.14, where the free energy 

curve is calculated using distances of 15, 17, and 19 nm for the pulling velocity of 0.05 



48 

(a) 200 

I 150 L 
CO 

.*: • ^ ^ * 

0 
C 
LU 
CD 
<D 
i— 

LL 

(b) 

100 

50 

0 
150 

CD P 

100 h 

50 h 

0 
10 20 

Extension (nm) 

Figure 2.14 Effect of reconstruction length on the free energy landscapes reconstructed using 

Jarzynski's equality, (a) Titin 127 free energy landscapes calculated using various reconstruction 

lengths. The free energy landscapes are shifted, for comparison purposes, such that the position of 

each equilibrium force peak occurs at 17 nm. (b) Equilibrium force-extension domains estimated 

from the derivatives of the free energy landscapes in (a). The force-extension curves are aligned. 

//m/s. Figure 2.14 shows that the reconstruction process is unaffected by the position of the 

starting point, with the free energy curves and estimated force-extension curves converging 

to within experimental error. 

As previously mentioned, free energy curves were calculated using only the first do

main stretching event. However, using all domains to calculate the titin 127 free energy 
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Figure 2.15 Effect of using domains beyond the first unfolded domain, (a) Free energy land

scape reconstructed using only the stretching of the first unfolded domain versus using all unfolded 

domains, (b) The trend in rupture force with respect to the order of unfolding event. 

landscape for 0.05 /xm/s yields similar results as using only the first domain, as shown in 

Fig. 2.15a. For a molecule containing 8 folded domains, the first domain has 8 times the 

probability of unfolding. Therefore, the rupture force should be lower, as observed (see 

Fig. 2.15b). Including all domains in the Jarzynski reconstruction increases the estimate of 

G(z) slightly, but still within experimental error. 
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2.3.3 Estimation of AG*, AGy-, and the protein folding prefactor k0 

The reconstructed G(z) represents the combined effect of stretching an unfolded 127 

domain and unfolding the next domain. The majority of the extension in G(z) results from 

the stretching of the unfolded domain over ~ 20 nm, while the elongation from folded to 

transition state is only 0.6 nm. Here we use the reconstructed free energy curve to estimate 

the unfolding free energy barrier AG£. The theoretical basis for obtaining the free energy 

barrier, which requires deconvolution of free energy contributions from domain unfolding 

and polymer stretching, is described in Ref. [87,88]. The description therein is in terms 

of calculating the free energy difference between the folded and unfolded states, rather 

than the free energy of activation between the folded state and the transition state. In the 

present context, the force peak value contains information about the transition state barrier 

height [77]. Let us consider a two domain system, in which domain 2 will unfold, and 

domain 1 is already unfolded. Folded domain 2 experiences the same force as the stretched 

domain 1 throughout the pulling process. Due to the nonlinear compliance of domain 2, 

most of its extension occurs at the unfolding force (see Fig. 2.16). The hydrogen bonds are 

stiff, but once elongated, will continue to lengthen until they break. 

Calculating AG* requires accurate estimation of the titin 127 force peak at equilib

rium. Using Jarzynski's equality, we have determined the equilibrium free energy land

scape G(z), and hence the equilibrium force curve F(z) = dG/dz. The force peak can be 

estimated using previously described methods (see Sec. 2.2.6); however, the shape of the 

unfolding region is not accurately determined, since it occurs over a narrow region. To sim

plify the analysis, we assumed the free energy surface from the folded state to the transition 
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(a) 

Figure 2.16 Estimation of the unfolding free energy barrier, AG*, from the reconstructed equi

librium force domain, (a) The linear approximation used to obtain AG*. The unfolding potential 

is approximated with a linear function. G2 represents the free energy of domain 2 only, (b) Shaded 

region shows the difference between the true and the approximated AG*. 

state is linear, resulting in a constant force of unfolding. This approximation is similar to 

the method widely used to obtain the unfolding rate and distance, xu, where Fxu is used as 

the reduction of barrier height even for pulling experiments not at constant force [99]. The 

equilibrium work required to move the protein from the folded to the transition state is only 

slightly less than FeqtPeakxu. A deviation from the peak force would result in a small error 

in the AG^, as illustrated in Fig. 2.16. The compliance of the polymer is modeled using 

the WLC model, while the compliance of the folded domain is highly nonlinear. However, 

the current resolution and accuracy limit what we can determine directly from the recon

structed free energy landscape. Therefore we used the literature value of xu to separate the 

two events. 

Using xu = 0.6 nm as the distance between the native and the transition state [100, 

101], we calculated the unfolding free energy barrier AG^ for pulling velocities of 0.05, 
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Figure 2.17 Equilibrium force domains for the stretching and unfolding of titin 127, estimated 

from the partial derivative of G(z) calculated using Jarzynski's equality. 

0.10, and 1.00 //m/s, to be 11.0, 11.7, and 11.4 kcal/mol, respectively. The estimated 

equilibrium force domains associated with the reconstructed G(z) in Fig. 2.13a are shown 

in Fig. 2.17. The uncertainty in the averaged AG* = 11.4 kcal/mol, calculated using 

the bootstrap method, is 0.4 kcal/mol. This result compares favorably to an estimated 

value of 10-16 kcal/mol [81,82,102]. A major source of error for AG| estimation from 

Jarzynski's equality lies with the uncertainty in xu. Using the largest estimated error of 0.07 

nm uncertainty in xu [100], the estimated uncertainty of AG* is 1.2 kcal/mol. Note that 

varying the reconstruction distance (see Fig. 2.14) and using all unfolded domains rather 

than just the first domain (see Fig. 2.15) changed AG* by less than 3% in all cases, for all 

pulling velocities. 

It is not possible to compare our estimate of AG^ to published values, since AG* has 

only been estimated using kinetic information up to this point. Chemical denaturant studies 
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gave an estimated unfolding rate constant fcj] = 6x 10-4 s_1 [102], while forced-unfolding 

experiments estimated A;° = 10-3—10-6 s"1 [33,81,84,100]. These estimates were then 

used to calculate the unfolding free energy barrier using k% = A;0e
_/3AGu. Since the prefac-

tor k0 of protein unfolding is unknown, the free energy barrier can only be estimated by this 

procedure [103,104]. However, combining our free energy determination with the kinetic 

information, we can estimate the prefactor l/k0 to be 6 /zs, which lies within the expected 

range [103,105]. Furthermore, we estimate the folding free energy barrier, AGf, from the 

equilibrium unfolding free energy determined via chemical denaturant studies [106]. Us

ing AGU = 7.5 kcal/mol, we obtained AGf = 3.9 kcal/mol, within the expected range for 

titin 127. Figure 2.18 summarizes the reconstructed free energy surface and its relation to 

pulling experiments. 

2.3.4 Considerations of using Jarzynski's equality for analysis of SM force measure

ments 

Jarzynski's equality is a powerful tool for extracting equilibrium information from 

nonequilibrium measurements. However, there are many technical details that must be 

considered when applying these procedures to single molecule manipulation data. One re

quirement for using Jarzynski's equality is that the schedule for varying the work parameter 

A must be predetermined [75], which means that constant force ramp is not an appropri

ate schedule. A constant dFs/dt requires force feedback and, since the measured force Fs 

fluctuates from one pull to another, the result is a different schedule of A for each realiza

tion. On the other hand, the constant velocity technique commonly used in AFM pulling 

of proteins is particularly suitable for such analysis because the schedule for pulling is 
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Figure 2.18 The free energy surface for stretching and unfolding titin 127. The cantilever posi

tion and the molecular extension at each stage of the free energy landscape are illustrated. The curve 

is composed of the reconstructed free energy surface up to the transition state (solid) and estimated 

free energy change [106] and distance [107] beyond the transition state (dotted). 

pre-determined and remains the same for all experiments performed at the same velocity. 

Another consideration when applying Jarzynski's equality to single molecule manipu

lation data is the convergence of G(z) with respect to experimental pulling velocity. The 

validity of jarzynski's equality depends on adequate sampling of the nonequilibrium work 

distribution for a given process. The question of how quickly the Jarzynski estimator will 

converge is directly dependent on how far from equilibrium conditions experiments are per

formed. For systems driven far from equilibrium, the number of experimental realizations 

for a given process is expected to quickly become unmanageable [108]. The velocity con-
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vergence for single molecule manipulation experiments will be examined in further detail 

in Section 3. 

2.4 Conclusions 

We have described the technical details for the automated selection and analysis of 

SM force-extension measurements using Jarzynski's equality. A set of parameters and 

criteria have been determined to filter and select single molecule unfolding events, while 

eliminating data with nonspecific interactions and artifacts resulting from pulling multiple 

molecules. Using nonequilibrium single-molecule measurements and Jarzynski's equality, 

we have reconstructed the free energy surface of both mechanical stretching and unfold

ing of the 127 domain of human cardiac titin. Since the profile is an equilibrium property, 

the reverse of the free energy surface of stretching is equivalent to that of protein folding 

from an extended state. The unfolding free energy barrier and the prefactor were deter

mined directly from experimental measurements without having to assume either a two- or 

a three- state model, which are major sources of error in the event of populated intermediate 

states. In fact, with adequate resolution and accuracy, an intermediate state should be di

rectly resolvable in the free energy curve. The topography and the roughness of the folding 

free energy landscape can also be determined. Reconstruction of free energy surfaces di

rectly from experimental data is valuable to obtain fundamental thermodynamic properties 

such as the free energy barrier of unfolding, to understand the mechanical properties of the 

molecule, and to compare with theory and simulation results [109]. With a complete char

acterization of the free energy surface of molecular processes, questions such as whether 

thermal, chemical, and mechanical unfolding probe the same process may be resolved. 
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Moreover, since the free energy surface is determined in a particular environment, how the 

free energy surface changes with environmental parameters such as temperature, solution 

ionic concentration, and acidity may now be evaluated. Quantification of the molecular re

sponse to external parameters should lead to a better understanding of molecular behavior 

in the complex cellular environment. 



Chapter 3 

Experimental Velocity Convergence Behavior of 

Jarzynski's Equality 

3.1 Introduction 

The free energy surface for a biomolecular process, such as unfolding of a protein or 

a nucleic acid, provides insight into the biological function associated with that process. 

The development of single-molecule manipulation techniques, such as the atomic force 

microscope (AFM) [110,111] and laser optical tweezers (LOT) [98,112], combined with 

the nonequilibrium work theory [76,87] offers an opportunity for experimentally mapping 

the free energy surface of such molecular processes for the first time. 

These methods, however, are usually performed out of equilibrium, and relating the 

results to meaningful molecular properties has been difficult. The recently derived Jarzyn

ski's equality [75,87], which relates nonequilibrium measurements to equilibrium free en

ergies, has shown promise for extracting equilibrium information from single-molecule ex

periments [98,111-115]. Jarzynski's equality recovers equilibrium free energies by prefer

entially weighting the rare smaller work realizations in a nonequilibrium work distribution 

via exponential averaging [108]. The equality holds for processes performed arbitrarily far 

from equilibrium. However, the farther from equilibrium a process is performed, the more 

realizations are required to ensure the dominant events of a work distribution are sampled. 

Questions remain concerning the rate of convergence of Jarzynski's equality as experi

ments are performed farther from equilibrium. Some studies found that practical applica

tions of Jarzynski's equality in simulations are limited [116,117]. On the other hand, under 
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certain conditions or when incorporating strategies for improving sampling efficiency for 

faster convergence, Jarzynski's equality may be advantageous [118-121]. The free energy 

surfaces from forced protein unfolding simulations have been shown to compare well with 

experimental results [122,123]. In these simulations, Jarzynski's equality converged fast 

enough that it was useful for relatively slow pulling velocities, comparable to those used 

in single molecule experiments. It has recently been demonstrated that it is possible to 

use Jarzynski's estimator to determine the free energy surfaces of biomolecule unfolding 

from nonequilibrium single molecule experiments [111,114,115]. In experiments practical 

restrictions such as instrument stability and the time a molecule can be stably attached to 

the cantilever tip limit the feasibility of performing an experiment infinitely slowly. As a 

result, few systems have been successfully studied using single-molecule techniques under 

equilibrium conditions, which make application of Jarzynski's equality particularly attrac

tive. 

Debate over the practicality of Jarzynski's equality in determining experimental free en

ergy landscapes stems from the large number of realizations required for single molecule 

measurements. Thus, it is important to examine the convergence behavior of the Jarzynski 

estimator as the process moves farther from equilibrium. Specifically, the number of sam

ples sufficient to determine the nonequilibrium work distribution of a particular process is 

related to the pulling velocity. Here we report studies of unfolding a single protein domain, 

via AFM, over a range of constant pulling velocities. We found that the results from Jarzyn

ski's estimator are consistent with the expectations that equilibrium free energy is indepen

dent of pulling velocity and the measurement noise does not pose a significant problem. 
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Figure 3.1 Representative force-extension curves of titin 127 domain pulled at different veloci

ties. 

Jarzynski's equality can recover equilibrium free energy efficiently in experiments where it 

would otherwise be impossible. 

3.2 Experimental Methods 

We used AFM to mechanically unfold the 127 domain of human cardiac titin. Ex

periments were performed at pulling velocities ranging from 0.02 to 5.0 /mi/s, using a 

cantilever with spring constant of 50 pN/nm. Representative force-extension curves are 

shown in Fig. 3.1. We used Jarzynski's equality to reconstruct the free energy landscape 

for the stretching and unfolding of titin 127 directly from single molecule manipulation 

experimental data. Detailed procedures are described in Chapter 2. In brief, we used the 

histogram method derived from the exact formula [87] to reconstruct the free energy curve 

G as a function of molecular end-to-end distance z. The process is repeated for each pulling 

file:///xmls
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Figure 3.2 Rupture force statistics measured at different experimental pulling velocities. His

togram of rupture forces for pulling velocities v ranging from 0.02 to 5 fim/s. Solid lines are fits to 

a Gaussian distribution. 

velocity. 

3.3 Results and Discussion 

The rupture force distributions for each pulling velocity are displayed in Fig. 3.2. The 

most probable unfolding force as a function of pulling velocity, determined using the fit 

to a Gaussian distribution, is shown in Fig. 3.3 [124]. These data can be used to fit the 

phenomenological model based on Bell's theory [77] or the high-force microscopic model 

based on Kramers theory [82,125,126] to obtain unfolding barrier height information. Here 
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Figure 3.3 The most probable rupture force as a function of v. Error bars indicate the standard 

statistical error of the most probable force as determined by fitting to a Gaussian distribution. 

we used nonequilibrium work theorem to analyze the results, and attempt to estimate the 

barrier height information to compare the results from our analysis to that from the models. 

The calculated free energy surfaces at various pulling velocities converge to within 

10%, as shown in Fig. 3.4(a). For comparison, the profiles of the average work done on 

the system, which include dissipated work, are also shown. The average work increases 

with the pulling velocity, which is evidenced by the calculated work extension profiles and 

the non-Gaussian distributions of work in Fig. 3.4(b). However, Jarzynski's equality expo

nentially weights these work distributions such that the resulting free energy surfaces are 

independent of pulling velocity, as shown in inset of Fig. 3.4(a). Unlike the phenomeno-

logical approach, our approach does not require assuming explicitly the apparent stiffness 

of the system, which includes both the spring and the molecule. This demonstrates the fea

sibility of using Jarzynski's equality to reconstruct free energy surfaces provided that the 
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Figure 3.4 Free energy landscapes reconstructed at different experimental pulling velocities, 

(a) Average work {W} (dashed lines) performed for each pulling velocity v (in //m/s) and the free 

energy G (solid lines) reconstructed from Jarzynski's equality. The inset shows G and (W) at 17 

nm as a function of v. Error bars are statistical uncertainties calculated using the bootstrap method. 

The solid line represents the mean of free energies (G) = 100 kcal/mol from all velocities. Dashed 

lines indicate 10% uncertainty in G. (b) Distributions of W at 17 nm as a function of v. Solid lines 

are smoothing spline fits to each distribution, which are non-Gaussian. 

work distribution is properly sampled. Consistency in the surfaces reconstructed from dif

ferent velocities further verifies the use of Jarzynski's equality for free energy calculations 



63 

from single molecule manipulation experiments. 

For pulling at near-equilibrium velocities, thermal fluctuations will have equal proba

bility of lowering and raising the forces, with a very narrow distribution. In other words, 

the Jarzynski equation reduces to the thermodynamic statement that "free energy equals 

reversible work" in the low velocity limit. For example, at the speed of 0.01 /rni/s, the 

Jarzynski and thermodynamic work estimates are within 10 kcal/mol for the free energy. 

Since most of the experiments were performed far from equilibrium, there was significant 

dissipation during each process. Therefore, the work done on the system will be on average 

larger than the free energy difference. This is confirmed in Fig. 3.4(a), which shows the 

higher the pulling velocity, the more work, and therefore, the higher the force is required 

to pull the molecule over the transition state. However, using Jarzynski's equality, we were 

able to recover the equilibrium information. The reconstruction procedure can be verified 

by comparing Jarzynski-derived results from results generated at low pulling velocities. In 

this limit, the free energy as a function of extension is simply the integral of the reversible 

work. Our curves obey this limit, which implies the reconstruction procedure is correct. 

To investigate the convergence of free energies G for different pulling velocities, we 

plot the estimated G as a function of number of realizations. Since the experimental data 

consist of both statistical and systematic errors such as instrument drift and uncertainty in 

cantilever spring constant, we estimated the error in averaged AG to be at least 10%. The 

estimated number of realizations required for converging to within 10% of the averaged 

final value for each velocity is shown in Fig. 3.5. For a sufficiently slow pulling velocity 

such as 0.1 //m/s, fewer than 50 realizations are required. For common pulling velocities 
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Figure 3.5 The convergence of G with respect to the number of realizations N for different 

pulling velocities v. Solid circles represents Nc, the estimated number of realizations required for 

the free energy to converge to within 10% of the averaged free energy (AG), which is represented 

by solid lines. The labels on the Y axis show the v for each curve. The JVC for 5.0 /um/s data was not 

determined because the data contain systematic error that are not included in the error bars, which 

include only statistical error. Solid curve is an empirical equation Nc = 1 + 20(e1-5v/v° — 1), where 

VQ = 1-0 fim/s. The parameters were determined by least square fit to the estimated Nc with the 

constraint TV = 1 when v —> 0. 

used in AFM experiments, e.g., 1.0 ^m/s, greater than 200 realizations are required to 

ensure proper sampling of the lower tail of each work distribution, which dominates the 

resulting values of free energy. 

We found that the number of pulling trajectories required to sample the work distribu

tion properly to obtain an accurate free energy is reasonable. In the lower pulling veloc

ity regime, the number of realizations required for velocities such as 0.02 fxm/s is small. 
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Figure 3.6 The reconstructed free energy surfaces as a function of N at v = 1.0 //m/s. 

However, they are difficult to obtain experimentally because of instrument drift, which 

introduces systematic errors that may significantly affect the Jarzynski average. The high-

velocity experiments require more trajectories, and the extra time associated with each 

realization and the computing time for integration grows rapidly with pulling velocity. In 

addition, hydrodynamic drag may affect the results at higher pulling velocities [127]. Thus 

we concluded that 0.2-1.0 //m/s is the optimal range of pulling velocity. The number of 

realizations required to obtain an accurate estimate of free energy is reasonable, and the 

systematic errors are kept at a minimum. Figure 3.6 shows the convergence of the free 

energy surface with increased sampling at a pulling velocity of 1.0 /im/s. The estimated 

profiles resemble the final surface within 100 trajectories, and converge within 10% after 

200 realizations. 
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3.4 Conclusions 

In conclusion, we study the free energy reconstruction using Jarzynski's equality under 

different pulling velocities and found that with enough realizations, the free energy sur

face does not depend on the pulling velocity. Using the unfolding of the titin 127 domain 

as a demonstration, for a typical puling velocity of 0.3 //m/s, fewer than 100 trajectories 

are required for convergence of the free energy surface. The convergence with respect to 

velocity validates the application of Jarzynski's equality for reconstructing biomolecular 

free energy landscapes. The method allows us to obtain the folding landscape in the re

gion not probed by chemical denaturant studies, i.e., from the relaxed unfolded state to the 

extended unfolded state, where the proteins are likely to be when first synthesized in vivo. 

The method is also useful for studying protein and nucleic acid folding and translocation 

as well as receptor-ligand binding free energy landscapes [48,128-130], where quantita

tive information of free energy may help us to understand the fundamentals of biological 

interactions. 



Chapter 4 

Characterizing DNA Melting Transitions Using Single 

Molecule Force Measurements 

4.1 Introduction 

There has been renewed interest in understanding the thermodynamics and kinetics 

of DNA melting due to recent advances in both single molecule experiment techniques 

[29,47,129,131] and theoretical modeling for such systems [132-134]. DNA's mechan

ical properties influence a variety of its biological functions such as how it wraps around 

histones, packs into phage heads, and interacts with proteins [29]. It is believed that many 

biological machines depend on the mechanical properties of double-stranded DNA (ds-

DNA) [131, 132]. These mechanical properties can be exploited by novel therapeutics 

whose design is guided by information extractable from single molecule force measure

ments [48,135]. Here we report experiments on repeated stretching/relaxation cycles of 

dsDNA using the atomic force microscope (AFM). An individual A-DNA molecule was 

stretched and relaxed at constant velocity. A force induced transition between B form 

DNA (B-DNA) and S form DNA (5-DNA) occurs prior to dsDNA melting by mechanical 

force [129,132]. 

4.2 Experimental Methods 

DNA molecules of A-BstE II digest (Sigma-Aldrich, St. Louis, MO), with length dis

tribution 117-8454 bp, in Tris-EDTA buffer solution (150 mM NaCl, 10 mM Tris, 1 mM 

EDTA, pH 8), was allowed to absorb on a gold substrate. A Si3N4 AFM tip (Veeco Probes, 
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Camarillo, CA), with a cantilever spring constant of 30 pN/nm and a resonance frequency 

in buffer of 2.5 kHz, was used to pick up individual DNA molecules. The spring constant 

was determined using the thermal tune method (see Sec. 1.2.1) [27,136]. After a single 

DNA molecule was attached between the tip and the substrate, repeated stretching and re

laxation cycles at 0.25 /xm/s were performed at a sampling rate of 10 kHz. The force as a 

function of time was recorded. 

4.3 Results and Discussion 

Figure 4.1 shows the force-extension curve of segment of digested, double-stranded 

A-DNA. There is a plateau at low extension and a force peak at 150 pN, followed by single-

stranded DNA (ssDNA) stretching. The plateau indicates a B to S transition, and the force 

peak is a product of dsDNA melting. The general feature is consistent with previous obser

vations [47,129], however, the detailed shapes of the transition are different. The melting 

transition was usually observed as a sloped plateau, but in our data a clear force peak was 

always present. This may be caused by a number of factors such as the pulling velocity, 

cantilever stiffness, and sample preparation. In Refs. [47,129], the slope of the second 

plateau depends on the pulling velocity, with slower pulling velocity (< 0.5 /zm/s) showing 

better denned plateaus. The cantilever spring stiffness may also play a role. The spring 

used in our experiment (30 pN/nm) is stiffer than those used in previous experiments (10 

pN/nm) [47,129], and the stiffer cantilever is supposed to track the rugged energy land

scape better [137]. Note that a few curves in Ref. [129] do show a force peak like feature. 

Other parameters, such as sample incubation time, may also affect the shape of the curve. 

It will be interesting to know exactly how the experimental parameters influence the results 
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Figure 4.1 Experimental force-extension data for the stretching of double-stranded A-DNA. 

Fitting using the extensible WLC and FJC models suggests a B to S transition followed by DNA 

melting. 

of these nonequilibrium measurements. 

As shown in Fig. 4.1, the mechanical stretching of dsDNA can be described by an 

extensible wormlike chain (WLC) model [138,139], 

<F) = k ds 1 
V ^ + F 

y/4Flp>ds ' Kds 

(4.1) 

where lPtds, lc,ds, and Kds are the persistence length, contour length, and elastic stretch 

modulus for dsDNA. For the portion of the curve before the plateau, we obtained lPtds = 50 

nm, lc,ds = 1100 nm, and Kds = 1200 pN, consistent with previous estimates of 5-DNA 

[132,135]. For the portion of the curve immediately after the plateau, we obtained lPjds = 

10 nm, lCyds = 2000 nm, and Kds — 3200 pN. These values agree with theoretical models 

for S'-DNA, where the persistence length ranges between 7-12 nm and the stretch modulus 

is higher than that of 5-DNA [140]. Following the S-DNA melting, which displays a force 

peak like feature, ssDNA stretching was approximated using the extensible freely jointed 
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Figure 4.2 Repeated stretching and relaxation of a segment of A-DNA. Significant hysteresis is 

observed between the extension and relaxation force traces. A total of 20 stretch-relax cycles were 

taken. 

chain model (see Sec. 1.2.2), 

^ )^,„(coth(!gr)__M_) ( l + £), (4.2) 
where lPtSS = lk/2, lc<sa, and Kss = kseglk are the persistence length, contour length, and 

stretch modulus for ssDNA. Fitting to our raw data results in lPtSS = 0.75 nm, lc>ss = 2000 

nm, and Kss = 2200 pN. 

Figure 4.2 displays the experimental data for both extension and relaxation portions 

of the cycle. Significant hysteresis exists between the extension and relaxation curves, 

indicating only one strand was attached to the substrate and the tip [47], thus allowing the 

other strand to melt and reanneal while still partially connected to the stretched strand. A 

total of 20 cycles were analyzed. 
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4.4 Conclusions 

Metastable 5-DNA was observed during mechanical stretching of dsDNA. Its persis

tence length and elastic stretch modulus were obtained by fitting the data to the extensible 

WLC model. Single molecule force spectroscopy will likely continue to help in providing 

a better understanding of complex biological processes like dsDNA melting. 



Chapter 5 

Single Molecule Manipulation: 

Conclusions and Outlooks 

Single molecule manipulation via the atomic force microscope is an emerging field with 

the capability to unlock a wealth of information that was previously outside the realm of 

actual experiment. The possibilities of the biological phenomenon that can be studied is 

seemingly endless. In this work, we have explored the use of single molecule manipulation 

to uncover the mechanics and energetics that underly protein folding and DNA melting. 

We have applied the nonequilibrium work theorem to interpret single molecule manipula

tion data. We have reconstructed equilibrium thermodynamic characteristics of protein un

folding from nonequilibrium experiments. We have quantified the behavior of Jarzynski's 

equality with respect to pulling velocity. We have also applied single molecule manipula

tion techniques to the study of DNA melting transitions. We observed a metastable 5-DNA 

state during the stretching of dsDNA and quantified its mechanical characteristics using 

polymer elasticity models. The observed characteristics of S-DNA are in good agreement 

with those predicted by theory. We are now moving forward to apply these techniques to 

new, interesting biomolecules, of which information about the force interactions and ther

modynamics are of interest. Examples include the influenza A virus and von Willebrand 

factor, both of which are closely associated with human diseases. Our data analysis tech

niques are easily ported to apply to any force-extension fingerprint, and promise to yield 

an abundance of information in the years to come. 
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Chapter 6 

DNA-Gold Nanoparticle Assemblies: Introduction 

6.1 DNA interactions 

Free DNA hybridization and denaturation have been studied extensively, both experi

mentally and theoretically, for many years; in fact, the fundamental thermodynamics gov

erning the majority of free DNA interactions are well understood and sufficiently explained 

by current theory [141-144]. In general, single stranded DNA combine to form a DNA dou

ble helix via Watson-Crick base pairing and nearest neighbor base stacking. These binding 

interactions, between nitrogenous bases of individual nucleotides, are facilitated through 

hydrogen bonding. Most commonly in DNA, Adenine binds to Thymine and Guanine 

pairs with Cytosine; these base pairs are said to be complementary because the structural 

conformation resulting from their pairing in a DNA double helix is typically the most ener

getically favored state [145]. These simple, but highly effective binding mechanisms result 

in sequence driven hybridization between complementary strands of DNA. 

While complementary base pairing does indeed dominate in DNA hybridization reac

tions, it is also possible to form DNA duplexes using imperfect complement sequences. 

These imperfect sequences may have some defect, often in the form of one or several mis

matched, deleted, or inserted bases, with respect to a perfectly complementary sequence. 

The study of DNA hybridization and denaturation in the presence of such defects has been 

the basis of further research into DNA interactions. To that end, it has been found that the 

introduction of such sequence-dependent disorder results in DNA duplexes with overall 

weaker bonds than their fully complementary counterparts [146-148]. 
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6.2 Colloidal phase transitions 

Similar to DNA applications, colloidal particles have enjoyed increased scientific inter

est in recent years, due in large part to a combination of the interesting physical properties 

associated with their nanoscopic size and their ability to self-assemble into rational struc

tures. These novel properties are expected to be constructive to such applications as chem

ical sensors, quantum dots, and microimaging methods [149,150]. Experimental studies 

have found that the optical and material properties of these colloidal suspensions can be al

tered in significant ways by tuning the interactions between individual particles. Likewise, 

it has also been demonstrated that tuning these forces manifests interesting phase behavior, 

the underlying mechanisms of which are still not completely understood [151,152]. As 

all such force interactions in colloidal systems are ultimately dependent on interparticle 

distance, a method for controlling that distance, like the DNA nanoparticle system, is a 

valuable experimental tool for study of colloidal properties and phase transitions. 

Harnessing the physical properties of colloidal particles at a macroscopic level also 

entails assembly of these particles into a potentially useful structure. This has previously 

been accomplished using "linker" molecules, designed with functional groups at each end 

that covalently bond with the colloid of interest [153]. While this method does indeed result 

in aggregate formation, the process is difficult to control, which is a significant drawback 

because control over the assembly process is essential to fully realizing the potential of 

these structures. 
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Figure 6.1 Building blocks for the DNA-gold nanoparticle network. Gold particles are chem

ically capped with 12-base 3' (SI) and 5' (S2) thiol-modified DNA sequences. A 24-base target, 

or linker sequence (L), that is complementary to both SI and S2, creates bonds between individual 

particles. 

6.3 DNA-gold nanoparticle assemblies 

An alternative method of aggregation, employed in this series of experiments, uses 

single-stranded DNA to modify colloidal gold particles; more specifically, the DNA is 

functionalized with alkanethiol groups to provide covalent bonding between the nanopar-

ticles and modified DNA strands. The gold nanoparticles are aggregated by introducing 

a linker, or target, DNA sequence that is complementary to both of the thiol-modified se

quences that have been attached to the particles. This method, illustrated in Fig. 6.1, results 

in network assembly that is controllable by many parameters, including nanoparticle size, 

DNA sequence and length, interparticle distance, and electrolyte concentration [154—156]. 

Since networks are held together by the relatively weak hydrogen bonding between 

complementary strands of DNA, the aggregation process is fully reversible via melting of 
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double-stranded DNA by heating. Unlike the melting of free DNA duplexes, which do not 

exhibit clear phase behavior, the DNA-nanogold aggregates formed here approach a bulk 

phase, which causes the network to undergo a phase transition. Due to the cooperative 

nature of the aggregate melting process, the transition between micrometer sized clusters 

and dispersed nanoparticle probes is characteristically much sharper than the transition 

observed for the melting of free DNA in solution, indicating that melting of the aggregate 

is not simply a DNA denaturation process. 

6.4 Types of disorder in DNA-gold nanoparticle assemblies 

There have been numerous theoretical studies and molecular simulations to describe 

the behavior of DNA-linked colloidal particles [157-159]. In one such study the phase 

behavior of this system is simulated using a three dimensional lattice model that takes into 

account the temperature dependent binding free energy of double stranded DNA [159]. In 

this framework the DNA-gold nanoparticle system represents a method for controlling the 

distance between every pair of particles, and thus creating an ordered network capable of 

theoretical explanation. By removing the possibility for sequence dependent disorder the 

DNA target sequence essentially becomes a spacer molecule, ensuring that each particle is 

separated by an equal and well defined distance. This system, as opposed to a system with 

sequence dependent disorder, is far more suitable for the experimental study of colloidal 

phase transitions in the DNA-nanogold network. 

While these phase transitions are currently of great interest, the underlying mecha

nisms governing the system as a whole are still not fully understood. In these experiments, 

non-sequence dependent disorder (in the sense that this disorder does not depend on hy-
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bridization to imperfect complements) is introduced in order to observe the effects on the 

biologically linked colloidal system as a whole. The two experiments described herein 

utilize the DNA-linked gold nanoparticle system to conduct an in depth study of DNA in

teractions on surfaces and the effect of varying types of disorder on the characteristically 

sharp phase transition of this system. The former has applicability to the problem of non 

specific binding in DNA arrays, and the latter provides interesting insights into the phase 

behavior of biologically based colloidal systems in the presence of specific types of disor

der. 



Chapter 7 

Disorder in DNA-Gold Nanoparticle Assemblies 

7.1 Introduction 

DNA-linked nanoparticle assemblies are a novel system in which gold nanoparticles 

are chemically affixed to known DNA sequences to create DNA "probes" with the capa

bility to self-assemble into aggregates [160-164]. The interaction potential between these 

colloids are tunable and controllable, which makes these multicomponent complex fluids 

particularly suitable for studying the link between the interaction potential and phase be

havior [165,166]. Similar colloidal phase transitions have also been used to detect the 

protein interactions at membrane surfaces [167]. On the other hand, the dynamics of DNA 

melting and hybridization in DNA replication and transcription is also a subject of intense 

investigation [168,169]. 

The change in optical property upon aggregation makes DNA-linked nanoparticle sys

tems a potential tool in future DNA detection technology [170,171]. DNA detection is 

important in medical research for applications such as detection of genetic diseases, RNA 

profiling, and biodefense [172-176]. The DNA-linked nanoparticle detection systems uti

lize the sequence-dependent hybridization of DNA for accuracy and the optical properties 

of colloidal gold for sensitivity to create a DNA detection method that changes color upon 

the introduction of a specific DNA sequence. Study of these DNA-gold nanoparticle as

semblies is warranted to gain a fundamental understanding of DNA hybridization in con

fined geometries, as well as to probe the potential of this and similar systems for practical 

applications in biotechnology [177,178]. 
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Much like other colloidal suspensions [179-181], the DNA-gold nanoparticle system 

has been shown to exhibit interesting phase behavior. The assembly melting tempera

ture is dependent upon parameters such as particle size, DNA composition, and elec

trolyte concentrations [160, 161]. Recent theory has sought to explain these observa

tions [158,165,182]. More study is necessary to fully understand the underlying mech

anisms affecting the phase behavior of this system. 

Here we report experimental observations of the effects of disorder on the melting tem

perature of the DNA-linked nanoparticle assemblies [161,162]. The basic building block 

is illustrated in Fig. 7.1. Disorder in the DNA duplex length was introduced by choosing 

linker DNA with an odd number of bases. We studied the melting temperature as a function 

of DNA linker length. The melting temperature accesses the stability of systems. 

7.2 Experimental Methods 

DNA-capped gold nanoparticles were synthesized and analyzed using methods de

scribed in Refs. [161,183]. Briefly, two noncomplementary, single-stranded DNA were 

functionalized with alkanethiol groups at their ends, to be used as probes. Probe DNA 

were purified by HPLC (Invitrogen) and prepared in 0.3 M NaCl, 0.01 M phosphate buffer 

(pH 7). DNA-nanoparticle probes are synthesized by saturating the surface of colloidal 

gold particles (Sigma), 10 or 20 nm in diameter, with functionalized probe DNA. Salt was 

filtered using NAP-5 or NAP-10 columns, to prevent the colloidal gold particles from ir

reversible aggregation. 24 hours after mixing the gold nanoparticles and DNA probes, the 

solution was centrifuged at 13,200 rpm to remove excess DNA. Approximately 8 jA of 

linker DNA solution (7 x 10~6 M in 0.3 M NaCl, 0.01 M PBS (pH 7)) was added to 400 /xl 
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Figure 7.1 Basic building block of DNA-linked gold nanoparticle aggregates. There are no 

bonds between the 2 G bases in the probe DNA. Linker DNA sequences used are the following: (a) 

sequences of varying length and (b) sequences with the same length, but different base distribution. 

All linkers are named such that the number of bases from the 5' end to the middle of the sequence 

are listed first, followed by the number of bases from the 3' end to the middle. 

of mixed probe solution (4 x 1017 particles/1) and allowed to aggregate for several days at 4 

° C. The concentration was chosen such that the Tm is independent of linker concentration. 

Simple DNA sequences with uniform base composition were chosen in order to remove 

complications resulting from sequence-dependent effects. The probe sequences used in 

these experiments consisted of 11 identical bases in a row and one "discriminator" base at 
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the terminus that is not thiol modified (see Fig. 7.1). In this system, when gold-attached 

DNA probes aligned to bind with a specific linker sequence, the two "G" bases at the end 

of each probe met in the middle. These bases served to ensure that every linker sequence 

hybridized by aligning with the two G bases in the center. Hybridizing any other way 

will result in at least two base pair mismatches, which is much less stable than a fully 

complementary bond and, therefore, will not be present in any significant amount in our 

aggregates. 

We chose linker DNA sequences to observe the effect of linker length on the DNA-gold 

nanoparticle system. Gold-attached DNA clusters were prepared using linkers that ranged 

from 24 to 16 bases in length. The linker concentration was adjusted to be oversaturated so 

the melting temperature does not depend on linker concentration [165,184].Typical 10 nm 

gold and DNA linker concentrations were ~ 4 x 1017 particles/1 and 7 x 10~6 M, respec

tively. Melting curves of corresponding DNA free of gold nanoparticles were measured for 

comparison [161,162]. Melting of the system is observed at 260 nm, heating the solution 

at a rate of 1 °C/min. 

7.3 Results and Discussion 

Experimental melting curves detailing the typical melting behavior of DNA-linked 

nanoparticle networks, in which linkers of varying length were used, are given in Fig. 7.2. 

From the data it is evident that the melting of these aggregates produce a sharp melting tran

sition. More interestingly, we noticed that linker sequences with 21 and 23 bases melted at 

lower temperatures than linkers with 20 and 22 bases, respectively, as shown in Fig. 7.3a. 

To identify the cause of this anomaly in Tm, we compared the thermodynamic param-
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Figure 7.2 Melting curves at 260nm for gold-attached DNA assemblies formed using linkers 

with between 16 and 24 bases. 

eters of corresponding DNA that are not attached to gold nanoparticles. The experimental 

results of using free DNA counterparts in similar experimental conditions are shown in 

Fig. 7.3a. The melting temperature of a free DNA duplex increases as the number of base 

pairs increases and does not display this anomaly. In contrast, the melting temperature of 

gold-attached DNA duplexes oscillates. Tm increases with linker length when a linker has 

an even number of bases and decreases when it has an odd number. This behavior is also 

observed on a system with a different particle size, as demonstrated in Fig. 7.3, where the 

Tm data for aggregates formed using 20 nm gold particles have a similar trend. 

The melting temperatures of free DNA duplexes were predicted using experimental 

thermodynamic parameters. The thermodynamic relationship describing the free energy of 

a system is given by 

AG0 = AH0-T AS0. (7.1) 
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Figure 7.3 Trend in melting temperature with respect to linker sequence length, (a) Melting 

temperature as a function of linker sequence length for free, unattached DNA, and 10 and 20 nm 

gold-attached DNA. Solid line represents predicted values using empirically determined thermody

namic parameters, (b) Change in melting temperature as linker sequence length increases. Values 

and error bars (one standard error) for 10 nm gold-attached DNA data are taken from four separate 

experiments. 

The melting temperature of a DNA duplex is defined as the midpoint between aggregated 

and dispersed phases in the absorption curves [185]. At that temperature the concentration 

of single-stranded DNA is equal to that of double-stranded DNA. A widely used equation 

to calculate Tm, taking into account influence from nearest neighbor interactions and salt 
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concentration, gives the melting temperature of a duplex as [186,187], 

Tm= ^ ^ r +16.61og10([Na+]). (7.2) 

The change in enthalpy, AH0, and the change in entropy, AS0, for a given DNA duplex 

were calculated by using nearest neighbor parameters [186,187]. The free energy change, 

AG0, was estimated using Eq. (7.1). A sample calculation for a DNA duplex formed using 

two 12 base probes and 16 base linker DNA is illustrated below. 

-8.0 -8.0 -8.0 -8.8 -6.6 -8.0 -8.0 -8.0 

s'-AAAAA-A-A^A-A-A-A^G G-A-AiA-AiA-A^AAAAA-s' 
• • • • • • • • • • • • • • • • 

5 ' - T - T T T - T Y T - T T T - C T C - T T T - T T T - T T T - T - 3 ' 
-8.0 -8.0 -8.0 -5.45 -8.0 -8.0 -8.0 

5' : AH0 - 6(-8.0) + l ( -8 .8) + l ( -5.45) = -62.25 (kcal/mol) 

3' : AH° = 6(-8.0) + l ( -6 .6) + l(-5.45) = -60.05 (kcal/mol) 

Since the sugar-phosphate backbone of the two probe DNAs are not connected (see Fig. 7. la), 

the DNA double helix melts more like two duplexes. Therefore, a duplex formed using two 

12 base probes and a 16 base linker melts at a temperature similar to that of a DNA double 

helix with eight base pairs. The calculated thermodynamic values are given in Table 7.1. 

Figure 7.3a shows that the experimentally observed free DNA melting temperatures are de

scribed well by Eq. (7.2), with a deviation apparent as the DNA duplex length approaches 

12 bases; it is known that Eq. (7.2) is accurate up to 12 bases and becomes less accurate for 

longer sequences [186]. In the DNA-linked nanoparticles, however, Tm does not increase 

monotonically with linker DNA length. Specifically, the Tm of 21 and 23 base linkers were 

found to be lower than that of 20 and 22 base linkers, respectively. 

The Tm and associated error bars for DNA linked to 10 nm nanoparticles were deter

mined from the averages and standard deviations from four separate data sets. The error 
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Table 7.1 Predicted thermodynamic parameters for unattached DNA duplexes. 

Linker3 

16 

18 

19 

20 

21 

22 

23 

24 

Duplex*5 

8 

8 

9 

9 

9 

10 

10 

10 

10 

11 

11 

11 

11 

12 

12 

12 

AH0 

/kcahc 

60.05 

62.25 

68.05 

70.25 

68.05 

78.25 

76.05 

78.25 

76.05 

86.25 

84.05 

86.25 

84.05 

94.25 

92.05 

94.25 

AS0 

, cal >c 
'•mol-K-' 

162.0 

169.1 

183.9 

191.0 

183.9 

212.9 

205.8 

212.9 

205.8 

234.8 

227.7 

234.8 

227.7 

256.7 

249.6 

256.7 

AG0 

,-kcahd 

11.75 

11.83 

13.22 

13.30 

13.22 

14.77 

14.69 

14.77 

14.69 

16.24 

16.16 

16.24 

16.16 

17.71 

17.63 

17.71 

[DNA] 

(10"6M)e 

7.83 

6.64 

6.61 

6.65 

6.73 

6.57 

6.40 

6.37 

T f 

-*• m 

23.9 

29.6 

32.1 

34.6 

36.8 

38.8 

40.5 

42.3 

a Each linker forms two duplexes. Linkers with an even number of bases form equal length duplexes; odd 

numbered linkers form duplexes differing in length by one base pair. 

" The upper row of each linker indicates length of duplex formed by starting at the 3' terminus and ending in 

the middle; the lower row represents duplex starting from the middle to the 5' terminus. 
c Calculated using experimentally determined parameters from [186]. 
d Calculated using Eq. (7.1). 
e Determined using optical density of duplex DNA. 
r — 
1 Tm is the average of the two temperatures (from the upper and lower rows) calculated using Eq. (7.2) with 
0.3 M NaCl. 

bars are likely an overestimate of error in Tm trend because systematic error leads to a con

stant shift of Tm with each data set. Parameters such as salt concentration, grafting density, 

and linker concentration that will affect the Tm are kept constant within each data set by 

using the probe sample from the same batch of solution and keeping the linker concentra

tion constant. To compare data within a given set, where systematic errors are minimized, 
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we plot the change in melting temperature, ATm = Tm(x) — Tm(x — 1), versus number of 

bases in the linker sequence, x. Figure 7.3b demonstrates that linker lengths of 19, 21, and 

23 are lower than expected, and this is true for both 10 and 20 nm nanoparticle systems. We 

found that the Tm decreased when increasing linker length from from 20 to 21 and from 22 

to 23 bases. While an increase from 18 to 19 bases does not result in a negative ATm, the 

ATm is near zero and significantly smaller than the predictions for free DNA. 

This anomaly in Tm is unique in the DNA-linked nanoparticle system, and it does not 

result from the DNA duplex formation free energy, as illustrated in Fig. 7.3. Careful exam

ination of the linker compositions reveals that, for linkers with an even number of bases, 

the DNA duplexes formed are composed of a uniform DNA length while those with an odd 

number of bases form duplexes composed of two different DNA lengths. For example, a 

21 base linker results in a connection composed of one 11 base and one 10 base duplex 

(11-10), whereas a 20 base linker results in a (10-10). While an 11 base duplex is more 

stable than a 10 base duplex, an assembly with the disorder introduced by the 11-10 duplex 

results in a lowering of the overall stability, hence the melting temperature, of the system. 

To verify that introducing a different DNA duplex length, which introduces binding 

energy disorder, is responsible for lowering the melting temperature, we tested linkers of 

the same length with different sequences, as shown in Fig. 7.1b. We compared three 20 

base linkers, (10-10), (11-9), and (12-8). We found that Tm(10-10)> Tm(ll-9)> Tm(12-8). 

Typical melting curves for these experiments are given in Fig. 7.4a. Similar results are 

demonstrated for 22 base linkers, Tm(ll-l l)> Tm(12-10). This leads to a conclusion that, 

in DNA-linked nanoparticle assemblies, duplexes with different lengths introduces binding 
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Figure 7.4 Effect of linker sequences with the same length but different base distribution, (a) 

Melting curves at 260 nm for aggregates formed using linkers with an equal number of bases, but a 

different distribution of bases among the probe duplexes, (b) Melting temperature as a function of 

the shortest DNA duplex created using linkers of specific length and base distribution. 

energy disorder and, therefore, lower the stability of the system. Since the energetics of 

corresponding free DNA duplexes do not result in such an unusual Tm trend, we believe 

such an effect is largely a result of entropic cooperativity [165,184]. 

The effect of having two DNA duplexes of different length on the stability of DNA-

linked nanoparticle assemblies is illustrated in Fig. 7.4b. The stability is not simply domi-
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nated by the shorter duplex, as demonstrated in Fig. 7.4b, where Tm is plotted as a function 

of the shorter duplex length. In the case of a DNA linker composed of one 10 base duplex, 

Tm(12-10)< Tm(ll-10)< Tm(10-10). This suggests that the larger the length difference is 

between the two duplexes, the less stable the aggregate will become. However, a decrease 

in binding energy per base has a larger percentage effect on shorter DNAs, so the unusual 

trend in Tm for nine base and shorter duplexes can been seen only quantitatively. 

7.4 Conclusions 

In summary, we found that disorder has a strong effect on the stability in the DNA-

linked nanoparticle assemblies. We have demonstrated that using linker DNA that results 

in the presence of two duplexes of different length and energy in such a system lowers the 

overall stability of network formed. The interaction energy is easily tunable by changing 

the DNA composition, which makes this system particularly suitable for studying various 

aspects of colloidal phase transitions. 



Chapter 8 

Defects in DNA-Gold Nanoparticle Assemblies 

8.1 Introduction 

DNA-capped nanoparticle solutions, which self-assemble to form disordered aggre

gates, have been shown to exhibit interesting phase behavior [158,160,161,163,165,183]. 

In these systems, the cluster networks are held together by non-covalent interactions, there

fore, the aggregation process is reversible. Unlike free DNA duplexes, which show a broad 

transition from double- to single-stranded DNA, the DNA-nanoparticle assemblies formed 

here exhibit a sharp transition from aggregated to dispersed phase [161-163,165], indicat

ing that melting of the assembly is not simply a DNA duplex melting process. In addition, 

these surface-bound DNA exhibit unusual phase behavior that deviates from that of the free 

DNA. 

Due to the color change induced by aggregation, DNA-nanoparticle assemblies have 

been proposed for use in DNA detection in medical research, diagnosis of genetic disease, 

and biodefense [172,174-176], as well as an alternative technology to DNA microarrays 

(genechips) [188] and single-molecule sequencing [189]. This nanoparticle technology re

lies on differentiation in DNA hybridization efficiency. In this system, single strands of 

DNA are functionalized with an alkanethiol group to bind with gold nanoparticles. In

troducing a specific linker DNA results in aggregation and a visible color change. The 

aggregation and melting of these assemblies are influenced by many parameters, including 

nanoparticle size [161], DNA sequence [162,183] and length [160,163,170], interparticle 

distance [162,170], and electrolyte concentration [160]. 

89 
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Furthermore, self-assembly of DNA-capped gold nanoparticles has potential to be used 

for detecting single-base defects [170,171]. These experiments showed that certain single-

base defects, such as a one base mismatch or deletion, result in DNA-nanoparticle assem

blies with lower melting temperatures (Tm) than assemblies formed using a fully comple

mentary linker. Thus, by heating DNA-nanoparticle aggregates formed with various linkers 

to just below the Tm of their fully complementary counterpart, it is possible to differentiate 

solutions containing a complementary linker (target) from those with a single-base mis

match. Theory also suggests that it is possible to detect multiple targets in one solution by 

examining the phase behavior of the system [158,165,190]. These technologies assume 

that introducing defects results in assemblies with lower Tm than their fully complementary 

counterparts [191,192]. While this assumption holds true for free DNA, it is not directly 

applicable to surface-bound DNA. An anomaly in Tm trend has been observed in the DNA-

nanoparticle system [183], which indicates that the details of DNA base pairing play an 

important role in the phase behavior of these nanoparticle systems. Therefore, it is crucial 

to understand exactly how the microscopic binding behavior of DNA sequences is mapped 

onto the macroscopic phase behavior of DNA-nanoparticle solutions for proper quantifica

tion of data. Here we report experimental observations of unusual phase behavior in the 

DNA-nanoparticle system. Sequence-dependent defects, such as base-pair mismatches and 

deletions, were introduced, and Tm trend of the assemblies different from that of the free 

DNA has been frequently observed. 
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8.2 Experimental Methods 

DNA gold nanoparticle probes were synthesized using methods described in Chap. 7 

[161,183]. DNA-gold aggregates were formed by mixing probe DNA particles with linker 

DNA [161-163]. Upon the addition of linker DNA, the solutions were allowed to stand 

at 4°C for several days in order to achieve maximum network aggregation. Nanoparti

cle assemblies were formed using linkers with either perfectly matched sequences or with 

various defects such as mismatches and deletions. The base pairs found in the usual double-

stranded DNA are the Watson-Crick base pairs (A-T and CG), because their geometry al

lows any sequence of base pairs to fit into a nucleic acid sequence without distortion [193]. 

Defects in the current study include i) mismatched base pairs, and ii) deletions, on or near 

the surface, or near the mid-point between two particles (see Fig. 8.1). Melting of cor

responding sequences of free DNA, which are not attached to gold nanoparticles, were 

measured for comparison. Melting of DNA-nanoparticle aggregates is observed using op

tical absorption spectroscopy at 260 nm while solutions are heated at a constant rate of 1 

°C/min. 

8.3 Results and Discussion 

Representative melting curves for nanoparticle assemblies using linkers with specific 

defects are shown in Fig. 8.2a. Melting curves for corresponding free DNA duplexes are 

given by Fig. 8.2b. We found that, unlike the effect of defects on the free DNA, where 

mismatches and deletions always lower the Tm, some defects increase Tm in the DNA-

nanoparticle assemblies. For example, an A-A mismatch on the surface has a Tm of 36.1 °C, 

which is higher then the perfectly complementary Tm of 35.2 °C, while the corresponding 



92 
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| D ^ B / \ | A ] T G C T C A A C T C T | T A G G A C T T A C G C / \ / I | ^ B 
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^ ^ ^ [JACGAGTTGAGAATCCTGAATGC[J ^ ^ ^ 

ij^^'\/ATGCTCAACTCT|TAGGACTTACGfcKl|j^^ 1 C-T Mismatch 

^ ^ ^ TACGAGTTGAGAATCCTGAATGC|TJ ^ ^ ^ 

#/VA[T|G CTCAACTCT|TAGGACTTAC G I ^ N ( | ^ B 
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^ ^ ^ 2 C-T Mismatches 

T|CjC G A G T T G A G A A T C C T G A A T G C|Tj 

^ ^ ^ 1 C-T Mismatch 

ATCCTGAATGCG TACGAGTTGAG 

Figure 8.1 Probe sequences and linker DNA sequences with various base-pairing defects. 

Boxed areas indicate base-pairing defects. 

mismatch in a free DNA lowers Tm from 55.0 °C to 54.3 °C (see Table 8.1). 

The unusual trend in Tm may be explained by a crowding effect on the particle surfaces. 

Replacing a paired base with a mismatched base allows flexibility in the dangling base 

("A" in this case) to adjust its position and form non-specific binding with the particle 

surface, which increases the Tm of the system, as observed. In fact, Coulomb blockage is 

responsible for much of the deviation in DNA hybridization thermodynamics on surfaces 

[194]. To further investigate this effect, we obtained Tm of a system with a "T" base deleted 

from the linker sequence while keeping the interparticle distance constant (see Fig. 8.1). 

We found that such a deletion results in a Tm change of 0.7 °C in the nanoparticle system 
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No Defect 
o—o 1 AA (s) 
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Figure 8.2 Melting curves at 260 nm for (a) DNA-nanoparticle assemblies and (b) free, 

unattached DNA duplexes, formed using linkers with defects of various composition, number, and 

location. The "s" and "m" denote location of the defect on the surface and middle of the linker, 

respectively. 

versus —0.6 °C for free DNA, which is consistent with our explanation that deletion of a 

DNA base at the end (surface) reduces electrostatic repulsion and, therefore, increases the 

T 

To examine if these effects are base-dependent, we measured the Tm of a system with 

one C-T mismatch on the surface. Our results showed that such a defect lowers the Tr 
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Table 8.1 Melting temperatures of DNA-nanoparticle assemblies and corresponding free DNA 

duplexes with various base-pairing defects. 
Tm (°C) ATm (°C)a 

Defect Type 

No Defect 

1 A-A (se) 

2 A A 

1 A A (mf) 

1 Deletion (s) 

2 Deletion (s) 

1 C-T (s) 

2 C-T 

1 C-T (m) 

Free5 

55.0 

54.3 

52.1 

49.9 

54.4 

51.2 

53.3 

44.4 

38.9 

Bound0 

35.2 

36.1 

34.7 

28.3 

35.9 

36.4 

33.3 

25.1 

7.4 

Free" 

-

-0.7 

-2 .9 

-5.1 

-0 .6 

-3 .8 

-1.7 

-10.6 

-16.1 

Bound0 

-

0.9 

-0.5 

-6.9 

0.7 

1.2 

-1 .9 

-10.1 

-27.8 

Deviation" 

-

1.6 

2.4 

-1.8 

1.3 

5.0 

-0 .2 

0.5 

-11.7 

aChange in melting temperature of DNA duplex with defect compared to corresponding perfectly matched 

DNA sequence, ATm = Tm(defect)-Tm(no defect). 
bFree DNA. 
cParticle-bound DNA aggregates. 

"Deviation in ATm of particle-bound DNA versus free DNA. 

indicating defects located on surface. 

* Indicating defects located near midpoint between two particles. 

(—1.9 °C) relative to perfectly complementary particle assemblies, which is similar to the 

effect observed in free DNA (—1.7 °C). This base-dependence effect (difference between 

A-A and C-T) may be understood in terms of recent experimental results of the binding 

energy of single DNA bases on gold surfaces [195, 196]. It was discovered that DNA 

bases interact with gold surfaces with increasing strength as T < C < A < G, with the T 

base interacting much more weakly than the others. Thus for an A-A mismatch near the 

particle surface, the non-specific binding between the mismatched A base and the surface is 

stronger than that between the T base of the complementary A-T base pair and the surface. 

On the other hand, the energy contribution from the binding of a mismatched T base to 
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the particle surface is known to be much weaker, and thus does not create more efficient 

hybridization compared with a complementary linker. In addition, the energy loss of a 

disruption of a CG pair is more than that of an A-T pair. Hence, a C G mismatch will 

likely result in an overall decreased Tm. It is also possible that, due to the nonspecific 

binding of the end base to the particle surface, the DNA bases near the surface are partially 

denatured and do not form base pairs even when the bases are complementary. This may 

explain the small increase in Tm when replacing a complementary base at the surface with 

a mismatched base. 

Sequence dependence effects can also be seen in systems with single base deletions. 

This is evidenced by comparing the effects of deleting a T base from the sequence used here 

with those seen when deleting a T base from a much different sequence. It has previously 

been observed that a T base deletion may lead to a lowering of Tm [183]. In this study, 

however, a deletion of a T base results in higher Tm. One difference is that the dangling 

base after the first deletion is an A versus a T [183]. As mentioned above, the A base binds 

to the particle surface much more strongly than the T base, which may contribute to the Tm 

increase in the sequence used here. 

The Tm for free DNA and DNA-nanoparticle assemblies for all defects are shown in 

Fig. 8.3. Tm for free DNA were calculated with methods detailed in Ref. [183], using ther

modynamic parameters for base pairs that incorporate nearest neighbor interactions (see 

Eq. (7.2)) [197-200]. Figure 8.3 shows that the experimentally observed free DNA is well 

described by these parameters. The Tm and errors given for the DNA-nanoparticles system 

are calculated averages and one standard errors from repeated experiments. Comparing 
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Figure 8.3 Effect of various base-pairing defects on the melting temperature of DNA-gold 

nanoparticle assemblies. Melting temperatures for free, unattached DNA and surface-bound DNA 

are shown. Data were taken for 10 nm DNA-nanoparticle probes and averaged over three sepa

rate experiments. The error bars indicate one standard error. Calculated data represents predicted 

Tm values using empirically determined nearest neighbor thermodynamic parameters for DNA hy

bridization from Refs. [197-200]. 

trends in Tm, it is clear that while Tm decreases with defect for the free DNA system, it 

increases for specific defects in the DNA-nanoparticle system. 

To test if more than one mismatched or deleted base would contribute to the detection 

signal, we prepared systems with two A A or C T mismatched bases, or two deleted bases 

(see Fig. 8.1). The particle system formed aggregates in the presence of these defects. 

Again we found that Tm may be higher or lower relative to the complementary system, 

depending on the specific defect, and that changes in Tm are not always predictable from 
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the free DNA system (see Fig. 8.3). Among all defect types studied, the system with two 

deletions on the surfaces has the highest Tm, as well as the largest deviation in Tm from its 

free DNA counterpart. While two mismatched A-A bases near the particle surfaces create 

a system with lower Tm compared to the complementary one (—0.5 °C), the deviation 

from its free DNA counterpart is significant (2.4 °C). This observation indicates that even 

two base defects may contribute significantly to the signal, which should be taken into 

account for quantitative analysis of RNA or DNA profiling. The physical explanation for 

this finding is similar to that of the one-base defect, with the magnitude relying on the 

detailed composition of the bases involved in the process. 

Mismatches at or near the midpoint of the DNA connection, however, produce very 

different effects from those near the surface. We found that an A-A or a C-T mismatch in 

the middle of a linker lowers the Tm for both free and bound DNA. Since both the free 

and surface-bound DNA have the same terminal effect, the stronger effect of bound-DNA 

indicates that the effect is amplified in this system. For example, a C-T mismatch in the 

middle significantly lowers the Tm for both free and particle-bound DNA, with the bound 

DNA taking several days to form detectable aggregates at 4 °C (see Fig. 8.3). Part of the 

effect can be attributed to the fact that the mismatched base does not result in non-specific 

binding to the particle surface due to its location, and thus the only effect is the weakening 

of the DNA duplex due to the defect. However, the change in Tm cannot be explained 

simply by the fact that there is no surface compensation of the binding energy, since the 

second mismatches we introduced in the two mismatch systems have defects near but not 

on the surface. The second A-A mismatch is located at the forth base and the second C-T 
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mismatch is located at the second base from the surface. These defects do not result in a Tm 

trend similar to those with mismatches in the middle. The stronger than expected effect of 

the CT base-pair mismatch in the middle implies a strong cooperative effect of the particle 

system that may stem from the same origin as the asymmetric bond length disorder of the 

system [183]. We believe that the location of the defect, which influences the local binding 

energy distribution, has an impact on the overall stability of the aggregates. 

Similar to our observations for DNA-nanoparticle assemblies, discrepancy in Tm trends 

between free and surface-bound DNA has also been observed in DNA microarrays. DNA 

microarrays exploit sequence dependent DNA hybridization in order to quantitatively de

termine the level of gene expression in a sample. In some DNA microarrays, for every 

DNA probe that is used, a sequence differing by a single base mismatch is also included in 

order to determine the amount of non-specific binding that has occurred [188]. However, 

experimental use of these microarrays has uncovered that, in many instances, mismatched 

probes result in more efficient hybridization than fully complementary probes [201,202]. 

Our results indicate that when differentiating between a perfectly complementary linker 

and those with single- or double-base mismatches, careful characterization of the behavior 

of the particle system is required for quantitative analysis of the results. 

The fact that Tm may be higher or lower then the fully complementary counterpart when 

there is a base-pairing defect in the DNA sequences implies that, while DNA-nanoparticle 

assemblies can distinguish fully complementary linkers from sequences with defects, quan

tification of single-base mismatches or deletions may not be generalized without detailed 

characterization of each specific defect. This unusual phase behavior cannot be predicted 



99 

by DNA hybridization energy alone, because surface and cooperative effects influence Tm 

as well. Both the type and the location of defects play an important role in the macroscopic 

behavior of the system. Once fully characterized, the results may be used to increase de

tection sensitivity by choosing DNA sequences with defects known to increase Tm. 

8.4 Conclusions 

In conclusion, our results demonstrate that the phase behavior of DNA-nanoparticle 

solutions is sensitive to defects in DNA base-paring. This has implications for the design 

of new DNA detection technology, to include DNA-nanoparticle assemblies and DNA mi-

croarrays. DNA-nanoparticle assemblies remain a promising DNA detection technology 

as well as a system with easily controllable parameters for studying the behaviors of com

plex fluids. The complexity of the system should allow us to probe interesting physics and 

chemistry that is not otherwise present in a less controlled system such as a gel. The system 

also provides an opportunity for investigating how a local, microscopic perturbation affects 

the macroscopic properties of the system. 



Chapter 9 

DNA-Gold Nanoparticle Assemblies: Conclusions 

Due to its unique recognition capabilities, physicochemical stability, mechanical rigid

ity, and high precision processibility, DNA is a promising material for biomolecular nan-

otechnology. The study of DNA-based nanostructures is, hence, an attractive topic. DNA-

gold nanoparticle assemblies are a model system of such DNA-based nanostructures. The 

melting transition of DNA-gold nanoparticle assemblies differs from that of free DNA. The 

phase transitions are influenced by many parameters, such as nanoparticle size, DNA se

quence, density, length, interparticle distance, and electrolyte concentration. The change in 

optical property due to self-assembly of DNA-linked nanoparticles demonstrates that the 

system has potential to be used as a novel technology for DNA detection. In addition, the 

DNA-gold nanoparticle network is a system with experimentally tunable parameters that 

can be used to study the properties of complex fluids. The organization and structure of the 

system will allow us to explore compelling science that is not found in other less ordered 

systems like a gel. Understanding of the phase behavior of such a novel nanoparticle sys

tem may lead to the development of improved sensitivity and accuracy in DNA detection 

that can take advantage of the unique behavior of DNA-gold nanoparticle assemblies. 

The work described here has examined a small, but interesting, subset of DNA-god 

nanoparticle interactions. We have observed unexpected behavior in these complex fluids, 

brought about by introducing specific types of disorder into the system. We discovered that 

a lack of symmetry within the individual building blocks of these networks can surpris-

100 
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ingly result in an overall weaker complex, despite the energy contribution that is gained 

from added base pairing. We also observed that introducing base-pairing defects into the 

system can, on occasion, result in an overall increased stability of the system. DNA sur

face interactions account for much of this phenomenon. These observations are not only of 

general physical interest in the study of colloidal systems, but have direct consequence for 

DNA detection systems. 
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