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Abstract

Hybrids of biomolecules and nanomaterials have been identified as promising
candidates in the development of novel therapeutics and electronic devices. Single
stranded DNA (ssDNA)-bound Single-walled carbon nanotubes (SWCNTSs) are of
particular interest as they may be the key to solving the challenges that face the carbon
nanotube separation technology and because of their potential application in bio-
nanomedicine. The ability of sSDNA to form a stable hybrid with CNTs has been
attributed to the structure and amphiphilic nature of this macromolecule, enabling the
dispersion, sorting and patterned placement of nanotubes. Considering the significant
role of sSSDNA-CNTSs in future technologies and the potential toxicity of such
nanomaterials in biological systems, it is essential to gain a quantitative and fundamental
understanding on the interactions that allow, weaken or prevent the formation of these
hybrids. In this dissertation, we use both experimental and theoretical methods to

systematically investigate the major characteristics of these interactions.

The free energy of binding of ssDNA homopolymers to solvated carbon
nanotubes is one of the key characteristics that determine the stability of such dispersions.
We used single molecule force spectroscopy (SMFS), first on graphite and next on single
walled carbon nanotubes, to probe and directly quantify the binding strength of sSDNA
homopolymer oligomers to these substrates. The force resisting removal of DNA
molecules from these surfaces shows characteristic steady-state force plateaus which
were distinguishable for each DNA sequence. The free energy of binding per nucleotide

for these oligomers on graphite were ranked as T>A>G>C (11.3+0.8 kgT,9.9+0.4



kgT, 8.3+ 0.2 kgT, and 7.5 £ 0.8 kgT, respectively). On SWCNTSs, these interactions
decreased in the following order: A > G > T > C, and their magnitude was much larger

than on graphite (38.1 £ 0.2; 33.9 £ 0.1; 23.3 £ 0.1; 17.1 £ 0.1 kgT, respectively).

In addition to the binding strength of sSSDNA nucleotide to surfaces, it is equally
as important to understand the dynamics of these interactions. The force response of a
simple chain-like polymeric molecule (representative of single stranded DNA) was
studied using Brownian dynamics to shed light on these dynamics and the features that
may be masked in SMFS experiments. Through simulations at slow peeling rates, our
Brownian dynamics model confirmed the predictions of an equilibrium statistical
thermodynamic model. Faster removal rates resulted in deviations from equilibrium
which were dominated by a combination of Stokes (viscous) drag and a finite desorption
rate of the monomeric units. Furthermore, the force probe’s thermal fluctuations were
shown to be affected by the spring constant of the contact mode AFM cantilever
Consequently, this effect provided evidence on the source of disappearance for certain
key features such as force spikes, associated with the desorption of individual links and
predicted by the statistical thermodynamic model under displacement control, from
SMEFS experiments. In studying the elastic response of a freely jointed chain stretched in
2D and 3D, we obtained analytical expressions for two modes of stretching: i) when force
is applied only to one end of the chain, and ii) when the applied force is distributed
uniformly throughout the chain. By comparing, we confirmed that these expressions
correctly predict the results obtained from our Brownian dynamics simulations as well as

experimental results from the literature.



Chapter 1 Introduction to Carbon Surfaces, Single Stranded DNA,
Force Spectroscopy, and Brownian Dynamics Simulations

1.1 Introduction

Graphene and carbon nanotubes (CNTSs), which effectively are rolled up graphene
sheets, are low-dimensional sp? hybridized carbon nanomaterials with many unique
physical and chemical characteristics. Their high aspect ratios, mechanical strength, and
surface areas, their excellent chemical and thermal stability, and their rich electronic and
optical properties make carbon nanotubes promising candidates for a wide range of
applications.! Examples of these technologies include nanomedicine, sensors, transparent

thin film conductors, transistors, photovoltaics, fuel cell electrodes, etc.

Most of the potential applications of single-walled carbon nanotubes (SWCNTSs)
require a population that is purified with identical chirality, which in itself is one of the
major challenges facing the carbon nanotube technology.? The current methods of CNT
production often result in inherent heterogeneities that are not desirable. Additionally,
the strong van der Waals interactions between individual CNTSs result in formation of
nanotube aggregates, making it difficult to use these nanomaterials in potential
applications. To advance nanotube separation technology, intense efforts have been
made to separate identical chiral SWCNTSs from their synthetic mixture.> Examples of
these methods include ultracentrifugation,* dielectrophoresis,® electrical breakdown,®
selective oxidation,” and the use of noncovalent adsorbing amphiphilic molecules, such

as surfactants,® peptides,” *° and lipids.""*? Specifically, chromatography of



deoxyribonucleic acid (DNA)-wrapped-nanotubes has been identified as one of the more

promising techniques.*>**

By taking advantage of the noncovalent attachment of single stranded (SSDNA)
oligomers on the hydrophobic nanotube sidewall, these nanomaterials can be made into
stable dispersants that are soluble in aqueous medium. Scientists have used this
technique to accomplish CNT solution-based tasks such as sorting by diameter,*®

17.18 a5 well as deposition of aligned tubes on surfaces.!® These

length,'® and species
polyelectrolytic, anisotropic hybrids have not only been employed in creating
nanostructured constructs,?® 2! but also they have been highly sought after for the fields
of nanomedicine and nanotechnology. Understanding the properties of the sSSDNA-
SWCNTSs complexes allows one to predict their behavior at macroscopic scales, establish
new concepts for controlling their performance, and facilitate the design and optimization
of devices that are based on these materials. For these reasons, it is imperative to explore
the interaction of sSDNA oligomers with SWCNTSs on a molecular level. Through

experimental and theoretical methods, we address questions about the binding dynamics

of ssDNA to carbon surfaces such as graphite and carbon nanotubes in this dissertation.

1.2 Carbon Nanotubes and Their Applications
1.2.1 Carbon Nanotubes

First discovered by lijima in 1991, carbon nanotubes are thin sheets of sp® carbon,
also known as graphene, that are rolled up into a tubular structure.?? Generalized into

two major categories, single-walled nanotubes (SWNTSs) consist of a single layer of
4



cylinder graphene, while multi-walled tubes (MWNTSs) contain several concentric
graphene sheets.” With diameters ranging from 0.4 nm to 2 nm in SWCNTSs and 2 nm to
100 nm in MWCNTSs, and lengths of hundreds of nanometers to several millimeters,
these novel fullerenes possess extremely high aspect ratios. They are the third allotropic
form of carbon next to graphite and diamond. The optical, mechanical and electronic
properties of these structures are affected by their chirality defined as the angle, ®, at
which the graphene sheets are roll up, and graphene’s p orbitals aligned (Figure 1.1).
Three major techniques have generally been used to synthesize CNTs: i) electric arc

discharge, ii) laser ablation, and iii) thermal or plasma enhanced chemical vapor

deposition (CVD).%
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Figure 1.1. (a) The structure of SWNT is as a cylinder formed by one wrapped graphene sheet.

(b) The roll-up vector, C , is used to produce CNTSs of different chirality and diameter. Figure
1.1.b. was published by Belin and Epron,®* and the proper copyright permission was obtained
from Elsevier prior to submittal of this document.



As shown in Fig. 1.1. (b), two atoms in a planar graphene sheet are chosen, and
one of them is set as the origin. The chiral vector C is then pointed from the first atom
toward the second one. Described byC =na, + ma,, this single vector completely

describes the chirality of a nanotube through the values of (n, m). In this definition, n and
m are integers and &, anda,are the unit cell vectors of the two-dimensional lattice
formed by the graphene sheet. The direction of the nanotube axis is perpendicular to the
chiral vector. While MWNTSs are found to be metallic conductors, the SWCNTs are

metallic if [n—m| = 3q, and semiconducting if n—m| = 3q+1, with q being an integer.?> %

1.2.2 Carbon Nanotube Applications

Carbon nanotubes have been found to show significantly higher carrier mobility
and reduced trap density compared to organic electronic materials. These organic
materials can be processed at low temperatures and used in fabrication of mechanically
flexible solar devices for large areas. Carbon nanotube films with densities close to the
percolation threshold show semiconducting behavior, and can be used as an active layer
in thin film transistors in electrodes for solar cell, photo detectors or organic transistors.?”
28 For these reasons as well as their high optical transparency and chemical stability,
organic photovoltaics is an emerging area for carbon nanomaterials especially in
photoelectrochemical or dye sensitized solar cells (DSSCs).* Assemblies of several
layers of CNTs have also been pursued as an ideal candidate to replace the relatively
expensive Indium tin oxide (ITO).** 3 The polydispersity of as-grown nanotube films,

however, compromises their performance in electronics and photovoltaics as the contact



resistance between CNTs of different electronic types has been found to be 100 times
higher than that of tubes with the same electronic characteristics.**

In electrocatalysis, the high costs, susceptibility to time-dependent drift,** and CO
poisoning® of the traditional catalysts such as platinum and its alloy*® ' have resulted in
an intensive search to reduce reliance on or replace these electrodes. Meanwhile, the
high aspect ratio, high conductivity and corrosion resistant properties of CNTs make
them ideal for use as catalyst supports especially in fuel cells. Recent studies using
vertically aligned nitrogen-containing carbon nanotubes® and nitrogen-containing
graphene sheets show a much better electrocatalytic activity, long-term operation
stability, and a high tolerance to crossover and poison effects in comparison to platinum
electrodes for the oxygen reduction reaction.*

Carbon nanotubes’ excellent conductivity, good electrochemical properties, and
nanometer dimensions have also enabled many advances in highly sensitive, nanoscale
electrochemical, electrical, and optical biosensors that could be used inside cells or
dispersed through a system.”> As electrochemical biosensors, CNTs can directly be

41, 42

plugged into individual redox enzymes for better transduction. In nanoscale FETS,

these electrical biosensors can detect single molecule events or biological targets.*?
In addition to novel biosensing platforms, CNTs are a promising tool in cancer

detection and therapy. Once functionalized with biomolecules, these nanomaterials can

2, 44, 45

cross the mammalian cell membranes by endocytosis and other mechanisms, and

become targeted drug delivery carriers.** “°

Since drug delivery is one of the most
extensively explored applications of CNTSs in bio-nanomedicine, different strategies have

been investigated so far. For example, covalently conjugated drug molecules can be
7



linked, via cleavable bonds, to the functional groups on the CNT surface or to the
polymeric molecules coating them.”” Besides covalent linkage, aromatic molecules with
a flat structure can be adsorbed on the surface of CNTs via non-covalent n-n stacking.
An example of this method is a study in which doxorubicin, a commonly used cancer
chemotherapy drug, was stacked on the surface of PEGylated SWNTs; the results
showed a remarkably high loading capacity (up to 4 grams of drug per 1 gram of
nanotubes), which was attributed to the ultrahigh surface area of the tubes.*®
Functionalized-SWCNTSs, and in particular single stranded sDNA (sSDNA)-
functionalized SWCNTSs, have been identified as one of the most promising complexes of
carbon nanotubes. Fabricated sSDNA-coated SWCNT may serve as a conducting
channel for a field-effect transistor (FET) whose transport properties can be controlled by
the encapsulation of a sSDNA molecule. For example, it has been shown that single-
stranded polyguanine can change the characteristic of pristine SWCNTSs from p-type into
n-type, while single-stranded polycytosine enhances its p-type character. These
experiments suggest that one can use DNA-CNT hybrid systems as building blocks to
form p-n junctions for nanoelectronic devices. Furthermore, the highly sensitive band
gap photoluminescence in DNA-SWCNT hybrids, strongly dependent on their local
environment,*® has shown capability of molecular detection.”® ** Despite the successful
fabrication of the ssSDNA-SWCNT hybrid system, its fundamental characteristics are still

far from being fully understood.



1.3 Hybrids of Single Walled Carbon Nanotubes and Single Stranded DNA
DNA is a flexible, amphiphilic, and genetic material,>* whose electronic nature
can be easily tuned by changing its nucleobase sequences.”*>> Double stranded DNA
(dsDNA) is comprised of two hydrogen bonded single stranded DNA molecules. A
monomeric unit of DNA is a nucleotide. Nucleotides are composed of three units: a
nucleobase, a 5-membered sugar ring, and a phosphate group. The DNA nucleobases are
heterocycles categorized into two general groups: pyrimidines and purines. Adenine (A)
and guanine (G) are classified as purines, while cytosine (C) and thymine (T) are
classified as pyrimidines (Figure 1.2). In a ssSDNA homopolymer, the end of the strand
that is terminated in a free phosphate group is known as the 5’ end, while the other end
terminated with a free hydroxyl group is referred to as the 3° end in accordance with
proximity to 5’ or 3’ carbons of the ribose. The persistence length, I,, of sSSDNA and

dsDNA are about 0.8 nm and 50 nm, respectively.

@) Double stranded DNA
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Figure 1.2. (a) Double stranded DNA (dsDNA) comprises two hydrogen bonded single
stranded DNA (ssDNA) molecules. (b) Single stranded DNA is a biopolymer in which
the monomeric unit is a nucleotide. (c) Each nucleotide is composed of a DNA
nucleobase, a 5-membered sugar ring and a phosphate group. (d) DNA bases are
classified as purines and pyrimidines. Adenine (A) and Guanine (G) are purines while
Cytosine (C) and Thymine (T) are pyrimidines.

In comparison to dsDNA, ssDNA is a much more powerful and effective
candidate for wrapping the surface of carbon nanotubes. These hybrids are usually
prepared via an exfoliation process, where a mixture of DNA and CNTSs is sonicated to
form an aqueous dispersion. The DNA-CNT hybridization has been attributed to the

amphiphilic nature of ssSDNA, that is, the hydrophobic nucleobases and the hydrophilic or

|56-58 |59-61

charged phosphate backbone. Many theoretica and experimenta studies have
been devoted to gain a better understanding of the interactions that occur between the
sSDNA biopolymer and the organic SWCNT. These studies have concluded that -
stacking and some van der Waals (vdW) interactions are the driving force for the

hybridization mechanism.
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Certain short strands of sSDNA are referred to as “recognition sequences” due to
their ability to recognize specific chiralities of SWCNTSs. These highly sequence-specific
oligomers are typically 8—20 nucleotides in length, and have been used to sort chirality-
diverse mixtures of SWCNTs.* %2 In addition to this technological application, sSDNA-
covered CNT dispersions are useful in other potential applications such as bio-
nanomedicine. The ability to sort these tubes and the stability of DNA-CNT dispersions
in the cellular environment are highly dependent on the mechanism and strength of
interactions between the two materials.%® For this reason, the interactions between a few
chiral SWCNT and ssDNA sequences were studied experimentally to elucidate the origin
of their selectivity.!” > Interestingly, it was found that there is a direct correlation
between the recognition ability of a DNA strand for a particular target SWCNT and its

experimentally measured bulk binding affinity.>’

The high selectivity of these recognition sequences is strongly suggestive of the
formation of ordered structures by these molecules around a particular SWCNT. This
hypothesis has been tested and confirmed by capillary electrophoresis measurements of
well-defined charge densities for (GT)3-CNT hybrids.? Additionally, the role of
hydrogen bonding and base stacking in the putative formation of B-sheet and B-barrel
secondary structures of DNA onto the substrate has been studied.® > A recent
theoretical study demonstrated that while a combination of intrastrand self-stitching and
interstrand hydrogen bonds stabilizes the ordered, right-handed, helically wrapped barrel

of (TAT). on its recognition partner, the (6,5) SWCNT,®® a different sequence such as

12



(T)12, forms a distinctly left-handed wrap with weaker tendency for intrastrand hydrogen

bonding on the same tube.®®

Although theoretical studies have shed light on the dynamics of interactions
between ssDNA molecules and CNTSs, very little quantitative information is yet available
on their binding strength. Previously, Manohar et al. used single molecule force
spectroscopy (SMFS) to measure the force required to remove single-stranded DNA
molecules from single-crystal graphite, an analogue to the surface of carbon nanotubes.>
The SMFS technique proved to be sensitive enough to differentiate between pyrimidine
bases and quantify the peeling forces of polythymine (poly-T) and polycytosine (poly-C)
from graphite to be 85.3 + 4.7 pN and 60.8 £ 5.5 pN, respectively. These forces
correspond to the average binding energy per nucleotide of 11.5 £ 0.6 kgT for poly-T and
8.3 £ 0.7 kgT for poly-C, and were found to be independent of salt concentration and
detachment rate.* In comparing MD simulations to these experimental results, the
binding energies were found to be greater than experimental values, probably due to the
nonequilibrium nature of the modeled process. The robustness and reproducibility of the
SMFS method in directly quantifying the interactions between DNA homopolymers and
a flat substrate motivated us to use this technique in our studies of DNA-CNT binding as

discussed in this dissertation.

1.4 Single Molecule Force Experiments
Single-molecule methods have been developed to i) accurately measure and

analyze the interactions between molecules and surfaces, and ii) facilitate the
13



investigation of the complex relationship between force, lifetime, and chemistry of even
low-affinity interactions. In addition to optical tweezers®” and magnetic tweezers,®
atomic force microscopy (AFM) is the most prominent single molecule spectroscopy
approach. Atomic force microscope, evolved from the scanning tunneling microscope
(STM),®® was invented by Binnig et al. in 1986 to enable researchers to study non-

conducting samples, such as biological samples, with atomic and molecular resolution.”

1.4.1 The Atomic Force Microscope

The main components of the AFM are a probe scanner, probe displacement
detector, electronics connected to a computer and a system of isolation from vibrations.
The central part of an AFM is its force sensor, or the cantilever tip assembly, composed
of a sharp pyramidal tip attached to the end of a typically hundred-micrometer-long
flexible cantilever beam.”® Either the force probe or the surface underneath the tip can be
moved very accurately with a piezoelectric 3D-scanner. The tip-sample adhesion and
repulsion at the atomic level result in the cantilever deflection, and this information is
converted into a height value for each position on the x,y plan to reconstitute a pseudo-
three-dimensional (3D) image of the sample surface.”" Any cantilever displacement is
usually detected by an optical lever scheme in which i) a laser beam is directed to and
reflected from the backside of the cantilever at its free end, and ii) a four-segmented
photodiode detector captures this reflected light and transmits information regarding
changes in the laser beam position (lateral or normal) to the signal processing electronics

and a computer.
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Figure 1.3. (a) Schematic picture of an atomic force microscope. (b) Pictorial
representation of the direction of laser path reflected from the back of the AFM cantilever
as it changes with the upward and downward movements of the probe. (c) Schematic of
the movements of the laser spot position on the quadrant photodiode detector with

changes in the cantilever deflection.



As shown in Figure 1.3 a-b, the tip-surface interactions result in changes in the
AFM probe deflection, in turn resulting in the movement of the laser spot on the quadrant
photodiode. Changes in the location of the laser spot are analyzed with respect to a
reference position set at zero force. To detect normal deflection of the probe, the
difference between the voltages detected in the top half quadrants (A and B) and bottom
half quadrants (C and D) of the photodiode detector are considered, i.e. (VatVg) —
(Vc+Vp). Similarly, the torsional deflections are obtained by taking the difference
between the two left (A and C) and right (B and D) halves of the quadrant photodetector,

i.e. (VatVe) — (Ve+Vp).

Force

\ Z displacement

Figure 1.4. Pictorial illustration of changes in deflection of an AFM cantilever as the tip
is brought in and out of contact with the hard surface.

The probe distance from the sample strongly influences the tip-surface

interactions (Figure 1.4). As shown schematically in region A, the zero deflection of an
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AFM probe corresponds to the absence of long range forces in the course of approaching
(i.e. moving toward) and retracting (i.e. moving away) from the surface. In approaching
the surface, the attractive van der Waals and capillary forces deflect the cantilever
towards the surface. Eventually, the force gradient exceeds the cantilever spring constant
resulting in abrupt snapping of the AFM tip into contact with the surface (region B).
Additional external forces applied after this stage, translate into compressive loading on
the sample, and both the deflection of the cantilever as well as the repulsive contact force
increase (region C). The slope of the force-distance curve in region C is referred to as the
response of the optical detector or the optical lever sensitivity (OLS), and has units of
V/nm. Upon retraction of the cantilever, large adhesive forces often maintain the force
probe in contact with the sample (region D) until at an appropriate critical pulling force,
this contact is broken, releasing the tip away from the surface (region E). The difference
between the minimum deflection and the zero deflection (scaled by cantilever spring
constant) is referred to as adhesion or pull off force. In addition to the tip-sample
distance, the force-distance relationship is strongly influenced by the tip, sample, and
medium composition.”” ™ To convert cantilever deflection versus piezoscanner
displacement into a force— distance curve, Hookes’s law of elasticity: F = - k Az is
applied, where F is the applied force, k is the cantilever spring constant, and Az is the
normal deflection of the cantilever (i.e. deflection (V) / OLS (V/nm)). As a result, real

force acting on the cantilever’s tip can be calculated.

AFM has the capacity to image nonconductive and conductive surfaces in air or in

liquid with the resolution beyond the diffraction limit of light microscopy. Depending on
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the XYZ scanner stage, the AFM can scan areas up to around 100 x 100 um? in a line by
line fashion* with sub-nanometer lateral resolutions and subatomic (< 1 A°) vertical
resolutions.” In addition to imaging, the AFM’s pico-newton force sensitivity makes this
technique ideal for quantifying the inter- and intramolecular interaction forces required to
separate surfaces at the single molecule level. This approach is usually termed single
molecule ‘‘force spectroscopy’’ even though it is not based on the interaction of radiation
with matter. In single molecule force spectroscopy, one can record the force-distance
curves either for single well-defined points on the x-y plane or for multiple locations,

generating a ‘“force—volume’’ image.

In single-molecule force spectroscopy (SMFS) studies of molecular recognition,
tips are generally functionalized with probe molecules, capable of recognizing a specific
target molecule on the sample surface. Since the cantilever can be vertically brought in-
and out- of contact with the surface, this technique does not require the entire sample
surface to be scanned. As mentioned earlier, the cantilever deflection needs to be
converted into force. To determine the cantilever spring constant, several calibration
techniques are in common use, the inaccuracy of all of which is about 10%. Some of
these methods require knowledge of the precise geometrical parameters for the

cantilever,’> 7677

making this approach problematic for non-rectangular tips.
Furthermore, calibration results can dramatically be skewed due to the large sensitivity of
these methods to small errors in thickness and the use of inexact estimates for the

cantilever’s Young’s modulus and Poisson’s ratio. An alternative, robust, method has

been established based on the treatment of the cantilever as a harmonic oscillator. In this
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technique, either the added mass procedure,”® Sader method,”* or the equipartition
theorem are applied to analyze the power spectrum and estimate the cantilever spring
constant.”® This method is advantageous to use due to its non-destructive nature and

applicability to modified cantilevers.

1.4.2 Dynamic Force Spectroscopy

The majority of equations discussed in this section were published in a review journal
article by Ritzefeld, et al.,®° and the proper copyright permission was obtained from
Springer prior to submittal of this document.

So far, we have established that the accurate piconewton-resolution measurements
in force spectroscopy are only possible with a properly calibrated system.®* The next
crucial step is to extract information regarding the strength of the interactions for the
purpose of data analysis. In SMFS, the commonly used and basic framework to bridge
nanoscopic force data to macroscopic parameters was worked out by Evans and Ritchie,®

1% and Kramers.®* The Kramers-Bell-

which was built upon the work published by Bel
Evans model is based on the interaction between a receptor (R) and a ligand (L), forming
a complex (RL). At thermal equilibrium, the association and dissociation rates are

constant:

L+R<t=RL (1.1)

kuff

where k° and kg are the corresponding rate constants. Applying an external force, f |,

to this complex is expected to lower the free activation barrier (AG™) of the interactions
by the quantity f X ;:
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AG™(f)=AG" - f x, (1.2)

with X, being the distance between the potential minimum and the maximum. In the

absence of force, the dissociation rate constant depends on AG™ as:

AG”
k% ocexpl — 1.3
off o % kBT J ( )

where kg is the Boltzmann constant and T is the temperature. The force dependent off-

rate, also known as Bell rate, then becomes:®

fx
Ko () =k exp[— ” ij (1.4)
B

The dissociation of RL complex, considered as a thermally activated decay
process, is governed by the first-order reaction kinetics:

9)_ Ly, (16)olt) (1

Here, p(t) is the probability that the bond is intact at time t, and re-association of R and L
is neglected. Due to fast molecular relaxation times in comparison to the temporal
evolution of the force, the dissociation of the complex is only governed by the force
currently applied. Furthermore, since in SMFS experiments, the AFM cantilever is
typically retracted at a constant velocity (v), the cantilever displacement (z) can be written

as:

z =\t (1.6)



Therefore, the force (f(t)) is only affected by the current displacement (z(t)) of the

cantilever and not its velocity (v):

ft)= f(vt)= f(z(t)) 1.7

Since the cantilever deflection is easily convertible to force in SMFS experiments,

time is substituted by force (dt — df ) to solve Eqg. (1.5):

df dz
df = ——dt =Kk, vdt 1.8

ket and v are the effective spring constant and the pull-off velocity, the product of which

is known as the loading rate, r. Solving Eq. (1.5) results in:

(1.9)

The theoretical probability distribution of the dissociation forces is the negative

derivative of Eq. (1.9) with respect to force, i.e. — % By finding the peak of the

predicted force distribution, the most probable dissociation force, Frnax, can be expressed

in terms of the dissociation rate constant k% . To derive this expression, Strunz et al.

evaluated the second derivative of Eq. (1.9) with respect to force and set it to zero:*

X,r
.l |n[ - ] (1.10)
Xy Ko K T
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The result shown by Eqg. (1.10) is significant as it demonstrates that the most
probable dissociation forces increase with pulling velocities as In(r). Consequently, it is

essential to repeat the experiments at numerous pulling velocities, spanning several

orders of magnitude, in order to make a good estimate for kg; and x,. The magnitude of

X ;and k. can be determined from a semi-logarithmical plot of the most probable

dissociation forces versus the loading rate.®®

As we discuss later in this thesis, our single-stranded DNA peeling experiments
and model are quite different than the Bell model discussed in this introduction section.
For example, instead of having a single dissociation event, we find that desorption of
individual monomers result in a multi-well energy landscape when peeling ssDNA from a
surface. To calculate the binding energy per base of sSSDNA, we use a statistical-
mechanical model.%*® This model assumes that the peeling is an equilibrium process in
which the individual bases have sufficient time to sample all conformations when they
are in or out of contact with the surface. In contrast, we consider a complete detachment
or the removal of the final few bases in these experiments, which appear as an abrupt

jump from a constant force plateau to zero force, to be a non-equilibrium process.

15 Modeling the Interactions between Single Stranded DNA and Solid Surfaces
Understanding ssDNA interactions with graphitic carbon surfaces is important in
developing technologies that are based on these bio-nanomaterial hybrids.

Computational approaches to study such interactions often involve large-scale data driven
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analysis and dynamic simulations that are based on experimental knowledge of identified
interactions. Theoretical predictions for these systems are typically based on studies that
use density functional theory,® % # Monte Carlo, or molecular dynamics (MD)
simulations.® %

In calculating the time dependent behavior of a molecular system using all-atom
MD simulations, the large-scale atomic/molecular massively parallel simulator
(LAMMPS)®! and the chemistry at Harvard molecular mechanics (CHARMM)®
programs are the most prominent computational methods used. The popularity of MD
simulation stems from their ability to generate microscopic information on the atomic
positions and velocities.  This information is then convertible into macroscopic
observables such as pressure, energy, heat capacities, etc. through statistical mechanics.
As a result, scientists have obtained detailed information on not only the structure and

fluctuations of proteins and nucleic acids, but also the conformational changes, dynamics

and thermodynamics of biological molecules and their complexes.

LN

Figure 1.5. The freely jointed chain consists of identical segments of length b, joined
together by freely rotating hinges.
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The all atom computational study of such complex system, although successful,
can be quite expensive (in terms of time and computational resources). An alternative
method for modeling our sSDNA-CNT system is to describe the three main components
(i.e. the molecule, the substrate, and the surrounding environment) by using
approximations. The idealized polymer models, commonly used to describe molecules
are the freely jointed chain (FJC) the wormlike chain (WLC), and the rotational isomeric
state model (RIS).%8 Of these three models, the FIC is the most suitable starting point for
a single stranded DNA,* in which the molecule is defined as a connection of n rigid

subunits of (Kuhn) length b. The elasticity of this chain is entropic. Furthermore, the
average end-to-end distance <Rz>of this chain under an external force, f, is described by

the Langevin equation:>*

fb kgT
R,)=bn coth——L] (1.1)
(Ro) ( kT fb

To describe the substrates used in SMFS experiments, an appropriate
representation of their surface energy potentials is needed. For example, a graphite
surface can be modeled as an ideal, frictionless, flat surface to which the sSDNA
nucleobases are strongly adsorbed. The experimentally determined adsorption energies
of the FJC to the surface can then be implemented into the Lennard Jones (9,3)

potential®® %

to describe the strength of these interactions (the details of our derivations
are discussed in Chapter 4).
Lastly, collisions of macromolecules with themselves and/or those in their

surrounding environment can be represented through a simple heat bath as described by
24



Langevin or Brownian dynamics. In these models, the explicit solvent molecules in the

system are replaced with a stochastic force and a viscous drag.%%

In Langevin
dynamics, the relative strength in the inertial forces with respect to random forces is
determined from the magnitude of the frictional forces. In other words, the system is best
described by the inertial regime when the frictional contributions are small, while it
eventually becomes governed by the diffusive or Brownian regime at large enough
frictional forces. To determine whether the frictional forces are high enough to operate in
the Brownian regime, one must first confirm that the momentum relaxation is much faster
than the position relaxation. In the high friction Brownian limit, the solvent effects are
large, the inertial term is ignored, and larger time steps can be used than for molecular
and Langevin dynamics simulations. Furthermore, friction is related to fluctuations of
the random force through the fluctuation dissipation theorem, which assumes that the
Brownian particle is randomly moving about thermal equilibrium. In Chapter 4, the

procedure for implementation of this theory to simulate our peeling experiments is

discussed in detail.

1.6 Scope of the Dissertation

The topic of interest discussed in this dissertation concerns the interactions
between single stranded DNA and single walled carbon nanotubes. The major
components of this research topic are addressed individually in each chapter. The second
chapter describes our single molecule force spectroscopy studies used to directly quantify
the binding strength of ssDNA homopolymers to a flat graphite surface. To investigate

the interaction of these biopolymers with SWCNTSs, we modified silicon wafers with self-
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assembled monolayers on which pristine nanotubes were deposited. Upon
characterization of these substrates, we performed SMFS experiments to measure the
sSDNA nucleotide interactions with SWCNTs and SAM surfaces, described in Chapter 3.
In Chapter 4, we developed a Brownian dynamics model to describe the elastic response
of a polymeric chain that is under an externally applied force and strongly adsorbed to a
flat surface. To extract information on the dynamics of sSDNA-graphite interactions, we
used values for the free energy of binding that were comparable to those previously
obtained from our SMFS experiments. Chapter 5 focuses on developing our Brownian
dynamics model further to study the effect of i) dimensionality, and ii) modes of applying
force (i.e. point force vs. distributed force) on the chain’s stretching response. As our
future work, in Chapter 6, we discuss our theoretical and exploratory studies, so far, of
the effect of surface friction on the dynamics of removal of a polymeric chain from a

graphitic surface.
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Chapter 2 Quantifying Interactions between DNA Oligomers and
Graphite Surface Using Single Molecule Force Spectroscopy

The work described in this chapter has been published in “Quantifying Interactions
between DNA Oligomers and Graphite Surface Using Single Molecule Force
Spectroscopy” by Sara Iliafar, Kyle Wagner, Suresh Manohar, Anand Jagota, and Dmitri
Vezenov, The Journal of Physical Chemistry C 2012 116 (26), 13896-13903.

In single molecule force spectroscopy experiments, force probes chemically
modified with synthetic, single-stranded DNA oligomers produced characteristic steady-
state forces connected by abrupt steps between plateaus, as the probes moved away from
a graphite substrate. The force plateaus represent peeling of a small number of polymer
molecules from the flat surface. The final force jump in the retraction region of the force-
distance curves can be attributed to a single DNA molecule detaching from the graphite
surface. Previously, Manohar et. al (Nano Letters, 2008, 8, 4365) reported the peeling
forces of the pyrimidine oligomers as 85.3 + 4.7 pN and 60.8 + 5.5 pN for polythymine
and polycytosine, respectively. We measured the force-distance curves for purine
oligomers on a graphite surface and found the peeling forces to be 78.5 £ 5.0 pN and
66.4 + 1.4 pN for polyadenine and polyguanine, respectively. Using a refined model for
peeling a single freely jointed polymer chain from a frictionless substrate, we determined
a ranking of the effective average binding energy per nucleotide for all four bases as
T>A>G>C (11.3 0.8 kgT, 9.9 #0.4 kgT, 8.3 #0.2 kgT, and 7.5 # 0.8 kgT, respectively).
The binding energy determined from the peeling force data did not scale with the size of

the base. The distribution of peeling forces of polyguanine from the graphite surface was
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unusually broad in comparison to the other homopolymers, and often with inconsistent
chain extensions, possibly indicating the presence of secondary structures (intra- or

inter-molecular) for this sequence.

2.1 Introduction

The interaction between biological molecules and nano- or macro-sized surfaces
is a dynamic and commonly occurring process in nature, and if well understood, it can be
used to develop novel biosensing technologies and therapeutics. The attachment of
biomolecules to nanomaterial substrates such as gold nanoparticles and single walled
carbon nanotubes (SWCNTSs) greatly enhances their structural functionality, making it
possible for these hybrids to be used in biological processes. The formation of stable
dispersions of SWCNTs formed by helical wrapping of single-stranded DNA (SSDNA)
around the tubes' makes SWCNTs highly compatible for in vivo systems and also
provides a means for tube sorting and positioning® 3. CNT-DNA complexes have
potential applications of broad biomedical impact, such as, transport of biomolecular
agents into cells,*® optical sensing for biological systems,” rapid DNA sequencing,® and
diagnosis and therapeutic treatment of diseases, such as cancer, through imaging and
targeted drug delivery.* > °* Rational development of these applications will greatly
benefit from quantitative understanding of the interactions that occur between the CNT
and biomolecules.

It has previously been shown that single molecule force spectroscopy (SMFS) is
an appropriate method to directly measure the force required to overcome the binding

free energy between peptides and DNA oligomers and a solid substrate as the molecule is
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separated from a surface e.g. graphite.”®?! These single molecule experiments are
analogous to a classical macroscopic peeling test, including their conceptual
interpretation.? % For the SMFS experiments, we assumed that the graphite substrate
serves as an appropriate analog for SWCNTs used in bulk dispersion experiments.?*
Within the pyrimidine family, using SMFS, we were previously able to differentiate
between 3’-poly(dTsp) and 3’-poly(dCsg) — with peeling forces of 85.3 + 4.7 pN and 60.8
+ 5.5 pN, respectively, which we interpreted as corresponding to the binding free
energies per base of 11.5 + 0.6 ksT and 8.3 + 0.7 kgT.”® As a shorthand notation in this
chapter, we will use an oligomer naming convention where the point of attachment to the
force probe is listed first and the number of bases in the oligomer chain is signified by a
subscript.

Simulations have shown that the binding strength of homopolymers to graphite
follow a different sequence: T>A>C," #® than that of individual nucleotides obtained from
solution studies: G>A>T>C,*"* or of nucleobases and nucleosides determined by
isothermal titration calorimetry: G>A>C>T.*'  Furthermore, guanine-rich DNA
sequences are known to form G-quartets and, in some cases, they form quadruplex
structures by the vertical stacking of G-quartets.** Since purines are larger and chemically
different from pyrimidines, it is interesting to use the SMFS technique to compare the
interaction between homopolymer purines (polyadenine and polyguanine) and graphite
with reported observations for homopolymer pyrimidines and graphite in order to
understand differences between observed trends for monomers and predict the behavior

for DNA oligomers in complexation with CNT.
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By its nature, single-molecule force spectroscopy provides properties of the
system from measurements performed on individual molecules and is thus
complementary to bulk solution techniques that yield averages over a population. In the
context of adsorption of oligomers and polymers, force spectroscopy allows
measurements where solution techniques might be limited. For example, solution
techniques work better for shorter oligomers (i.e. <20 bases) or single bases, whereas
SMEFS can be used effectively to peel long macromolecules that may require untenably
long time to achieve equilibrium in bulk samples.

Many studies using high resolution scanning tunneling microscopy and atomic
force microscopy (AFM) show that when bases are adsorbed on atomically flat
hydrophobic surfaces (e.g. graphite or MoS;), they interact with each other to form
dimers, which in turn can form highly ordered monolayers.™ ** 1¢: 2293336 Lig\yever, not
much is known about the base-base interaction with surfaces when they are attached to a
phosphate backbone. Higher order hydrogen bonded and stacked structures are known
for polyguanine and hypothesized for special sequences.®” 3 Therefore, it is interesting to
see whether such structural features will be reflected in the SMFS measurements as they
are the likely reason for sequence dependence of the binding strengths. In this chapter, we
report on the use of SMFS to measure the peeling forces of the purine homopolymers, 3°-
poly(dAsp) and 5’-poly(dGipo), in order to complete a full ranking of the four

homopolymer chains.

42



2.2  Experimental Section
2.2.1 Materials

Grade 2 highly ordered pyrolytic graphite was purchased from Structure Probe,
Inc. (West Chester, PA). Disulfide-protected thiol-modified DNA was resuspended in
Milli-Q deionized (DI) water upon receipt from Integrated DNA Technologies, Inc.
(Coralville, 1A), aliquoted and stored at -20°C. DNA molecules studied in this work
were: 5’-poly(dTsp), 5°-poly(dT1q0), 3’-poly(dAsp), and 5’-poly(dGigo). Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 98% purity, was used as-received from
TCI America (Portland, OR). Mercaptohexanoic acid (MHA), 90% purity, was used as
received from Sigma Aldrich (St. Louis, MO) and stored at -4° C. Mono- and di-basic
sodium phosphate and sodium chloride in ultra-pure bio-grade were purchased from J.T.

Baker (Phillipsburg, NJ).

2.2.2  Probe Functionalization

AFM probes (ContGB gold coated AFM probes with normal spring constant ~0.3
N/m from Budget Sensors, Inc., Sofia, Bulgaria) were cleaned by exposure to air plasma
(using room air as source) for 1 minute on high power (PDC-001 plasma cleaner from
Harrick Plasma, Ithaca, NY). After cleaning, gold coated tips were immediately
immersed in ethanol to reduce any Au-oxides formed during cleaning. The terminal thiol
group in the modified ssSDNA was deprotected with 6 mM TCEP in the solution
containing the DNA for 30 minutes. To attach thiol modified ssDNA to the Au coated
AFM tips, the chip was placed in a 0.1-1 nM solution of ssSDNA in a 10 mM phosphate

buffer and 1 M ionic strength NaCl (pH ~7) for 1 hour. In order to fill in the remaining
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Au sites on the surface of the tip, the cantilever chip was then submerged in a 3-15 mM
solution of MHA in ethanol for 1 hour. Each functionalization step was followed by
washing with ethanol and drying with nitrogen gas. Empirically, optimized density of the
DNA molecules on the AFM tip is a compromise between the needs of 1) having a high
number of attached sSDNA molecules to increase the yield of tips displaying peeling and
2) ensuring low enough contact adhesion so that initial adhesive pull-off of the tip from

the surface does not mask the peeling process that follows.

2.2.3 Preparation of a Hydrophobic Methyl-terminated Monolayer

The surface of a polished silicon wafer was functionalized via methyl-terminated
self-assembled monolayer following a previously described procedure.*”* Several 1 cm
x 1 cm pieces of silicon wafer (500 um thick, <100> orientation, obtained from Silicon
Quest International, Santa Clara, CA) were cleaned in piranha solution (70 % H,SO, and
30 % H,0, by volume) for 30 min. The sample was then rinsed with DI water and placed
into a 300 mL Pyrex crystallization dish containing 9 % (vol.) solution of octyldimethyl-
chlorosilane in heptane and 1% (vol.) butylamine (catalyst). The dish was covered with a
watch glass containing a small amount of methanol to control cooling of the watch glass
surface. The reaction mixture was placed on a hotplate set at 60-65° C and stirred gently
for 3 h. The samples were rinsed with isopropanol and placed for 2 h into an oven at 110°
C under nitrogen atmosphere to complete the condensation reaction. The advancing and
receding angles of water were 94+3° and 89+4°, respectively. For comparison, the

advancing and receding angles of water on graphite were 85+4° and 47+6°. The thickness
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of the monolayer was 6.6+0.3 A as measured by the ellipsometry (VASE, J.A. Woollam

Co).

2.2.4 Force Calibration and Force Curve Capture

Force spectroscopy measurements were performed using an MFP-3D atomic
force microscope (Asylum Research, Santa Barbara, CA). The graphite surface was
freshly cleaved with Scotch tape prior to each experiment and immediately placed in a
fluid cell, which was then filled with approximately 3 mL of 10 mM phosphate buffer
containing 100 mM NaCl. Probes were calibrated at the end of each experiment to avoid
damaging the DNA or the gold coating under heavy compressive loading. The deflection
sensitivity for each AFM cantilever in fluid was calibrated by determining the slope of
the linear compliance region of the force-distance curves taken with the graphite sample.
The most accurate calibration of the spring constant, however, is found in air, where the
thermal spectrum of the cantilever is robustly represented by a simple harmonic oscillator
model.*® Therefore, the spring constant of the cantilever was determined at the end of
each experiment in air by the thermal calibration method using the deflection sensitivity
measured against glass in air.®

DNA peeling forces were measured using a force-volume map over a 5 um x 5
um area (with a 16x16 grid of force-distance curves) or by collecting individual force
curves at several different locations on the sample. The force-volume map provides a
fast, representative view of the interactions between DNA and graphite surface —
accounting for any surface defects or steps between layers. Most force curves were

recorded at a scan rate of 200 nm/s using a maximum compressive force of less than 1
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nN. The maximum applied force was limited in order to protect the DNA from damage at
high compressive loads. Analysis of the force-distance curves was performed using a
custom code written in IGOR Pro (Wavemetrics, Eugene, OR). This code averages the
force measured over a distance of at least 2 nm on both sides of the molecule detachment
step and determines the peeling force by taking the difference.

In analyzing the force-displacement curves obtained from these force
spectroscopy experiments, the force curves were only considered to be valid and suitable
for further measurements if they possessed all of the following characteristics: 1) the
approach and retraction retraces overlapped for the non-contact region, 2) the separation
distance of the last peeling step is smaller than that of the sequence’s contour length
unless the formation of secondary structures is possible, 3) the tip-surface adhesion is
small enough that the peeling steps are not masked by initial pull-off force, and 4) the
peeling region displays a flat plateau for at least 10 nm of separation to present a steady
state peeling process. All forces are reported as mean values = 95 % confidence limit,
resulting from averaging mean peeling forces from multiple experiments on a given
sequence. The number of experiments used in this analysis is specified individually in

each case.

2.3 Results and Discussion

In the course of the tip retraction from the surface, force versus distance traces for
tips modified with oligonucleotides displayed characteristic plateaus with abrupt force
jumps to a progressively lower adhesive force. We interpreted this retraction behavior as

steady state peeling that is occasionally interrupted by complete detachment of one or
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more molecules form the surface of graphite. Figure 2.1.A shows an idealized example of
such a peeling of a single DNA oligomer from a graphite surface. In this setup, the
detachment of the oligomer is depicted as perpendicular with respect to the substrate
surface — a situation that occurs when the adsorbed bases slide freely on the graphite
surface.* Figure 2.1.B, displays a characteristic force-distance curve of the steady-state
peeling process. Our previous SMFS studies of the pyrimidine homopolymer-graphite
system have shown that the peeling force is independent of the detachment rate (in the
range of 100 to 1000 nm/s). Therefore, single molecule peeling proceeds in a quasi-

equilibrium manner.?>“°
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Figure 2.1. (A) Idealized cartoon (not drawn to scale) of frictionless peeling of a sSSDNA
homopolymer, attached to a gold coated force probe, from a graphite surface. Due to the
frictionless nature of the substrate, the adsorbed bases slide freely on the surface and

ssDNA detachment occurs perpendicular to the surface. (B) Typical force-distance

curves for peeling 5’-poly(dT1g0) SSDNA from the surface of graphite obtained at a tip
velocity of 200 nm/s in 10 mM phosphate buffer solution containing 100 mM NacCl. Red

curve is approach, blue is retraction.
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An equilibrium model for detachment of a laterally mobile freely jointed chain
(FJC) from a flat surface gives the relationship between peeling force, f, and adhesion per

unit length, » presented by Equation 2.1:%

r-= |n{477: Si”E(F)} 2.1)

where F=fb/kgT and I"=yb/kgT are the dimensionless force and the dimensionless free
energy of adhesion per Kuhn segment of length b, respectively. Given the known Kuhn
length for single-stranded DNA (ssDNA) and its contour length per base (0.56 nm), one
can calculate the binding energy per monomer from the experimentally measured peeling
forces. A correction to the model accounting for enthalpic stretching of the backbone at
high loads (>10 pN) can be made by using a Kuhn length elongated by a small fraction,

/%, where « is segment elasticity of SSDNA:

fb(l + fj
F = N KJ 2.2
KgT (22)

For the purpose of calculation of the average binding energies, we set the size of the
monomer to the distance between phosphorus atoms in the phosphodiester backbone
(taken to be 0.56 nm), and used the same Kuhn length and the same segment elasticity for
all DNA oligomer compositions.”® Therefore, using SMFS, the forces needed to peel an
ssDNA molecule can be quantified for a variety of sequences and the corresponding
average binding energies per base can be compared.

In Equation 2.1, the reference states for determining adhesion have some arbitrary
characteristics. We effectively assumed a density of states of one per steradian with the

normalization constant. The corresponding term for the adsorbed state was incorporated
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into the value of the free energy of adhesion per link. We briefly revisit the derivation of
Equation 2.1 and refine the analysis to define the free energy of adhesion in a slightly
different manner that, we believe, is directly relevant to our experiemnts and to the
thermodynamic quantity one would obtain in an analogous, thermally-driven process.

In solution, the free energy of an FJC of n segments having end-to-end distance L

under fixed load f, can be calculated from the conformational partition function Zc:

G|, =—KsTINZc, where Z. =D exp(fL/k,T) (2.3)

where the summation is over all conformations that the FJC can access and L is the end-
to-end distance for any given conformation. It is convenient to account for all of the
conformations by realizing that each link samples all orientations in 3D (defined by the
polar angle 8 and azimuthal angle ¢) uniformly and independently of all other links in
the chain (and makes a projection | on the force axis). Therefore, the total
conformational partition function, Z, = z", where z is the partition function of a single link

is:

i)
Z.=1"= exp| — 2.4
© (orieéims (kBT JJ ( )

The sum can be converted into an integral using the density of states (per solid angle) for

a single segment, p., =W, /47, where wsp represents the total number of microstates

for a single link:

T

2 fl sinadéad
Z= J' Iexp(ﬁ)ww—q) (2.5)

0=0 =0 4r

Since | =bcoséd, Equation 2.5 becomes:
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620 g0 kgT Ar oo kgT 2 2.6)
w sinh(F)
3D F
with the free energy given by:
sinh(F
Grc(F)|, =—nkgT In{w3D F( )} 2.7)

As expected, in the absence of force, the free energy per link is (in units of kgT)
just the logarithm of the total number of microstates of a single link due to its orientation
in space. In the adsorbed state, similar arguments lead one to conclude that, for a freely-
jointed chain on a surface having (N-n) links, the free energy in the absense of force is
given by:

Geoc(F :O)‘ =—(N —n)kgT In[w, | (2.8)

2D
The equilibrium condition is obtained by the minimization of the total free energy under
fixed force and fixed adhesion free energy per unit length, », i.e.:

Gy O
—oe :_(Gadh +GFJC‘3D +Geye )

n P D)z 0 (2.9)

The parameter y is properly understood here as adhesion free energy per unit length of an
isolated (i.e. not part of the chain) segment. Using:

G, =—b(N —n)y =—k;T(N —n)I" (2.10)
and Equations 2.7 and 2.8, the condition for equilibrium (Eq. 2.9) results in the
relationship between the dimensionless force F and the dimensionless free energy of

adhesion per Kuhn segment 7™

51



r= |n{%}u |n[%(F)} (2.11)

WZD
The first term in Equation 2.11 gives the minimum adhesion required to hold the
chain adsorbed on the surface — a non-zero contribution, because there is an overall gain
in the number of microstates (i.e. an increase in entropy) when the link goes from a 2D
(adsorbed) to a 3D (in solution) state. Since the first term in Equation 2.11 is system
(model) dependent and only the second term is determined in our experiments, it is
convenient to redefine the adhesion quantity of interest as /"— the free energy required to

desorb a link in a 2D-FJC-state from the surface into a 3D-FJC-state in solution:

r':r—ln{%}:rﬂln[w]:|n[¥(F)} (2.12)

W2D

The adhesion free energy per base, kKs77{(bmono/b) (bmono iS the polymer contour length
per monomer), is then obtained directly from the force peeling data and is the desired
property that also determines the thermally-established equilibria between the adsorbed
and desorbed homopolymers with no externally applied force.

Alternatively, the relation between force and adhesion free energy can be derived
from a worm like chain (WLC) model of a stretched DNA molecule.** In the worm like
chain model of a polymer having contour length L, the force f is given in terms of

extension, L, as

f—KeT (L_L 1_] (2.13)
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where p is the persistence length (half of the Kuhn length, or b=2 p). Using Equation
2.13 to estimate fractional extension 1 =L/ L, given measured force f, the adhesion free

energy (per unit length) can then be expressed as (see S, section S5 for derivation):

2 (a_ 2
7P _ 1y Wan :’1_(3 44+22 ) =L (2.14)
kT 2

2 Wy 4 (-2 L,

In the worm like chain model, the steady state peeling force and adhesion are
given parametrically as f(1) and (1) with fractional extension A as a common parameter,
thus allowing us to produce explicit numerical » versus f dependence. A plot of
dimensionless adhesion versus peeling force (/7 versus F) combining both FJC and WLC
models (setting p=Db/2) indicates that adhesion per unit length for WLC polymer is lower
by ~15% than adhesion for FJC polymer, in the range of peeling forces observed in our
experiments (Figure 2.9). For consistency with previous work and since FJC model
should describe single stranded DNA better than WLC model, which is more appropriate
for double stranded form, we will continue to use FJC model here in the interpretation of
our force spectroscopy data. In our analysis, we will calculate adhesion free energy in the
sense defined by Equation 2.12 and reinterpret our previously published peeling force
data accordingly.

The Kuhn length for single stranded DNA (or RNA) is in the range of 0.5 to 3.5
nm depending on the ionic strength of the solution, sequence, and methods used®® 2 242
* thus, we expect the behavior of the DNA strands longer than 30 nm (~50 bases) to be
well represented by a freely jointed chain model. Indeed, the exact statistical mechanical
treatment of the single-molecule peeling of a freely jointed chain under force control
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results in the appearance of a well-developed force plateau for molecules having 15-20
Kuhn segments or longer.”> The plateau force does not depend on the number of
segments according to the model. Our model is only modestly sensitive to the exact value
of the Kuhn’s length, since it appears in both dimensionless quantities (/~and F). We will
use a mid-range value of 1.5 nm with a segment elasticity of 0.8 nN, as determined in the
initial work that applied extensible FJC model to describe stretching of a long (e.g. kbase)
ssDNA in 150 mM NaCl with optical tweezers.** We note that use of b=0.5 nm and
k=2.4 nN found in our own experiments on short DNA® will result in reduction of
binding energy values (per base) reported in Table 2.1 by 2.0-2.5 kgT, while use of the
WLC model with reported* value of persistence length of 1.5 nm (100 mM NaCl) will
reduce these values by 0.9-1.8 kgT.

The presence of salt decreases the repulsive forces between the negatively
charged phosphate groups of the DNA backbone and results in coiling of the chain,
improving validity of the freely joined chain approximation for our short (50-100 bases)
DNA oligomers.® In our previous experiments on pyrimidines, in the absence of NaCl in
dilute buffer solutions (ionic strength of 1 to 10 mM phosphate buffer), long range
electrostatic repulsion was readily observed as the tip approached the surface, and the
effective range of the repulsive forces could be reduced at higher salt concentrations.
However, despite the changes in salt concentration, we still observed that the magnitude
of the average peeling forces remain virtually unchanged. This observation is consistent
with a notion that the peeling forces are due to dominance of non-electrostatic

interactions, such as van der Waals forces and hydrophobic interaction between the bases
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and graphite, over the contributions resulting from the electrostatic/double layer
interactions between the charged DNA backbone and the graphite surface.?

To complete our previous description of factors affecting the binding strength of
homopolymers, we carried out additional experiments for polythymine using 5’-thiol
modified DNA as opposed to 3’-modified DNA in order to study the effect of direction of
ssDNA binding to the gold tip and corresponding direction of detachment from the solid
surface (Table 2.2). The peeling force for 5’-poly(dTso) was found to be 73.4 + 5.5 pN
(3 experiments with a total of 132 force curves), which is similar to forces previously
observed using 3’-poly(dTse) functionalized tips (85.3 + 4.7 pN).” Further experiments
were completed on 5’-poly(dTio0) and yielded 78.5 £ 5.0 pN average peeling force (17
experiments with a total of 884 force curves), very similar to those obtained for 5°-
poly(dTso) and 3’-poly(dTsg). Figure 2.1.B shows a typical force-distance curve obtained
for polythymine under our standard experimental conditions (200 nm/s, 100 mM NacCl,
pH 7 phosphate buffer). The only readily detected difference was that the length of the
peeling steps sometimes could be as long as 45 nm for the case of the 100-mer, as
expected for a ssDNA molecule having a contour length of about 55 nm. The 5’-poly(dT)
chains do display a peeling force that is lower than previously reported for 3’-poly(dTsp)
by Manohar et al.®® The observed difference of 6.846.7 pN for peeling DNA in 3’-5°
versus 5°-3° directions, however, appears minor compared to the overall binding force
(<10%) and, given experimental errors, it may not be possible to make a distinction
between any two specific peeling experiments. The small effect of the directionality and
the polymer chain length on average peeling force supports our use of the freely jointed

chain model to extract the binding energy values per monomer in this system.
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To support our interpretation of the dominant role of hydrophobic interactions
between the DNA bases and the surface of graphite to peeling forces, we also carried out
single molecule peeling experiments using 5’-poly(dT100) and model surfaces at extreme
ends of the hydrophobicity scale — hydrophobic methyl-terminated self assembled

monolayers on silicon*® 4

and hydrophilic surface of silicon dioxide (produced by
exposing silicon wafer to piranha solution). When SMFS experiments were carried out on
the hydrophilic substrate using either DNA-modified or MHA-modified AFM probes, the
force-disrtance curves obtained from the interactions between probes with silicone
dioxide looked indentical to those derived from SMFS experiments that used MHA-
modified probes on graphite.?®> The resulting force-distance curves, obtained from over
3800 force curves corresponding to 6 experiments, were completely reversible on
retraction and showed no adhesion. On the contrary, when the same DNA-modified AFM
probes were used on methyl functionalized surfaces, a strong tip-sample intial adhesion
of 3-15 nN resulted and long steady-state peeling plateaus with an average peeling force
of 77.5 + 8.3 pN were produced (5 experiments with a total of 207 force curves).

For the study of purine homopolymers, we investigated peeling forces for 3’-
poly(dAsp) and 5’-poly(dGino). We decided to use longer chains for polyguanine since a
longer contour length increases the success rate of obtaining force curves that show
critical characteristics described in the experimental section. We found that using a
longer chain (100mer versus 50mer) diminishes the effect of strong tip-surface contact
adhesion, and makes identification and interpretation of plateaus due to DNA peeling a
more robust process. In the case of polyguanine, we observed that the initial tip-graphite

adhesion was much higher than the measured adhesion for the other three homopolymers
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(up to 15 nN versus 1-2 nN) and the success rate of our experiments improved
dramatically by using a longer chain length for polyguanine.

The average plateau force for peeling 3’-poly(dAsp) from graphite was determined
to be 76.6 £ 3.2 pN (mean + 95 % confidence limit, 25 experiments with a total of 1185
force curves). Using Equations 2.1 and 2.2, the average binding energy per monomer was
calculated to be 9.9 + 0.4 kgT. From comparison of the average binding energy per base
of 3°-poly(dTso) with that of 3°-poly(dAso) — 11.3 ks T? versus 9.9 kgT, it is clear that the
effective strength of interactions with graphite fall within the same range for the two
sequences. Given the accuracy of cantilever spring constants obtained from the thermal
calibration method (~10-20% error)*® *® and the typical width of the peeling force
distribution in a given experiment (5-15 % of the mean), the binding energy of poly(dT)
and poly(dA) cannot be distinguished from one another.

If one accepts the view of the dominant contribution of hydrophobic forces to the
binding affinity between the bases and graphite, the closeness of the two values is
surprising, since the maximum contact area between adenine and graphite is higher than
between thymine and graphite. Indeed, affinity to graphite of individual bases scales
according to the size of the respective heterocycles.?* This discrepancy in binding
between free and constrained bases is an indication of the possible influence of the DNA
backbone on the conformation that an absorbed base can adopt on a graphite surface.
Constraints imposed by the backbone of purine homopolymers prevent conformational
changes that would result in maximum contact areas and highest interaction energies

between the bases and graphite surface.>
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Force-distance curves for peeling 5’-poly(dGip) from graphite consistently
showed behavior different from what we observed for the other three homopolymers
(Figure 2.2). In general, the peeling steps for polyguanine could be categorized by the
following characteristics: 1) the force curves either displayed large separations (greater
than the contour length of the strand) with small peeling forces (<60 pN), or small
separation of the last peeling step (less than half the contour length) with large peeling
forces (>100 pN), 2) most of the results showed initial adhesion forces that were much
larger than those observed from any of the other homopolymers investigated (4-15 nN
versus 1-3 nN), and 3) about half of the experiments showed behavior characteristic of
stretching a molecule in addition to the force plateaus representative of peeling of the
homopolymer from the graphite surface. Since polyguanine has a propensity to form
secondary structures,®* we suggest that these features are caused by different modes of
peeling or states of adsorbed polyguanine, leading to the variability in peeling force
magnitude and the shape of force-distance curves.

To summarize the differences in behavior that we observed between the force-
distance curves obtained from polythymine and polyguanine, the following statistics are
considered. In our SMFS studies of polythymine, more than 10000 force curves were
analyzed. Among those, 16 % displayed valid peeling steps, the rest either not having
peeling steps at all (due to low density of the DNA attachment or loss of the molecule in
the course of the experiment) or resulting in a large initial adhesion possibly hiding
peeling of the individual molecules. In all of the valid peeling force curves, the tip-
sample separation at the last detachment step was smaller than the contour length of the

molecule. In contrast, the SMFS studies using tips functionalized with 5’-poly(dGiqo)
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showed a great deal of variability of responses. Here, over 6500 force curves were

analyzed, with 12 % of all force curves showing valid peeling steps. In almost a third of

all
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Figure 2.2. Typical force-distance curves obtained for probes functionalized with 5°-
poly(dGyoo) (200 nm/s retraction velocity, 10 mM phosphate buffer with 100 mM NaCl)
showing peeling (A) and stretching (B).

valid force curves, the terminal separation was at a distance from the surface that
exceeded the contour length of the homopolymer. Furthermore, 40% of all force curves
showed stretching of a ssDNA molecule in addition to or instead of peeling upon tip
retraction from the substrate, indicating the presence of pinning points for this sequence.
We envision several modes of peeling for 5’-poly(dGigo) that are consistent with
our observations and imply formation of stable secondary structures as outlined in Figure
2.3. For example, Figure 2.3.A shows that formation of a stable dimer molecule would
result in the final separation step being larger than the contour length of the individual

homopolymer molecule. Strands with stable intrastrand secondary structure adsorbed
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onto the surface (Figure 2.3.B) could explain observation of large peeling forces at much
smaller separation distances. Furthermore, since most of the force curves showed both
peeling and stretching, it is proposed that the formation of secondary structures at random

locations along the chain led to strong adsorption of

A B C D
Au Probe

Figure 2.3. Proposed mechanisms to describe the possible reasons for observing: (A)
force curves with small forces at separations larger than the ssDNA’s contour length, (B)
large forces at short separations, (C) and (D) both peeling and stretching. This figure was
created by Dr. Kyle Wagner.

the polymer at these locations and formation of pinning points resulting in characteristic
stretching behavior (Figure 2.3.C and D).

Simply averaging all the force steps obtained from the 5’-poly(dGiq) results in a
large variation in peeling forces: 80.8 + 14.3 pN (9 experiments with a total of 490 force
curves). However, compiling all results obtained from the analysis of the plateau forces
for 5’-poly(dGigp) into a histogram (Figure 2.4.), reveals two distinct peaks at 66.4 + 1.4

pN and 121.4 + 2.4 pN (corresponding to mean = 95 % confidence limit from the
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combined dataset containing 355 force curves in the first peak and 135 curves in the
second peak). The histogram’s most prominent peak had the lowest value of the two
peaks, and it was interpreted as the peeling force of 5’-poly(dGiqp) absent of secondary
structures, while the latter peak is interpreted to have resulted from the contributions of
the secondary (intra- or intermolecular) structures and could be assigned to forced
desorption of two monomers simultaneously (in the same strand or two different strands).
In the case of force-distance curves characteristic of the single molecule stretching
behavior, total of 280 force curves were analyzed. The cumulative histogram of pull-off
forces at which detachment occurred also featured a bimodal distribution, with the two
peaks centered at approximately 70 £ 3.2 pN and 112 + 4.4 pN (corresponding to mean +
95 % confidence limit from the combined dataset containing 153 force curves in the first

peak and 127 curves in the second peak) (Figure 2.7).
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Figure 2.4. Histogram of 5’-poly(dGio) peeling forces showing two distinct peaks at
66.4 £ 13.7 pN and 121.4 £ 14.4 pN (mean = standard deviation derived form a fit to a
Gaussian distribution).
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Using Equations 2.1 and 2.2, the average binding energy per monomer of
polyguanine was calculated to be 8.3 + 0.2 kgT. As with the interaction strength between
graphite and polythymine and polyadenine oligomers, the average per base binding
energies in 5’-poly(dGigp)and 3’-poly(dCsp) fall within the same range and are
indistinguishable from each other within our experimental error. On the other hand, it is
clear that the binding force of polythymine and polyadenine is larger than that of both
polyguanine and polycytosine. This finding is in agreement with reports on the dispersion
efficiency of CNT by these homopolymer DNA sequences, where poly(dT) is clearly

more effective than poly(dG).!

2.4 Conclusions

In this chapter, we report direct measurements, using single molecule force
spectroscopy, for a complete set of interaction forces between DNA and graphite surface
for all four homopolymer sequences (Table 2.1). Herein, we found that the DNA chain
length and its direction of attachment to a gold coated AFM tip have negligible effects on
the peeling forces of homopolymers. The force required to detach 3’-poly(dAsp) from
graphite surface was measured to be 76.6 + 3.0 pN, while that of 5’-poly(dG;qp) was
found to be 66.4 + 1.4 pN; these force measurements correspond to the average binding
energy per monomer of 9.9 + 0.4 kgT and 8.3 + 0.2 kgT, respectively. Moreover, the
experiments with 5°-poly(dGio0)/MHA functionalized gold tips showed stretching
behavior suggestive of the formation of secondary structures as the reason for obtaining a

complex set of force curves for this homopolymer. Overall, the binding energies for all
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four bases are in the range of 8-11 kgT. With these results, it is clear that polythymine
and polyadenine fall within the same range in terms of their binding strength, while
polycytosine and polyguanine can also be coupled into a single group in terms of their

binding affinity to graphite.

Table 2.1. Summary of all SMFS measurements of binding affinity between DNA
homopolymers and graphite (errors are 95% confidence limit).

Sequence Peeling force Binding energy
(pN) per nucleotide (kgT)

Pyrimidines

3’-poly(dTso) (Ref. 2°) 85.3+4.7 11.3+0.8
3’-poly(dCsp) (Ref. %) 60.8 +5.5 75408
5°-poly(dTso) 734455 9.4+0.9
5°-poly(dT1g0) 785+5.0 10.2+0.8
Purines

3’-poly(dAsp) 76.6 £3.0 9.9+05
5°-poly(dG1no) 66.4+ 1.4 8.3+0.2

The force measurements reported in this table were obtained collectively by Sara I.
Cook, Dr. Kyle Wagner, and Dr. Suresh Manohar.

The binding energy does not scale with the size of the base as in the case of
individual nucleobases or nucleosides, possibly indicating an important role of the
restrictions placed by the phosphodiester backbone on conformations of the DNA bases
on graphite. While there is a correlation between binding energy and non-polar molecular
area (see Sl, section S8), we believe that this trend is likely coincidental given that for
single bases both experiment and theory show good scaling with the total area of the
base. Since we are measuring the difference in free energy of the bound and unbound

states, these arguments imply that we ignore stacking of bases to each other in the
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unbound state (purine-purine stacking will be stronger than pyrimidine-pyrimidine
stacking). No base stacking assumption in the desorbed state seems plausible given that
the DNA backbone should be almost fully stretched under the high peeling forces (> 60
pN). Therefore, desorbed nucleobases cannot stack, because they will be too far apart. On
the other hand, the stacking of the bases in the adsorbed state is plausible and would be
consistent with the lower than expected binding energy for purines. To explore the
possible contribution from this effect, one would likely have to rely on very detailed
molecular mechanics calculations, but we note that simulations of ssSDNA sequences on
carbon nanotubes show very little propensity for base-base stacking.™

The SMFS studies described in this chapter, where ssDNA is adsorbed onto a
two-dimensional substrate, used basic homopolymer sequences that are not capable of
forming special recognition 3D-structures when wrapped around a SWCNT, such as
poly(dTdAdTdT), poly(dGdT),> and others,? that are found to play a significant role in
sSDNA/CNT interactions when placed in bulk dispersions. In order to overcome this
shortcoming, future experiments should be conducted to assess the role of different bases
within the same strand. Rational design of secondary structures to probe their effect on
the magnitude of the interaction forces is fully compatible with single molecule force
spectroscopy and can provide further quantification of the binding strength between
various DNA motifs and solid surfaces. The potential drawback of using SMFS to
uncover sequence dependent signatures due to recognition motifs is the relatively high (in
the context of this system) variability of the typical force calibration methods employed
with force microscopy. The problem may be alleviated by the design of the proper

internal standard built into the oligomer sequence or by further improvements to force
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probe calibration. The role of the high curvature of the CNT and size matching between
CNT and nucleobases in determining the magnitude of the binding forces between DNA
and CNT remains unknown and can only be assessed with experiments on actual

nanotubes.

2.5  Appendix
2.5.1 Effect of oligomer attachment direction on peeling forces

We complemented our previous studies on the interaction of 3’-poly(dTsg) with
graphite by investigating the effect of direction of the strand attachment on average
pulling forces (Table 2.2). These results showed that the direction of peeling has a rather
small effect on the peeling forces of this homopolymer. The mean peeling force measured
from these experiments was 73.4 £ 5.5 pN (mean % 95 % confidence limit, 3 experiments

with a total of 132 force curves).

Table 2.2. Peeling forces for 5’-poly(dTso).

Experiment  No. of Mean Standard
No. Curves Force Deviation
(PN) (PN)
1 62 71.01 491
2 43 75.46 8.64
3 27 73.68 10.87
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2.5.2 Effect of oligomer chain length on peeling forces

To overcome the problem of large initial adhesion observed in the case of AFM
tips modified with 5’-poly(dGsp)/MHA, ssDNA chain lengths larger than 50 bases were
needed to enable consistent detection of peeling steps upon tip pull-off. Using
polythymine as a control, we carried out experiments to show that the chain length has
negligible effects on the peeling forces of DNA homopolymers. The average force
measured from these experiments on a 100-mer (Table 2.3) was 78.5 £ 5.0 pN
(corresponding to mean £ 95 % confidence limit from 17 experiments with a total of 984
force curves), in close agreement with peeling forces of 73.4 £ 5.5 pN for a

corresponding 50-mer (Table 2.2).

Table 2.3. Peeling forces for 5’-poly(dT1o0).

Experiment No. of Mean Standard
No. Curves Force (pN) Deviation (pN)
1 102 79.6 5.5

2 79 63.0 5.1

3 55 83.3 5.2

4 29 70.0 6.6

5 55 81.1 7.7

6 55 85.3 7.1

7 55 78.8 15.6

8 55 72.3 8.7

9 55 82.3 9.7

10 55 86.1 7.2

11 55 83.9 7.7

12 50 68.9 5.3

13 23 69.8 14.1

14 50 87.2 4.3

15 24 63.5 3.5

16 44 101.3 8.3

17 43 78.1 6.3
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2.5.3 Peeling forces of polyadenine

The average peeling force observed for 3’-poly(dAse)/MHA functionalized tips
(Table 2.4) under different conditions was 76.6 = 3.2 pN (mean = 95 % confidence limit,
25 experiments with a total of 1185 force curves). These experiments were carried out at
different peeling rates and salt concentrations to confirm that these two factors have no

effect on the peeling forces of sSSDNA as was the case for poly(dT) and poly(dC).

Table 2.4. Peeling forces for 3’-poly(dAso).

Experiment No.of Peeling NaCl Mean Standard
No. Curves Rate Concentration Force Deviation
(hm/is)  (mM) ®eN)  (pN)
1 51 50 0 74.1 4.8
2 52 100 0 76.7 6.9
3 52 200 0 66.2 3.8
4 55 100 50 66.0 3.2
5 50 200 50 68.8 3.8
6 52 100 100 80.9 5.6
7 51 200 100 79.2 6.5
8 53 400 100 78.1 5.7
9 50 100 200 83.8 3.8
10 50 200 200 81.6 35
11 54 400 200 81.6 4.4
12 50 100 0 69.3 10.8
13 34 1000 0 63.6 6.4
14 50 100 50 79.4 5.7
15 39 600 50 81.2 7.8
16 40 800 50 80.8 7.9
17 41 1000 50 84.6 16.5
18 42 50 0 73.9 3.1
19 50 100 0 70.2 4.8
20 38 200 0 75.3 7.7
21 50 600 0 100.1 8.2
22 50 800 0 72.1 5.1
23 31 1000 0 71.6 7.4
24 50 100 100 78.4 9.6
25 50 400 100 77.9 8.3
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2.5.4 Peeling of polythymine from hydrophobic and hydrophilic surfaces
Figure 2.5 shows force-distance curve derived in experiments on peeling of 5’-
poly(dT1p0) from a methyl-terminated self-assembled monolayer on silicon. Table 2.5

presents a summary of force statistics from several such experiments using different

probes.
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Figure 2.5. Typical force-distance curve for peeling 5’-poly(dT1g0) SSDNA from the
surface of a methyl terminated self-assembled monolayer on silicon obtained at a tip
velocity of 200 nm/s in 10 mM phosphate buffer solution containing 100 mM NacCl.

Table 2.5. Peeling forces for 5’-poly(dT;00) from methyl terminated self-assembled
monolayer on silicon.

Experiment No.of Peeling NaCl Mean Standard
No. Curves Rate Concentration Force Deviation
(hm/s) (mMM) (PN) (eN)
1 50 200 100 83.4 5.1
2 50 200 100 71.3 7.6
3 50 200 100 90.1 9.9
4 50 200 100 66.2 5.5
5 7 200 100 76.5 4.4
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Figure 2.6 displays a typical force-distance curve obtained when SMFS
experiments were carried out on the hydrophilic substrate using either DNA-modified or

MHA-modified AFM probes. Hydrophilic surface was created by cleaning silicon wafer

in piranha solution.
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Figure 2.6. Typical force-distance curve for interaction between 5’-poly(dT109) SSDNA
and clean silicon surface obtained at a tip velocity of 200 nm/s in 10 mM phosphate
buffer solution containing 100 mM NacCl.

2.5.5 Pull-off forces for polyguanine observed in the course of stretching behavior
Figure 2.7 shows a histogram of forces (obtained from a total of 280 force curves
characteristic of single molecule stretching rather than single molecule peeling), at which
detachment of 5’-poly(dGigo) chains was observed. The histogram displays two peaks

centered at 70 £ 3.2 pN and 112 * 4.4 pN (corresponding to mean + 95 % confidence
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limit from the combined dataset containing 153 force curves in the first peak and 127
curves in the second peak), similar to a bimodal distribution of peeling forces observed

for this sequence.
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Figure 2.7. Histogram of pull off force for 5’-poly(dGiqo) showing single molecule
stretching behavior.

2.5.6 Initial pull-off forces for polyguanine modified probes
Figure 2.8 shows a typical force-distance curve for peeling 5’-poly(dGigp) SSDNA from
graphite and indicates strong initial adhesion between the modified probe and the surface.

Average adhesion force observed in multiple experiments is summarized in Table 2.6.
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Figure 2.8. Typical force-distance curve for peeling 5’-poly(dGigo) SSDNA from the
surface of graphite obtained at a tip velocity of 200 nm/s in 10 mM phosphate buffer
solution containing 100 mM NacCl.

Table 2.6. Initial tip adhesion for 3’-poly(dGigo).

Experiment
No.

Mean Force
of Adhesion 7.0 12 33 55 15 7.7 76 46 47 35 14
(nN)

1 2 3 4 5 6 7 8§ 9 10 11

2.5.7 Relating peeling force to adhesion free energy for a worm-like chain

In the worm-like chain model (WLC), the force f is given in terms of extension L as:

pfely b 1,1 (2.15)
p (L 4 40-L/L)
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where p is the persistence length (half of the Kuhn length, b) and L. is the contour length
of the desorbed part of the polymer. The corresponding free-energy of the WLC polymer

is:

B s Fefr v KeT P(3-2L/L, B
Gc —kBTC(L—0)+£f(L )L = m LC[ oL ]+kBTC(L_0) (2.16a)

where ksTC(L=0) is a constant of integration (free energy of unstressed polymer). The

free energy of the freely joined chain with n Kuhn segments is:

(2.16b)

Gy = —kBTnIn[WsD sin F}

fo . . . . i

where F :ﬁ is a dimensionless force and wsp is the total numer of microstates per
B

Kunh length. By requiring the free energy of the WLC polymer under no external force

(Gaussian chain) to be equal to the free energy of a freely jointed chain,
L
G, =—kgTnIn[w,, ], we canset C(z=0) = _Z_pIn [w,o ].

Energy per unit length of the desorbed chain can be expressed as:

k.T L2(3-2L LC k. T
ngc:G\M_c/L: 2 _( / ]_ < I[

NIW,, [=
4p 2\ 1-L/L, ) 2p o]

ke[ .,(3-24
= A -21 ;A=L/L
o 232 ol 2= L,

(2.17)

where A=L/L is the extension as a fraction of the full contour length of the molecule.
Steady state peeling, i.e. a constant value of force, implies that the value of A is some

fixed, but as yet unknown, value in the desorbed part of the chain (Eq. 2.15). Then, in
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steady state, we can equate the work done by the external force to the work that goes into
the free energy of adhesion (including the entropy term for adsorbed WLC) plus the work

that goes into strain energy in the following way:

wa:ych+k;—;m[wm]ch+gMu)ch or

(AL, = L, +k;—gln [0 L, + Gy ()L, (2.18)

The quantity dL. is the increase in the contour length of the desorbed part of the
molecule. The first term on the left hand side of Eq. 2.18 is the work done by the
external force. Note that this term has the form of a product of the force and the contour
length increase times the extension fraction, since the chain need not be extended fully.
The first term on the right hand side represents the free energy of desorption, and the
second term accounts for loss in the entropy of the 2D WLC upon desorption, and the
third term is the strain energy stored in the stretched chain in solution. From Eqg. 2.18 it

immediately follows that the steady-state value of A is given by:

f(A)A— Ouuc (l)—k;—gln[wmk y (2.19)

Using Equations 2.15 and 2.17, we find that:

w_x (3—4ﬂb+2,1z)+ 1 |H{W3D} (2.20)

In order words, to extract the adhesion free energy, y, we would take the measured force

and use Eq. 2.15 to find A. Then, Eg. 2.20 can be used to find the adhesion free energy.
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Unlike in the case of FJC model, where we obtained an explicit relationship between the

peeling force and adhesion, for the WLC model, force and adhesion are given

2
parametrically as f(1) and y{1). Setting dimensionless force to F = o EI)' f and
B
2
dimensionless adhesion to T = ﬁ}/ — Alnw] for consistency with the FJC model, we
B

plotted adhesion versus steady-state peeling force in Figure 2.9. Estimates of adhesion is

lower by ~15% for WLC model than for FJC model.
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Figure 2.9. Dependence of dimensionless adhesion free energy, I = ﬂy —Alnfw], on
B
dimensionless force, F=fb/kgT, for WLC and FJC models of a polymer molecule.
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2.5.8 Correlation between binding free energy per base and non-polar molecular area
We used ChemBio3D Ultra 12.0 program (PerkinElmer Informatics) to calculate
molecular (van der Waals) area and polar molecular area for each nucleobase. The non-

polar molecular area is then found as the difference between the two calculated areas.
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Figure 2.10. Dependence of binding free energy per nucleotide on non-polar molecular
area of a nucleobase. The dotted line is a linear fit to the data to guide the eye.
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Chapter 3 Interaction of Single-Stranded DNA with Curved Carbon
Nanotube is Much Stronger than with Flat Graphite

The work described in this chapter has been titled “Interaction of Single-Stranded DNA
with Curved Carbon Nanotube is Much Stronger than with Flat Graphite” by Sara Iliafar,
Dmitri Vezenov, and Anand Jagota, submitted.

We used single molecule force spectroscopy to measure the force required to
remove single stranded DNA (ssDNA) homopolymers from single-walled carbon
nanotubes (SWCNTSs) deposited on methyl-terminated self-assembled monolayers
(SAMs). The peeling forces obtained from these experiments are bimodal in distribution.
The cluster of low forces corresponds to peeling from the SAM surface, while the cluster
of high forces corresponds to peeling from the SWCNTSs. Using a simple equilibrium
model of the single molecule peeling process, we calculated the free energy of binding
per nucleotide. We found that the free energy of ssDNA binding to hydrophobic SAMs
decreases as poly(A) > poly(G) ~poly(T) > poly(C) (16.9 £0.1; 9.7 £ 0.1; 9.5+ 0.1; 8.7
+ 0.1 kgT). The free energy of binding of SWCNT adsorbed on this SAM also decreases in
the same order poly(A) > poly(G) > poly(T) > poly(C), but its magnitude is more than
double that of DNA-SAM binding energy (38.1 +0.2; 33.9+£0.1; 23.3+0.1; 17.1£0.1
ksT). An unexpected finding is that binding strength of sSSDNA to the curved SWCNTS is
much larger than to flat graphite, and has a different ranking. The enhancement in these
surface interactions could be the result of intercalation of sSSDNA bases between the
hydrophobic SWCNT and SAM. It is also possible that the adsorption of the bases on the
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nanotubes affects the structure of water inside the SWCNTSs, resulting in stronger binding

energies.

3.1 Introduction

The rich electrical, mechanical, and thermal properties of single walled carbon
nanotubes (SWCNTSs) have made them strong candidates for a number of applications.
For biomedical applications such as sensing’, drug delivery,? and medical nanorobots®, as
well as for solution-based sorting and purification®, SWCNTs are usually dispersed in
water by covalent, non-covalent, ionic, and free-radical modification of the surface of the
SWCNTs.>” Non-covalent functionalization of SWCNTs by amphiphilic molecules such
as surfactants® °, DNA* 1 1 and some peptides'®** has received significant attention
because it permits ease of dispersion and processing without affecting significantly the
intrinsic electronic structure of the SWCNTs.”® Both for design of non-covalent
functionalization strategies, and to establish a basis for understanding how nanomaterials
such as SWCNTSs interact with biological molecules, it is important to quantify the
binding strength between SWCNTSs and their dispersants.

Single molecule force spectroscopy (SMFS) has emerged as a powerful tool for
the study of the mechanical behavior of individual entities. It has been used to
characterize elasticity, **®* DNA binding modes,**% cell adhesion,”*% protein

2629 and colloidal forces.®® It can also be used to measure the force required to

unfolding,
remove an adsorbed molecule from a surface.*®?% 3" We have previously used SMFS to
measure the interaction between ssDNA and graphite.> ¥ We found that binding

strength between ssDNA homopolymers could be ranked as T>A>G=C, with
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corresponding free energies of 11.3 + 0.8 kgT, 9.9 £ 0.4 kgT, 7.9+ 0.2 kgT, and 7.5+ 0.8
ksT. Here, we report on work in which we applied SMFS to study the interaction of
ssDNA homopolymers 5’-poly(T100), 5’-poly(Gigo), 5’-poly(Aieo), and 5’-poly(Ciqo) (5°-
terminus is attached to the force probe) with SWCNTSs adsorbed onto a surface coated by
a methyl-terminated SAM. We show that the force required to peel ssDNA off the SAM
is distinctly different from that required to peel it off an SWCNT. Moreover, we report a
surprising finding that binding strength of sSDNA to the curved SWCNTSs is much larger

than to flat graphite.

3.2 Experimental Section

In order to measure the force required to peel a molecule off the surface of an
SWCNT we followed a multi-step experimental routine that consisted of (i) preparing
samples with individually dispersed SWCNTSs, (ii) depositing them on a methyl-
terminated SAM on a silicon wafer, (iii) removing the dispersant molecule off the

SWCNT surface, and (iv) carrying out peeling experiments on the exposed SWCNTs.

3.2.1 Uniform Dispersions of 5°-(GT)s-3/(6,5) SWCNTs

Raw (6,5)-rich (>80%) semiconducting CoMoCAT carbon nanotubes (diameter
of 0.7-0.9 nm) were obtained from South West NanoTechnologies (SWeNT). Single-
stranded DNA 5°-(GT)s-3 was purchased from Integrated DNA Technologies, Inc.
(Coralville, 1A). Following a previously described procedure,*™ %2 SWCNTs were
dispersed with 5°-(GT)3-3” in a 1:1.5 (mass) ratio in 10 mM phosphate buffer (pH 7)

containing 0.3 mM EDTA. This ssDNA sequence was chosen to be long enough to
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provide sufficient binding strength to disperse the SWCNTSs effectively, but to be short
enough to prevent DNA from wrapping around the SWCNTSs. A sequence with the latter
characteristic was selected in an effort to ease the post-dispersion removal of DNA from
the SWCNTs. The mixture was sonicated for 90 minutes in an ice bath at 8W using a
Branson probe sonicator (Sonifier 150, G. Heinemann, Germany). The dispersion was
then centrifuged at 13,200 rpm for 90 minutes in order to separate the supernatant from

residual undispersed SWCNTSs (discarded as a pellet).

3.2.2 Formation of Hydrophobic Methyl-Terminated Self-Assembled Monolayers
(SAM) on Silicon Wafers

Silicon wafers (500 pm thickness, 3 inch diameter, 1-20 ohm-cm resistivity, N-
type phosphorus doped, <100> crystal orientation) were purchased from Silicon Quest
International (Santa Clara, CA). Organic contaminants were removed from the surface of
these wafers by placing them in piranha solution (70 % H,SO, and 30 % H,O, by
volume) for 30 min. The surfaces were then immediately modified by forming a
hydrophobic monolayer of octyldimethylchlorosilane (ODMCISI) following a previously
described procedure.®* ** Briefly, the functionalization step was carried out by refluxing
9 % (vol.) ODMCISi in heptane and 1% (vol.) butylamine in a pyrex crystallization dish
at 60-65° C for 3 hours. Upon the completion of the chemical modification process, the
samples were rinsed with isopropanol and annealed at 110° C under nitrogen atmosphere
for 2 hours. The SAM-coated silicon wafers were later cut into smaller pieces (1 cm x 1
cm) for handling purposes. The hydrophobicity of these surfaces was characterized by

measurements of advancing and receding contact angles of water, which were found to be
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94+3° and 89+4°, respectively. The thickness of the SAM determined by ellipsometry

(VASE, J.A. Woollam Co.) was 6.6 + 0.3 A,

3.2.3 Deposition of SWCNTs on Hydrophobic SAM

A 150 pl droplet of 90 pg/ml sample of dispersed 5°-(GT)3-3"/(6,5) SWCNTs was
deposited on SAM-coated silicon wafers, allowed to remain in contact with the substrate
for a prescribed duration (typically 10 minutes), and removed by aspiration with a
pipette. This procedure results in deposition of a sub-monolayer of individual SWCNTSs
on the substrate.®> The topology of these surfaces was imaged using a VVeeco Dimension

V atomic force microscope (AFM) (Santa Barbara, CA).

3.2.4 Displacement of 5’-(GT)3-3" from the Surfaces of SWCNTs Using Sodium
Dodecyl Benzene Sulfonate (SDBS)

We used a surfactant, SDBS, to remove the DNA from the SWCNTSs adsorbed on
the surface of hydrophobic silicon wafers. To establish that the SDBS indeed rapidly
removes the DNA from SWCNTs, we conducted separate experiments in bulk solution
phase. In this procedure, the absorbance spectrum of 100 ul of SWCNTs dispersed by
ssDNA was measured using a UV/Vis/NIR spectrophotometer (Varian Cary 50). To
displace the ssDNA molecules, 0.2% (wt.) solution of SDBS in 10 mM phosphate buffer
(with 0.3 mM EDTA) was added to the SSDNA/SWCNT dispersion in a 1:1 ratio (vol.).

To monitor the DNA-SDBS exchange, the shift in the position of the absorbance peak
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from 990 nm to 978 nm was followed over time until SDBS had completely replaced
ssDNA molecules from the SWCNTs.**

To remove DNA from the SWCNTSs adsorbed on the solid surfaces, we immersed
the samples into the same 0.2% (wt.) SDBS solution for 2 minutes followed by rinsing
with DI water. The samples were then dried with nitrogen. To obtain both a high
coverage of SWCNTSs on the surface and to displace ssDNA completely, we repeated the
5’-(GT)3-3°/(6,5) SWCNTs deposition and SDBS/DI rinsing step three times. Control
samples for analysis of surface chemical composition were prepared following the same
procedure as described above except that, for the deposition step, we used a solution that
contained no DNA-dispersed SWCNTs. For evidence of DNA removal by the SDBS
solution, we carried out height analysis on AFM topography images of adsorbed
SWCNTSs captured between each step of the deposition and rinsing process.

We next used X-ray photoelectron spectroscopy (XPS) (Scienta ESCA-300) to
scan for the presence of nitrogen on the substrate. The samples were positioned at a 20°
take-off angle between the sample surface and the path to the analyzer. Spectra were
analyzed using CASA XPS® software (version 2.3.15dev77). Survey spectra were taken
at a 300-eV pass energy and with a step energy of 1 eV. The pass energy for high-
resolution spectra in the N 1s region was 150 eV, and the step energy was 0.05 eV.
Since, in our system, only ssDNA contains nitrogen, the existence or disappearance of
this peak upon rinsing with SDBS indicates presence or absence, respectively, of DNA

on the substrate.
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3.2.5 Single Molecule Force Measurements on 5 - T1o9 Peeling from (6,5) SWCNTSs
Gold-coated NSC18 atomic force microscopy (AFM) probes with spring constant
of 3.5 = 1.5 N/m were purchased from MikroMasch (San Jose, CA). The force probes
were cleaned by exposure to a PDC-001 air plasma cleaner (Harrick Plasma, Ithaca, NY)
for 1 minute on high power, and rinsed with ethanol. 5’-Thiol-modified Tigo (purchased
from Integrated DNA Technologies, Inc.) was dissolved at 0.1 nM concentration in a 10
mM phosphate buffer with 1 M ionic strength NaCl (pH ~7). To deprotect the thiol
group, TCEP (tris(2-carboxyethyl)phosphine, 98% purity, purchased from Alfa Aesar,
Ward Hill, MA) was added to the DNA solution (to obtain 6 mM concentration), and this
solution was then left for 30 minutes to allow ample time to reduce the disulfide. Next,
the Au-coated AFM tips were placed in the ssSDNA solution for 1 hour. The chemically
functionalized AFM probe was then placed in a 6 mM solution of mercaptohexanoic acid
(MHA) in ethanol for 1 hour to space out the SSDNA molecules by filling the remaining
sites on the surface of the gold-coated tip and to remove non-specifically adsorbed DNA.
The probe was rinsed with ethanol and dried with nitrogen after each modification step.
Using an MFP-3D atomic force microscope (Asylum Research, Santa Barbara,
CA), single molecule (SM) peeling experiments were carried out in approximately 3 mL
of 10 mM phosphate buffer containing 100 mM NaCl. Following a previously
established procedure,® the AFM cantilevers were calibrated in air after the completion
of single molecule force spectroscopy (SMFS) experiments conducted in fluid. Because
the surface consisted of SWCNTs adsorbed onto a methyl-terminated SAM, any
particular experiment could represent peeling the molecule off an SWCNT or the SAM.

To correlate a peeling experiment with the location off which the molecule was peeled,
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we first imaged the surface under tapping mode in fluid immediately prior to the peeling
experiments. Next, we acquired a force-volume map, i.e., force-distance measurements
obtained in a 2-dimensional array from the same area of the sample for which the
topography image was just obtained. As described later in the chapter, the distribution of
peeling forces was found to be bimodal, with one cluster corresponding to peeling off the
SAM and the other to peeling off SWCNTSs. The peeling experiments were carried out at
a scan rate of 200 nm/s. Maximum compressive force applied was less than 1 nN.

Figure 3.1 shows a typical force-distance relationship obtained for our steady state
peeling process. In analyzing the force curves, we considered only the jump in the final
peeling plateau, and used a custom code written in IGOR Pro (Wavemetrics, Eugene,
OR) to obtain an average force measured over a distance of 2 nm on both sides of the
molecule detachment step. We followed our previously established guidelines to identify
valid force curves that were suitable for further analysis.®®  The peeling curves were
considered to be valid if i) the approach and retraction retraces overlapped for the
noncontact region, ii) the separation distance of the last peeling step was smaller than that
of the DNA contour length, iii) the tip—surface adhesion was small enough that the
peeling steps were not masked by the initial pull-off force, and iv) the peeling region
displays a flat plateau for at least 10 nm of separation to present a steady-state peeling
process. All measurements reported in this chapter are mean values; errors
indicate 95 % confidence limits obtained from averaging peeling forces from multiple

experiments carried out under nominally identical conditions.
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Figure 3.1. Typical force—distance curve for peeling 5'- T190 SSDNA from SWCNTs
deposited on a methyl-terminated SAM on a silicon wafer. The force curves were
obtained at a tip velocity of 200 nm/s in 10 mM phosphate buffer containing 100 mM
NaCl. The red curve is for the tip approaching the surface, blue curve represents tip
retraction.

3.3 RESULTS AND DISCUSSION
3.3.1 Bare Carbon-Nanotubes on a Hydrophobic Self-Assembled Monolayer

Prior to conducting force measurements, it is necessary to establish that the DNA
has been removed from SWCNTs adsorbed on the silicon wafer. DNA was removed by

rinsing samples with a solution of an ionic surfactant, SDBS. The surfactant, in turn, was
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removed by rinsing with DI water. We first show that this surfactant is effective in

removing DNA off the surface of dispersed SWCNTs. Figure 3.2 shows absorbance

spectra of DNA-coated SWCNTs before and after addition of SDBS at ambient

temperature.

We have shown previously that DNA-coated SWCNTs have a

characteristic absorbance peak at 990 nm, whereas SDBS-coated SWCNTSs have a peak

at 978 nm.>*

very rapid at room temperature.
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Figure 3.2 demonstrates that the displacement of 5°-(GT)3-3" by SDBS is
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Figure 3.2. The peak position of the NIR absorbance spectrum of the SWCNT
dispersion shifts from 990 nm (DNA-coated) to 978 nm (SDBS-coated) immediately
upon addition of the SDBS solution. Subsequent scans obtained 10 minutes after the
addition of SDBS to the 5’-(GT)3-3’/SWCNT dispersion showed no further change. This
experiment was repeated three times to ensure reproducibility of the results.
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To obtain bare SWCNTSs, samples with adsorbed nanotubes were subjected to
rinsing by SDBS solution followed by rinsing with DI water. We used several deposition-
rinse cycles to increase the density of the nanotubes on the surface. Between each step in
the process, the topography of these samples was imaged in air. To obtain the average
SWCNT diameters, we subtracted the baseline from the image, identified areas
predominantly covered with individual SWCNTSs rather than bundles (maximum height
of less than 1.6 nm), zoomed into these areas (as shown in Figure 3.3), and used a depth
analysis tool (Veeco) to determine the average diameter of the SWCNTSs. This analysis
tool builds a histogram of depth data within the specified area, applies a Gaussian low-
pass filter to the data to remove noise, and compares the depths between two dominant
features by automatically finding the mean of each distribution and calculating the peak-
to-peak distance, i.e. the difference in depth. In our studies, we obtained one depth
distribution for the SAM-coated silicon wafer and another for the SWCNTs (Figure
3.3C). To measure the height of the SWCNTSs, the difference between the depth of the
background substrate and that of the SWCNTs was calculated. Furthermore, we
independently checked and confirmed the values obtained via the depth analysis tool by
manually measuring changes in height over the cross-section of SWCNTSs deposited on
the SAM for multiple samples. The average diameters (each obtained from over 300 or
more image depth histograms) showed a gradual decrease from the first deposition of the
nanotubes to the last DI water rinsing step (Figure 3.4). Quantitatively, the measured
diameters decreased from 1.4 £ 0.20 nm (19 samples) after the first SWCNT deposition
to 0.85+ 0.06 nm (35 samples) after the last rinsing step. Since the diameter of these

SWCNTs as reported by the manufacturer (Sigma-Aldrich Corp) is 0.7-0.9 nm, our
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height analysis results evidently support the interpretation that SDBS rinsing replaces 5°-
(GT)s-3’ from the surface of SWCNTSs, while the follow-up rinsing with DI water

removes SDBS from the SWCNTSs.
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Figure 3.3. Surface topography of SAM-coated silicon wafers obtained in air for (A) a
control sample exposed to phosphate buffer only, and (B) a sample exposed for 10
minutes to a droplet of 90 pg/ml dispersion of 5’-(GT)3-3’-coated SWCNTSs and then
rinsed by SDBS (2 minutes) and DI water. The sample in (B) had undergone three CNT-
deposition-surfactant/water-rinse cycles. (C) Using the depth analysis tool, the diameter
of the SWCNTSs was obtained from the peak-to-peak difference in depth and averaged
over multiple areas and samples.
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Figure 3.4. Analysis of the average height of the nanotubes after each step of 5°-(GT)s-
3’/SWCNT deposition and SDBS/DI water rinse showed a gradual decrease in the
apparent mean diameter of the CNTs. After the third rinsing step, the mean diameter of
0.85+ 0.06 nm (35 separate measurements) is well within the diameter range (0.7-0.9 nm)
of bare SWCNTSs reported by the manufacturer.

Figure 3.4 shows that each SDBS/water rinsing step reduces the average SWCNT
height by 0.2-0.3 nm, consistent with the removal of DNA. Following the subsequent
deposition step, the height increases only slightly. Khripin et al. have shown that the
deposition of DNA-CNT on a SAM substrate is highly dependent on the density of
previously deposited SWCNTS on that substrate. ¥ In particular, they have reported that
the random sequential adsorption approaches a saturation density, which likely limits

how much the height can increase during subsequent depositions. Notice that average
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SWCNT height after each SDBS/water rinse continues to decrease. This observation
could be due to a number of reasons, e.g. i) because DNA is incompletely removed in a
single rinse step and repeated rinsing is required to improve efficiency, ii) SDBS rinsing
selectively removes larger diameter SWCNTSs, or iii) rinsing breaks down small bundles

of nanotubes or crossing nanotubes.

To investigate further whether the SDBS rinse fully removed the ssDNA from the
surface of the previously deposited SWCNTS, we carried out an XPS study of the surface
chemical composition. Following the same deposition-and-rinse procedure as described
earlier, now with two cycles instead of three, we prepared the following three samples
using SAM-coated silicon wafers: i) a control sample exposed to phosphate buffer (no
rinse step), ii) a dispersion of 5’-(GT)3-3’-coated SWCNTSs deposited without the rinse
step, and iii) a dispersion of 5’-(GT)3-3’-coated SWCNTs deposited and rinsed with the
SDBS/DI water. Since ssDNA is the only component in our system that contains

nitrogen, we scanned for the presence of nitrogen in our samples.

Figure 3.5 shows a high-resolution XPS spectrum of N 1s region obtained from
these three samples. The disappearance of the N 1s peak after the second SDBS/DI water
rinse cycle observed here further supports our finding from the AFM height analysis that
this rinsing step completely removes all sSSDNA from the surface of carbon nanotubes
deposited on the SAM substrate. Moreover, we found that this N 1s peak is best fitted
with two Gaussian components, suggesting that the nitrogen has two distinct chemical
environments, consistent with the ssDNA composition, 5’-(GT)3-3’. To obtain the fits,

we restricted the full width at half maximum (FWHM) of the two peaks to be the same.
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An XPS study conducted by Ptasinka et al. on DNA nucleobases deposited on untreated
silicon wafers has shown that thymine’s N 1s peak is best fitted with one Gaussian peak
located slightly above 400 eV, while guanine’s nitrogen peak is best fitted with two
Gaussian components.®> The first Gaussian component of guanine’s N 1s peak is located
at the same binding energy as that of thymine’s N 1s peak, and its second component is
positioned at a slightly lower energy, around 399 eV.* In their paper, Ptasinka et al.
attributed the higher energy peak to amino (C-NH-C and C-NH,) sites, while they
associated the lower energy peak with the imino (C-N=C) species.*® Following
Ptasinka’s interpretation, we obtained a two-component Gaussian fit for our sample
containing (GT)s. Here, we found that the ratio of the area for the high energy peak to
that of the low energy one was, not surprisingly, 5:2, corresponding to five amino sites
and two imino sites in the GT repeat unit. Since the complete removal of sSDNA from the
substrate is evident from our XPS study, we attribute the small gradual decrease in
SWCNT height with the number of SDBS rinsing steps to be due to the break-up of small

bundles.
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Figure 3.5. (A) High resolution XPS spectra of the N 1s region obtained for three
samples with the following variations in the preparation: i) a sample exposed to buffer
(no DNA) without the rinse step, ii) a dispersion of 5’-(GT)3-3’/SWCNT deposited
without the rinse step, and iii) a dispersion of 5’-(GT)3-3’/SWCNT deposited, followed
by the SDBS/DI water rinse. The SAM-coated silicon wafer on which a dispersion of 5°-
(GT)3-3°/SWCNT was deposited without the rinse step displayed a peak located at 401.2
eV with FWHM of 2.02 eV. (B) The N 1s peak from sample (i) in (A) can be
represented by the superposition of two Gaussian components.
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3.3.2 Peeling of Homopolymer ssDNA from Bare Single Walled Carbon Nanotubes

To quantify the interaction between ssDNA homopolymers and SWCNTSs,
T100/MHA functionalized gold-coated AFM force probes were first used to image a 3 um
x 3 um area, where the SWCNTSs were deposited on methyl-terminated SAM. The same
force probe was then used to obtain a force map from the same region. The term force
map refers to an array of force-distance measurements (Figure 3.1) obtained over a

selected area with a specified number of gridpoints (40 x 40 in our experiments).

The peeling forces measured from a typical force map acquired with a T1go—
modified probe were plotted as a histogram and revealed two distinct force peaks (similar
to those shown in Figure 3.6A). Using Igor’s multi-peak fitting package, we fitted two
Gaussian distributions to our bimodal peeling force data and obtained mean peeling
forces of 78.4 £ 0.8 pN (total of n=1673 valid force curves) and 172.0 = 1.6 pN (n= 714).
We have previously reported that the peeling of polythymine from a methyl-terminated
SAM prepared under the same conditions as used for this study results in 77.5 pN mean
peeling force.®* This comparison suggests that the first peak in the histogram
corresponds to peeling ssDNA from the SAM, whereas the second peak should then
correspond to peeling ssSDNA from the SWCNT. Figures 3.6A-D show a compilation of
the results from analysis of all our experiments conducted using the four ssDNA
homopolymers on SAM surfaces with bare SWCNTSs. All force histograms display two
distinct clusters: i) low peeling forces with mean values similar across all sequences (70
to 130 pN), and ii) high peeling forces with mean values covering a broader range of

forces (130 to 260 pN).
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We associate the first peak in the force histograms with the DNA-SAM
interactions and the second peak with the DNA-nanotube interactions on the basis of the
following three pieces of evidence (discussed in more details below): i) high peeling
forces are localized in the nanotubes occupied regions and low peeling forces are
detected in the nanotube-free regions; ii) bare SAM surfaces lacking the CNTs show a
single peak in force histograms whose position is identical to that of the first peak in the
force histograms obtained from the SWCNT-on-SAM samples; iii) the relative frequency
of low versus high forces (ratio of histogram peak areas) tracks the relative surface

coverage of CNTs and SAM as sensed by the AFM probe.

98



Am 600- > Ta00 600- >“Auo
— wn
S =
3 400+ S 4001
(@]
© O
200- 200+
0- 0, Al
0 100 200 300 0 100 200 300
Force (pN) Force (pN)
C 5-C,0o| D 5'-G
600 +0 6001 100
1% [0
S 400- S 400-
3 S
© 2001 200-
Of-llille 0-
0 100 200 300 0 100 200 300
Force (pN) Force (pN)

Figure 3.6. Force histograms for peeling ssDNA homopolymers from SWCNTs
dispersed on a methyl-terminated SAM showing two distinct peaks (peak positions and
errors of the mean are derived from the Gaussian fits to the experimental data). The
distributions of peeling forces were centered at 78.4 = 0.8 pN (total of n=1673 force
curves) and 172.0 £ 1.6 pN (n= 714) in 4 independent experiments for 5’-T1qg (A), 130.0
+ 1.5 pN (n=1948) and 265.4 + 2.2 pN (n=890) in 3 independent experiments for 5’-Ajgo
(B), 72.5+ 0.9 pN (n=1863) and 131.2 + 1.1 pN (n=1114) in 3 independent experiments
for 5’-Ci00 (C), and 80.1 £ 1.2 pN (n=1879) and 239.8 £ 1.5 pN (n=1339) from 3
independent experiments for 5°-Gjqp (D).

To confirm the assignment of the peaks, we correlated the spatial distribution of
the high and low peeling forces with local sample composition. By considering the mid-
point between peaks as a cut-off between the two force distributions, we assign a peeling
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force less than 127 pN to belong to the first peak in the histogram and a peeling force
larger than 127 pN to belong to the second peak. We overlaid the locations of the sites
where valid peeling force curves were obtained with the AFM height image (Figure 3.7).
In Figure 3.7, we represent the location of a low force by a blue marker and the location
of a high force by a red marker. It is clear that low forces identified as due to peeling
from the SAM coated surface correspond well with regions of the image between
SWCNTSs. On the contrary, high forces identified as due to peeling from the SWCNT
correlate well with regions of the image where the SWCNTSs lie. This placement of high
peeling forces in the vicinity of the nanotubes supports the interpretation that the high

peeling forces are due to removal of T199 SSDNA from individual SWCNTSs.
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Figure 3.7. Superposition of the sample topography and locations of the gridpoints
where individual force-distance curves were acquired from SWCNTs and a methyl
terminated SAM. Placement on the sample of valid force curves with the peeling force of
less than 127 pN is shown by red squares and placement of force curves higher than 127
pN is shown in blue. Despite some mismatch, there is a clear correlation between the
location of the SWCNTSs and the high peeling forces, and between the location of regions
presenting methyl-terminated SAM and low peeling forces.

By carrying out experiments on peeling ssDNA from SAM-coated silicon wafers
lacking the nanotubes, we observed a single-mode distribution of peeling forces: 125.1 +
3.5 pN for poly(A) (3 experiments with n=116 valid force curves), 74.2 £ 0.8 pN for
poly(C) (4 experiments, n=844), and 77.0 = 1.9 pN for poly(G) (3 experiments, n=316).

Note that we previously reported 77.5 pN mean peeling force for poly(T), also producing
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a single-mode force distribution. Since in the presence of deposited nanotubes a bimodal
distribution of forces is observed reproducibly for all ssDNA homopolymers, and
considering that the low-force mode was found to be similar to peeling from the bare
SAM, we have interpreted the higher forces to be due to the interactions of the sSSDNA

with the carbon nanotubes.

Finally, we note that it is not surprising that the probability of the peeling force to
fall into the distribution peak arising from the DNA-SWCNTSs interaction is always lower
than that associated with the SAM (compare peak heights in Figure 3.6A-D). To
corroborate this observation, we examined the surface coverage of SWCNTs on 34
independent SAM-coated silicon wafers with concentration of deposited SWCNTs
typical of the sample preparation for the peeling experiments (i.e. deposition from 90
ug/ml solution). Since the radius of AFM probes is 1-2 orders of magnitude larger than
the diameter of the SWCNTS, the surface fraction of CNTs and contact area available for
sSDNA-CNT interactions are both effectively increased due to convolution with the tip
shape (and multiple DNA molecules available for binding with CNT). The height image
shows CNTs much wider than ~1 nm expected diameter. At the same time, long
oligonucleotide (100-mers) at multiple attachment points near tip apex can interact with
CNTs even when the probe is misaligned from the CNT axis. The ratio of SWCNTSs to
SAM on the substrates was found to be 1 to 5.0 £ 0.9. This finding indirectly supports
our conclusion that high forces are due to peeling from SWCNTs, while the weak

interactions are coming from ssDNA peeling from the SAM substrates.
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The results shown in Figure 3.7 are summarized in Table-3.1. In our previous
work, we demonstrated that a simple equilibrium model can relate the peeling force f of a
freely jointed chain (FJC) to free energy required to desorb a link from its adsorbed state

on the surface to its desorbed state in solution, y':**

— In{smh(F)} 3.1)
F
. r'b. ) . fb. . .
where I''= T is the dimensionless free energy and F = T is the dimensionless force
B B

per ssDNA Kuhn segment of length b (1.5 nm).*® In this model, we assume that the part
of the chain in the peeling junction (where the links switch between adsorbed and
desorbed states) is in equilibrium. Given the contour length of SSDNA monomer, (bmono =
0.56 nm),? one can calculate its free energy of binding per nucleotide,

7'0one = 'K T (%) 3! by using the measured peeling forces, f. Furthermore, to

account for the enthalpic stretching of the sSDNA, we used a corrected model (extendable

FJC) to calculate the dimensionless peeling forces:*

f b(1+fj
_ K
= —kBT (3.2)

where, xis the segment elasticity of SSDNA (x = 2.4 nN).
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Table 3.1. Summary of the peeling forces and the free energy of binding per nucleotide
for all ssSDNA homopolymers interacting with methyl terminated SAM or SWCNT.

Sequence SAM SWCNT
Peeling Binding Peeling Binding Energy
Force (pN) Energy Force (pN) per Nucleotide
per (ksT)
Nucleotide
(keT)
Substrate: SAM-coated silicon wafer

Pyrimidines
5-poly(Tie) 77.8+16 9.4+0.1
5-poly(Cioo) 74.2+0.8 89+0.1

Purines
5'- poly(Aip) 125.1+£35 16.2+0.3
5- poly(Gig) 77.0+1.9 93+0.1
Substrate: SWCNT deposited on SAM-coated silicon wafer

Pyrimidines
5-poly(Tieo) 784+08 95+01 1720+16 233%0.1
5-poly(Ci0) 725+09 87+01 131.2+11 17101

Purines
5- poly(Aio) 130.0+15 169+0.1 2654+22 381+0.2
5-poly(Gipo) 80.1+12 9.7+0.1 2398+15 339+0.1

By comparing the mean free energy of binding per nucleotide required to remove
ssDNA homopolymers, we rank the interaction of these sequences with SAM substrates
in the following order: A > G ~ T > C, which is quite different from the interaction of the
same molecules with HOPG: T > A > G > C.*" On the other hand, with the exception of
Az00, We have found that the peeling forces of ssSDNA from the hydrophobic SAM
surfaces are quite similar in magnitude (74-78 pN) to those we previously measured

using HOPG as the solid substrate (65-80 pN). This similarity of peeling forces on the
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two hydrophobic substrates points to the dominant nature of the hydrophobic interactions
in this systems, as we have emphasized before. At the same time, the exact chemical
nature of the substrate and effect of the phosphodiester backbone are reflected in the
ranking of the strength of the DNA-surface interactions, which do not trace the trends
expected on the basis of the size of the nucleobases (i.e. the forces do not scale with the

footprint of the hydrophobic contact).

With the exception of adenine, interaction energy between SAM and all
nucleotides is very similar. The unusually high binding energy between poly(A) and
methyl SAM surface implies much greater hydrophobic character and base stacking
energy for adenine than for other nucleobases, which is consistent with the propensity of
poly(A) (unlike for the other homopolymers) to form stable helical secondary structure

even in a single stranded form.*’

The relative order of the DNA binding strength for SWCNT is the same as for
SAM (A > G >T > C), however, the differences between different nucleotides are much
more pronounced than in the case of flat surfaces (SAM and graphite). This ranking
reflects the relative size of the nucleobases and agrees with the theoretical and

experimental results on adsorption energies of monomeric nucleobases.?* 34

Quantum
mechanical studies on DNA nucleobases physisorbed on carbon surfaces have shown an
inverse relationship between their free energy of binding and the curvature of the carbon
nanotube.* This finding is consistent with the expectation that the n-stacking between

the DNA’s aromatic nucleobases and an aromatic surface should decrease with an

increase in surface curvature, i.e. going from graphite to carbon nanotubes. However, our
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experimental results are in stark contrast to this expectation, demonstrating that the
interaction of the ssSDNA with surface-adsorbed SWCNTSs is much stronger than with flat
graphite. Our results show that sSDNA binds to curved SWCNTSs with strength roughly
twice as great as that to flat graphite. As depicted in Figure 3.8A, one possibility is that
this enhancement in interactions is indicative of a spontaneous or intrinsic curvature that
the sSDNA backbone prefers to adopt. This natural curvature of the SSDNA matches the
radius of the SWCNT. For example, Takahashi, et al, have shown that carbon nanotubes
can disentangle the agglomerated structure that DNA takes in solution while HOPG
cannot do s0.*> The energy penalty for disrupting such molecular curvature of the DNA
can then be estimated as a difference between the free energy of binding to SWCNT and
graphite, i.e. will be in the range between 10 and 20 kgT per base. Given that the
effective Kuhn length of ssDNA is generally greater than the distance between bases, and
that the energy to straighten a freely jointed chain is on the order of kgT per Kuhn length,

this value seems large.
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Figure 3.8. Pictorial representation of proposed mechanisms to explain the enhanced
interaction between ssDNA and SWCNTs, compared to ssSDNA with graphite. (A)
ssDNA has a natural curvature that prefers to adsorb on the curved surface of an
SWCNT. (B) ssDNA intercalates between the SWCNT and the hydrophobic substrate.

An alternative hypothesis is that the increase in the peeling forces of sSSDNA
homopolymers from SWCNTSs (compared to graphite) is due to the preference of the
hydrophobic bases to minimize their interactions with the surrounding aqueous buffer
solution (Figure 3.8B).* In order to gain the most favorable interaction, these
amphiphilic molecules may be repositioning themselves to insert the bases into the
hydrophobic SAM-SWCNT interface, while keeping polar and charged backbone
exposed to highly polar agueous environment. Since free energy of binding to SAM and

graphite are similar in magnitude, the intercalation of nucleobases between SWCNT and
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SAM surface is consistent with approximately doubling of apparent free energy of
binding when moving from flat surfaces of SAM or graphite to a sample of nanotubes

residing on the methyl surface.

In principle, one should also consider the possibility that DNA stands can insert
inside the nanotube. Experiments on pulling DNA from the nanotube pores demonstrate
much higher steady state forces that what we typically observed for peeling ssDNA from
graphite. However, several observations would contradict this interpretation. Many
nanotubes shown in Figure 3.7 are 500 nm or greater in length. The length of the DNA
used to produce this force-volume map is about 60 nm. In spite of this order of magnitude
disparity in length, we observed high peeling forces along the entire axis of these long
nanotubes and not only at the endpoints where DNA entry inside the nanotubes is
possible. In addition, limiting presumed active sites for strong SWCNT-DNA interactions
to nanotubes ends should greatly reduce the relative frequency of observing high forces.
Thus, corresponding peak area would not reflect apparent surface coverage — an effect we

do not observe.

Finally, it is possible that observed peeling forces reflect true difference in
binding energy of nucleobases to nanotubes and graphite. For example, adsorption of the
base could introduce significant structural changes to water adjacent to carbon layer
inside the nanotube, interaction absent in the case of semi-infinite planar substrates such
as SAM or graphite. The presence of the counter ions inside the nanotube could also
affect the peeling process. To identify whether the enhancement in binding energy is

from ssDNA base intercalation between SWCNT and SAM, or from structural changes to
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the water inside the nanotube, one should repeat these experiments with suspended
carbon nanotubes in a fluidic environment and ensure that the tubes do not come into

contact with the supporting substrate that is below them.

3.4  Conclusions

We have used single molecule force spectroscopy to measure the force required to
remove each of the four ssDNA homopolymers from surface-adsorbed single-walled
carbon nanotubes as well as from a methyl-terminated self-assembled monolayer. We
have shown that free energy of binding of these sSDNA sequences to the SAM-modified
substrate is quite similar to their free energy of binding to graphite. We discovered that,
contrary to the expectation that the binding of sSDNA with carbon surfaces should
decrease with surface curvature, the peeling forces in fact are greater by a factor of two to
three in our measurements on SWCNTSs. We interpret the enhancement in this binding
either to represent an effect of spontaneous curvature of sSSDNA, to result from
intercalation of sSDNA bases between the SWCNT and the SAM surface, or to reflect

complex contribution of water or counter ions inside the nanotube.
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Chapter 4 Brownian Dynamics Simulation of Peeling a Strongly-
Adsorbed Polymer Molecule from a Frictionless Substrate

The work described in this chapter has been published in “Brownian Dynamics
Simulation of Peeling a Strongly-Adsorbed Polymer Molecule from a Frictionless
Substrate” by Sara Iliafar, Dmitri Vezenov, and Anand Jagota, Langmuir 2013 29 (5),
1435-1445.

We used Brownian Dynamics to study the peeling of a polymer molecule,
represented by a freely jointed chain, from a frictionless surface in an implicit solvent
with parameters representative of single-stranded DNA adsorbed on graphite. For slow
peeling rates, simulations match the predictions of an equilibrium statistical
thermodynamic model. We show that deviations from equilibrium peeling forces are
dominated by a combination of Stokes (viscous) drag forces acting on the desorbed
section of the chain and finite rate of hopping over a desorption barrier. Characteristic
velocities separating equilibrium and non-equilibrium regimes are many orders of
magnitude higher than values accessible in force spectroscopy experiments. Finite probe
stiffness resulted in disappearance of force spikes due to desorption of individual links
predicted by the statistical thermodynamic model under displacement control. Probe
fluctuations also masked sharp transitions in peeling force between blocks of distinct
sequences, indicating limitation in the ability of single molecule force spectroscopy to

distinguish small differences in homologous molecular structures.
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4.1 Introduction

Modern advancements in fields of bionanotechnology and biomedicine often
involve developing and working with systems where biomolecules interact with inorganic
materials at the nanoscale. Functionalized single-walled carbon nanotubes (SWCNTSs)
are a prime example when they are made into biocompatible structures through their
functionalization by molecules such as proteins and nucleic acids. * Molecules can be
attached to an SWCNT covalently or non-covalently; the latter of the two methods
generally retains the SWCNT’s optical integrity (NIR photoluminescence signals).’
Cargo bound to SWCNTSs have included antibodies,® chemotherapy drugs,”* single-
stranded DNA (ssDNA),” siRNA,® 7 and short peptides.? Much effort has also been
expended in developing conjugated SWCNTSs as imaging and sensing entities in living

%1213 and photoacoustic' techniques

organisms such as using fluorescence,”™* Raman,
after substrate binding. In addition, there is considerable interest in understanding the
potential health risks associated with carbon nanomaterials. The biocompatibility of
functionalized SWCNTSs is strongly correlated with the nature of the surface conjugation.
For example, a well-coated biopolymer-conjugated SWCNT vyields relatively low levels
of toxicity.® > ® To understand such heterogeneous materials at the fundamental level

and to engineer new systems for bionanotechnology, it is important to understand and

quantify the interactions of these nanomaterials with biological molecules.

Single molecule force spectroscopy (SMFS) has been used widely to study the
interactions between individual molecules, and between polymers and solid surfaces.*’°

We focus on constructs between biomolecules and nanomaterials, in particular, on the
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characterization, formulation, and properties of stable DNA-SWCNT dispersions.?>** To
quantify the strength of DNA-CNT interaction in these conjugates, we previously
employed SMFS studies using graphite as a model system in place of the carbon
nanotube surface.?"*> When detaching DNA from a graphite surface, we often observe

14,19, 28

steady state peeling in the force-displacement data manifested as long regions of

constant force punctuated by sudden jumps.*® 2" %

We have proposed simple statistical-mechanical models to relate the peeling
forces measured in these experiments to the effective binding energy per monomer.?® 2
2% 1n developing such equilibrium models for single molecule peeling, we assumed that
the parts of the chain in proximity to the surface go in and out of contact with the surface
and are at equilibrium.?* The theoretical model predicted some ability to distinguish
between different homopolymer blocks in a block-co-polymer sequence in both force and
displacement control. The model also predicted decaying spikes in peeling forces
associated with the removal of individual bases that can be highly specific to the
sequence when an ssSDNA molecule is peeled from a frictionless surface under
displacement control.? These latter characteristics, however, are absent from the
experimental force-displacement data we routinely generate. The limitations of the
equilibrium models for this system are i) absence of an explicit account of rate effects;

and ii) exclusion of the effects on force curves of the thermal noise of the force probe

(i.e. cantilevers used in an atomic force microscope (AFM)).

Recent theoretical work on force-induced polymer desorption in constant force

and constant height ensembles has used analytical solutions or Monte Carlo
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simulations.?”?° In these studies, the number of adsorbed monomers change steadily with
displacement in constant-height ensemble, while they show abrupt jumps at particular
force values in constant-force ensemble.?” Furthermore, these studies have shown that
the magnitude of applied pulling forces scales with the surface adhesion that is needed to
maintain a chain on the surface.?® % All of these findings are consistent with the results
from our previously developed equilibrium model.?*#* Theoretical studies on peeling a
polymer chain at different rates have shown that the chain length at the point of complete
detachment and fluctuations in this distance increase with growing departure from

equilibrium.*

In this manuscript, we report results of Brownian dynamics simulations to study
the peeling of a single molecule, represented as a freely jointed chain (FJC), from a
frictionless surface. Our goal was to obtain relevant time scales for all contributions
responsible for observed phenomena of single molecule peeling using AFM probes and to
be able to anticipate future experimental observations. Although the parameters used in
this study are representative of an sSDNA molecule on graphite in water, the results apply
to any molecule that can be modeled as an FJC. We investigated the conditions under
which peeling of homopolymers and block-co-polymers occurs in equilibrium. We
established key relationships between observed peeling force and 1) the chain’s free
energy of binding per Kuhn length, and ii) different finite peeling rates. We have also
examined the effect of having force sensors of different stiffness and AFM tip
fluctuations on the measured response. We found that these fluctuations strongly affect

the ability to make sequence-resolved force measurements.
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4.2 Methods

We used Brownian Dynamics to study the removal of a polymer molecule from a
frictionless surface. Figure 4.1 depicts schematically the model analyzed in this work. It
comprises a three-dimensional (3D) freely jointed chain (FJC) with N nodes (joints or
beads) and N-1 links. All beads, except the two at the ends of the chain, are given
identical properties. The main parameters controlling the simulation are the bead size,
chain length, strength of interaction between the bead and the substrate, and the method
by which the free end (AFM probe) is pulled away from the substrate. Since our
particular interest was to simulate the conditions of our previous SMFS experiments, the
parameters used in this study were chosen based on our experience of the system of

ssDNA strongly adsorbed on a surface such as graphite.
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Force
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Figure 4.1. A schematic representation of the model for peeling a linear polymer
molecule adsorbed on a solid substrate. A freely jointed chain is pulled away from a
frictionless surface in either force or displacement control. The first bead (blue) is fixed
on the surface in the z-direction and is allowed to move freely in the x-y directions. The
AFM probe (green) applies either force or displacement and is represented by a bead
much larger in comparison to the DNA beads in order to capture the effect of its thermal
fluctuation that is present in experiments.

In Brownian dynamics, the effect of explicit solvent molecules on the polymer
chain is represented by a stochastic force and viscous drag. This simplification reduces

significantly the system size being modeled and enables one to use larger time steps than
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in Langevin and molecular dynamics simulations. The equation of motion governing

Brownian dynamics for the n-th bead at position r, =(x,,Y,,z,) in vector form is:

0:—§nd—rt”+fnr(t)—VnE

d (4.1)

where £, is the viscous damping constant (kg/s), £ (t) is a random force (N), E is the

potential energy of the system as a function of coordinates of each link (J), and the
gradient is with respect to coordinates of the n-th bead.** The random and frictional drag

forces are related by the fluctuation-dissipation theorem:
(f1(@)- () =6& ke TS(t—t) (4.2)

where kg, T, o(t—t"), and f' (t) are the Boltzmann constant, temperature, Dirac delta

function, and random force applied at time t, respectively. In the numerical modeling

context, the standard deviation of the random force, o', is derived from the Brownian

motion of a single particle by applying the fluctuation-dissipation theorem in continuous

contact (Eq. 4.2):*

Gr — (6§n kB T ]2
" At (4.3)

This standard deviation is used to control the magnitude of random forces as they
are generated using the standard normal distribution (< fnr (t)> =0and, which distributes

the random variables around zero and, therefore, does not introduce bias to the system. It
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is convenient to express &, in terms of the diffusion coefficient, Dy, (m?/s) of each bead
using the Stokes-Einstein relationship.®! For simplicity, we used the same diffusion
coefficient for all bases, except for the one representing the AFM probe. Its value was
estimated using molecular dynamics simulations of a single nucleotide adsorbed on
graphite in water.?

kg T

D (4.4)

& =brna=

n

Our model represents monomer units in the polymer chain by beads of identical
hydrodynamic radius a (or identical diffusion coefficient D,). We assume that their
interaction with a substrate can depend on their chemical identity. It was modeled using

the Lennard-Jones potential, integrated over the half-space representing the substrate:

¢min Zr?ﬂn 3Zr:i]in
¢ = 2 | 9 - 73 (4.5)

The parameters that describe the depth of the potential well, ¢, , and its location

(the distance at which the inter-particle force is zero), z,,;,, were chosen in a range
typical for DNA nucleotides adsorbed on graphite. Considering the typical values
reported in the literature for the distance at which the center of mass of a DNA base
comes to rest if a nucleoside is released near the surface, the value for z;, was set to be

SA 23,24, 32

The peeling process is accomplished by applying boundary conditions at the end

of the chain connected to the AFM probe (Figure 4.1). Two limiting cases are peeling
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under force or displacement control on the chain end. In the actual experimental
situation, displacement is applied through an AFM force probe having a finite
compliance. The ratio of the AFM probe size to the FJC bead size is very large in
experiments. However, if a bead corresponding to the actual probe size is included in the
simulation, to maintain the stability of the simulation, the time steps must be reduced
significantly slowing down the simulations by orders of magnitude. In principle, it is
unnecessary to represent the AFM probe by a bead with dimension comparable to its
actual size. One only needs to make the “AFM bead” sufficiently large compared to

DNA beads so that fluctuations of the force probe dominate (see Eq. 4.3 & 4.4).

In addition, the bandwidth (1/At in Eq. 4.3) in actual AFM experiments is on the
order of 1 kHz, or about a factor of 10*-10° smaller that the bandwidth of the simulations.
To reproduce the magnitude of the thermal noise seen in these experiments due to an
AFM probe, one has to reduce accordingly the damping & of the cantilever or,
equivalently, the diameter of the AFM bead. Using cantilever parameters quality

factor Q, resonance frequency a, , and spring constant Kyrqpe, the effective friction

__ ‘probe

coefficient of the AFM probe can be estimated as &, = 0
a)O

and is in the range of 10

°-10™ kg/s for typical values in water (Q~2-5, Kepring~0.1-0.3 N/m, @, ~3-5 kHz). Thus,

we selected the diameter of the bead representing the AFM probe to be 70 times larger
than the diameter of beads representing each monomer unit. Specifically, the monomer
beads each had a radius of 0.29 nm and friction coefficient of 5.5 x 10™2 kg/s; the bead

representing the AFM probe had a radius of 20.5 nm and friction coefficient of 3.9 x 10
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kg/s. This size ensured that the AFM probe fluctuations dominated the contributions
from the smaller monomer beads and resulted in an appropriate magnitude of probe
noise. In this manner, by adjusting the size of the AFM bead so that its fluctuations
dominate over the smaller beads, while simultaneously accounting for the difference in
bandwidth between experiment and simulation, we are able to run the simulations much
faster than would be dictated by the dynamics of a physical-sized AFM bead to capture

its influence on the molecule.

The chain is peeled by applying one of the following conditions to its desorbed
end: (i) displacement control (stiffness of the probe is much larger than the stiffness of
the molecule, Kyrone >> Keic), (i) force control (Korone << Kesc), or (iii) displacement
control on a large fluctuating AFM bead through a spring corresponding to the cantilever
stiffness (Korobe = krsc). To peel the chain from the surface under force control, force is
applied directly to the last bead at the desorbed end of the chain and is increased linearly
in time. Under force control, the applied force was incremented at a specified rate and
we report mean end-to-end displacement. To peel the chain under displacement control,
we constrain the end of the chain to be at a desired distance from the substrate and
increase the distance at a constant velocity. For displacement control, applied
displacement was incremented and we found resulting mean force. In order to capture
the effects of a fluctuating AFM cantilever on the system, we applied displacement to an

invisible node that was connected to the AFM bead via a spring (of stiffness Kpyrobe).

The last bead at the opposite end of the chain was adsorbed strongly to the

surface, but slid freely in the x-y plane. This bead was assigned a value of ¢,,;, much
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larger than the rest (150 kgT). Such assignment does not affect the response of the chain
through most of the peeling process, however, the non-equilibrium event where the entire
chain is removed from the surface is no longer allowed.*® Therefore, we were able to
compare numerical results to an analytical equilibrium model based on the same

assumptions.?

To enforce the condition of constant segment length, b, at all times, we introduced

the constraint for each k-th bond (for 1 <k <N-1):

Oy E(’I<+1_rk)2_b2:0

(4.6)
resulting in a total of N-1 constraint equations:
0
o, +=0
4.7
o (4.7)

In all the studies discussed in this chapter, we used an FJC with 20 Kuhn links,
each with a Kuhn length segment of 0.65 nm to representative of the distance between
phosphorus atoms in a phosphodiester backbone.?* We used the method of Lagrange
multipliers to enforce the bond length constraints shown in Equation 4.7, by adding an

extra term to the governing equation (Eq. 4.1),

r,

dr, X
o +f (t)—{V{E—;/lkak}

Oz_gn

(4.8)
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where A, is the Lagrange multiplier corresponding to o, .*** To obtain a numerical

time-stepping scheme, this system is first discretized in time as

dr, _r(t+At)-r(t)

dt At

(4.9)

Given a starting solution 7, (t) that satisfies the constraints, the following equation

gives us the solution 7 (t + At) at the end of the time step:

r.(t+at)=r, (t)+§(fnr (t) —{V{E(t)—%ﬂkak m

n k=1

(4.10)

An appropriately small time step is chosen using the ratio of the mass of each

monomer unit, m, to the friction coefficient (At = ?) to capture events slower than this

relaxation time. The system of N equations is propagated in time by solving for

/;1(t+At) at each time step. Each time increment is accomplished in two phases. In the

first phase, Equation 4.10 is used without enforcement of the constraints of Equation 4.7
(i.e., A«’s are all set to zero). In the second phase, the nonlinear constraint is enforced

iteratively using Newton-Raphson iterations to determine Ay

4.3 Results and Discussion

We and others have observed that peeling of a long chain molecule from a surface
is resisted by a constant “plateau” force.” *"**® We have previously reported
measurements of the peeling force for removal of SSDNA homopolymers from graphite
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by measuring the average magnitude of the last plateau in the force-displacement
curve.??*> We argued that the observation of a plateau force represents removal of the
chain under quasi-equilibrium conditions. Based on an equilibrium model, in which the
molecule was represented as a freely-jointed chain of the Kuhn length (b), we obtained an

expression for the binding free energy per unit length in terms of the measured steady

state force, f 242

- n{smh F}r In{wgD }
F W,p

; 4.11
F,:F_In{wﬂ}ln[smh F} (4.11)
W,p F

where F = f b/k,T and I'=yb/k,T are dimensionless force and adhesion free energy,
respectively, and In(w,g, /W, ) is the conformational free energy required to desorb a
link from a surface-adsorbed state into a 3D-FJC-state in solution. Here, y, is the
binding free energy of the chain per unit length excluding the contribution due to
conformational changes from 2D to 3D, In(W,, /W, ), i-6., ¥ =@, /b, where ¢, is the
binding free energy of a single node in the chain. In practice, what we measure is the

force and hence, what can be inferred using Equation 4.11 is the effective binding free

. W, : . -
energy, 7'=y7 -k, T In {W—w} . Using this method, we found the average binding energy

2D
per base to be between 7.5 kgT and 11.3 kg T depending on the sequence of SSDNA

homopolymers.? %
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Note that in the simulations, we prescribe y, not ’. We first compare, in the next
section, simulation and theory for equilibrium peeling under force control. This

comparison allows us to determine the unknown factor In(w,, /W, ). Equilibrium in

this case means that the peeling is slow-enough that (i) the adsorbed part of the chain has
enough time to sample all allowed conformations, (ii) the desorbed part of the chain
likewise has enough time to sample all its allowed conformations, and (iii) the process of
adsorption and desorption of bases near the peeling junction is also in equilibrium. The
event of the final and full removal of the chain from the substrate is not an equilibrium
process. Therefore, complete detachment is explicitly excluded from both the analytical
and the numerical model by forcing the last bead to remain bound to the surface. The
exclusion does not significantly affect the response during peeling, as shall be evident

presently.

4.3.1 Equilibrium peeling of a freely jointed chain from a frictionless surface under

force control

Although our studies focus on FJCs with strong adsorption (/"> 1) to the surface,
there remain significant differences between low and high limits of adhesion. Figure 4.2
illustrates the evolution of the chain’s conformation upon increase of the applied force in
the z-direction. Quasi-equilibrium peeling of two molecules, each with 20 Kuhn links
and with free energy of binding per node, y, of 12 kgT and 2 kgT, was simulated by
application of slow-enough forcing rate, 15 uN/s. At the beginning of the simulation
(left), the FIC with smaller adhesion (chain B) is only partially adsorbed to the surface,

while the chain with the stronger adsorption (chain A) starts out with all its beads
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adsorbed onto the surface. The second set of conformations (middle) was obtained when
the end-to-end distance of the chains was approximately half the chains’ contour length
and reveals interesting information: the desorbed part of chain A is stretched nearly to
full extension while the adsorbed part is fully attached to the surface. On the other hand,
although the end-to-end distance of chain B is about the same as that of chain A’s, almost
all of the links in B have desorbed from the surface, and the ensemble of conformations
for the desorbed part of the chain shows a significantly greater degree of variability. The
third set of conformations (right) corresponds to the case where the chain is stretched
nearly to full extension. For both low and high adhesion, the ensemble of conformations

shows little deviation from a stretched straight line.
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Figure 4.2. Clusters of two, 21-node, freely jointed chains with two different binding
energies are shown as the applied force in the z-direction increases. Each cluster contains
forty conformations. Within one cluster each conformation has been shifted in the x-y
plane such that all 21* nodes coincide. (Left) At the beginning of the simulation (t = 0.09
ps), the force is too small to peel the chain off the substrate. Not all nodes of Chain B
(moderate binding energy) are adsorbed on the surface, whereas all nodes of chain A
(strong surface adhesion) are bound to the surface. (Middle) The physical state of the
FJCs when the end-to-end distance of the chains is slightly higher than half their contour
length (t = 5.3 ps). (Right) Final conformation obtained near the end of the simulations (t
= 9.0 ps) when the FJCs are nearly fully stretched to their contour length.

We conducted simulations of single molecule peeling under both force and
displacement control at different peeling rates and adhesion values. To simulate the
averaging that occurs automatically during an experiment, we averaged simulated data
using small windows, which results in smaller apparent fluctuation (see the Appendix for

details). Equation 4.11 gives the plateau peeling force for long chains; for finite chains, it

131



corresponds to the force when the a chain’s average end-to-end distance is half of its
contour length.?* To compare the full simulated and theoretical force-displacement
response, we use the complete theoretical equilibrium model (Eq. 4.12) previously
derived by Manohar, et al. based on the partition function of the system under force

control:?

R,)- b[coth F —éj(n) (4.12)

where, () :(exp(l“} O X))—lJ x| 2 e |

In deriving this expression, following Rubinstein & Colby®, we previously made an

W3 D

arbitrary choice of In{ } = In[47z] corresponding to the implicit assumption that the

2D
density of states is one per steradian in 3D and one per radian in 2D.? In fact, this factor
is unknown and, in this work, we extract it by using it as a fitting parameter to minimize

the root mean square difference between the theoretical and simulated results.

Figure 4.3A plots force versus mean displacement relationship for a 20 Kuhn link
chain that is being removed under force control. Also shown in Figure 4.3A by solid
lines is the force-displacement response predicted by the theoretical equilibrium model
(EQ. 4.12). We found that, for this ‘slow-enough’ rate, the analytical equilibrium model
and Brownian Dynamics simulation can be brought into very good agreement with a

single, binding-energy-dependent, parameter, In[w3D /WZD].
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Since the last node is constrained to the surface, when the surface adhesion is
negligible, the force-displacement relationship for the chain is governed by entropic
stretching of the FJC and represented well by the Langevin function (see I' = 0 kgT case

in Figure 4.3A):*

&zcoth(F)—(%j (@13

nb

Strictly, our conditions are somewhat different from those under which the
Langevin function is derived, since the adsorbed end of the chain is free to slide on the
surface. However, Manohar, et al. have shown that this makes little difference to the

force-displacement response.”

The value of conformational free energy of desorption, In(ws, /W, ), in units of
ksT, was extracted from the fits to Eqg. 4.12 shown in Figure 4.3A, and plotted in Figure
4.3B as a function of the free energy of adhesion of a chain, . We find a systematic
increase in In(w,, /W, ) with increasing adhesion. Interestingly, for the largest
adhesions simulated, its value is very close to the previously assumed (constant) value of

In (47[). As expected, since the chain can only sample half of its conformations near a
surface, the value of In(w,, /W, ) for an adhesion-less chain in the presence of a surface
appears to converge to In(2)=0.69. The ratio In(w,, /W, ) increases with greater

adhesion, i.e., the density of 2D states decreases as increasing adhesion increasingly

constrains bead motion away from the surface.
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Figure 4.3. (A) Effect of dimensionless adhesion,I" = 7b/(kBT), on the equilibrium

force-displacement relationship in force-controlled peeling. The simulations are shown
as thick dashed or solid lines. The equilibrium model is shown by thin solid lines. (B)
The conformational free energy required to desorb a link from a 2D-FJC-state on a
surface into a 3D-FJC-state in solution, In(w,, /W, ), as a function of adhesion free

energy. This quantity was determined by finding the value of In(w,, /W, ) that

minimizes the normalized root-mean squared difference between the simulated and
theoretical force. The normalized root mean squared errors of In(w3D /WZD) are

comparable to the size of the symbols. The relationship between In(w,, /W, ) and T is
captured, empirically, by fitting the data as In(ws /W,p )=a(l—exp(~bT))+c with
a=1.8, b=0.19, c=0.75. This fit correctly extrapolates to a value close to

In(waD JW,p )= In(2), as expected, in the absence of adhesion (magenta square).
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4.3.2 Peeling of a freely jointed chain from a frictionless surface under displacement

control

For short polymers under displacement control, the equilibrium model predicts
the occurrence of strong spikes in the peeling force as a result of the removal of
individual adsorbed links in a stepwise manner. Approximately, the scaling of spikes in

force is given by®

r- In(::vij
2D
_ 4.14
0 (4.14)

where Fpeax is the magnitude of the spike in force when n-th bead is removed. Since
these spikes, if present, carry the signature of the binding free energy of each base, it is of
interest to investigate whether they are present under the more realistic conditions

implemented in our simulation.

Figure 4.4 shows the effect of surface adhesion on the force-displacement
relationship under displacement control at a peeling rate of 1.44 mm/s, and as we discuss
in the next section of this chapter, this removal rate is slow enough to achieve relaxation
of relevant molecular motions under force control. For reference, we also show the
force-displacement result predicted by the equilibrium model under force control.
Consistent with the prediction of the equilibrium model, the amplitude of the force spikes
grows with increased adhesion and falls off with the number of bases desorbed. In all the

cases shown here, by the time 15 beads have been desorbed, the spikes are no longer
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easily distinguishable from fluctuations. Later in the manuscript, we show that when one
additionally accounts for the finite spring constant of the AFM probe, its own fluctuations
mask these force spikes, explaining why this prediction of the equilibrium theory for
peeling under displacement control has not been observed experimentally. In the
Appendix, we also show the effect of rate on these force spikes, and compare them to the
force-displacement curve obtained from the equilibrium model under displacement

control.

Adhesion, y b:
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Figure 4.4. Effects of surface adhesion on the force-displacement of an FJC under
displacement control (solid lines) compared with the theoretical results obtained for the
equilibrium rates under force control (dashed lines). The magnitude of the force spikes is
represented reasonably well by the behavior predicted by Equation 4.14 (solid lines in
cyan) using the values of In(w,; /W, )plotted in Figure 4.3B.
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4.3.3 Departure from equilibrium

We turn now to the question: what is a sufficiently slow rate to ensure the
equilibrium condition, either under force control or displacement control, as assumed in
the equilibrium theoretical model.??® To select a range of peeling rates to study, we
considered several processes, any of which could lead to non-equilibrium conditions.
These processes include (i) fluctuations in the conformations of the adsorbed part of the
chain, (ii) fluctuations in the conformations of the desorbed part of the chain, and (iii) the

process of adsorption and desorption of beads.

For these processes, we consider above what characteristic peeling velocity we
would expect departure from equilibrium. A summary of our principal results along with
a brief description is presented in Table 4.1. The remainder of this section discusses

these results in more detail.
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Table 4.1. Summary of characteristic length scales and peeling velocities associated with
processes involving a freely jointed chain interacting with a substrate in fluid. The
numbers in parentheses in the third column refer to equation numbers in the text.

Process Characteristic Length Scale | Characteristic Peeling | Typical
Velocity Values'

(m/s)

Sampling of 2\Y2 _ o~ : . L. 4D

conformation (L") =4 Do o | Vi = t |_2D 023

space by an diffusion C

adsorbed (4.16)

segment

Sampling pf <ch>1/2 _ 6D o . 6D,y

conformation e L 0.35

space by a

desorbed

segment (4.17)

Desorption b v~ 6D, 6.9

from the barrier b

surface, no

adhesion (4.18)

(translocation

from surface

into solution by

asingle

segment)

Desorption b . 6D E

from the Voarer ~ e’(p[_ kBTJ 051

surface,

overcoming

energy barrier E

(4.18)

i. Typical values were calculated for a 20-mer FJC with Kuhn length, b, of 0.65 nm, diffusion coefficient of 7.5.107%0
m?/s, and fluid viscosity of 0.001 Pa.s. The lowered energy barrier, E, was numerically found to be 2.6 kgT for removal
of a chain (in equilibrium), whose free energy of binding per Kuhn segment is 10 kgT.

To estimate the appropriate time scale for process (i) to approach the equilibrium,

we estimated the characteristic time scale required for a full chain to diffuse a distance

equal to its contour length on the surface.
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(L) =4-Dy -t (4.15)

diffusion

Therefore, the characteristic peeling velocity for a molecule with contour length of L, to

equilibrate on the surface is:

. L, 4Dy

V =
adsorb
t

(4.16)

diffusion c

The diffusion coefficient of a single nucleotide adsorbed onto graphite that is free
to diffuse on the surface was estimated from molecular dynamics to be 7.5-10%° m?/s.#
Setting the contour length at 13 nm, we estimated the equilibration time and velocity to
be 56 ns and 0.23 m/s, respectively. In other words, if a polymer is removed at rate less
than 0.23 m/s and the diffusion coefficient of the molecule is 7.5-10™° m%s or greater,
equilibrium of the adsorbed part of the chain is maintained. The typical experimental tip
velocities used for removal of DNA from a surface are on the order of 100 nm/s, which is
many orders of magnitude slower. Therefore, for any reasonable removal rate, one
should expect the adsorbed molecules to be in equilibrium.

Similar consideration can be made in evaluating the characteristic velocity for the
free (desorbed) part of the chain to equilibrate, process (ii). The free part of the chain is
generally fully extended, therefore, in order to be in equilibrium, a very conservative

estimate can be made: the peeling rate is slow enough that a bead would have enough

time to diffuse the entire contour length L, =Nb leading to Equation 4.17 and an

estimate of 0.35 m/s for the characteristic velocity, v, .
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<L02> =6- D3D ’ tdiffusion

. 6D
Viree ~ L3D (417)

C

Let us now consider the peeling rate at which the nodes in the peeling junction
maintain equilibrium between their bound and unbound states, process (iii). Figure 4.5
shows schematically the potential energy profile under force control when the applied
force is smaller than, equal to, or larger than that required for steady-state peeling (see the

Appendix for detailed derivation of the potential energy profile).
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Figure 4.5. Comparison of the potential energy of a chain interacting with an ideal
surface when the applied force is much smaller than, equal to, and much larger than the
force needed to obtain a steady state peeling plateau. Shown in the lower inset, the
behavior of the potential energy of the chain (solid blue) is reproduced by a simple
periodic function (dotted pink) as described in Equation 4.28.
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When negligible or no force is applied to the chain, each link needs to acquire or
release an energy of ¥ b during adsorption-desorption events. During steady-state
peeling, bases hop in and out of the adsorbed state, each time crossing a potential barrier
whose height is now lower than ¥ b. For equilibrium peeling, one would need to apply a
large enough force so that these states have the same energy. The magnitude of this force
depends on the depth of the potential well for each link and the Kuhn length of the FJC:

fo = @mn /0. Once f_. isapplied to the chain, one can then numerically find the

o =
lowered energy barrier for the equilibrium condition, E. (See section 4.5.3 of the
Appendix.) For example, for a chain whose free energy of binding per Kuhn segment
(potential well depth) is 10 kgT, the energy barrier height corresponding to feq is reduced
to 2.6 kgT. The characteristic velocity absent this barrier is governed by relaxation time

as v~ 6D, /b. The characteristic velocity of a freely diffusing base which crosses the

barrier due to desorption from the surface is reduced by a Boltzmann factor in the energy

barrier:

\ 6D, E
Voo ™~ exp| ——— 4.18
barrier b p[ kBT j ( )

According to Equation 4.18, the equilibrium rate for the nodes going in and out of
contact with the surface is expected to decrease exponentially with the increase in the
monomers’ binding energy. Comparing Equations 4.16, 4.17, and 4.18, it is apparent that
for long chains, the equilibration of the chain itself controls the critical peeling velocity
for equilibrium. On the other hand, for short chains with high adhesion energy, such as

the polymers studied in this chapter, equilibration is governed by the kinetics of
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transitions between bound and desorbed states. In particular, the equilibration time for
the links to overcome the energy barriers will be smaller than the equilibration time for

them to sample all the conformations in the adsorbed state (v, ..., > Vi) If

< exp[— ET J >1 (4.19)

When the removal of the chain is sufficiently rapid to be out of equilibrium, we
need to supply additional force. One contribution is due to viscous drag. A natural

assumption is that if (n)links are desorbed on average, then each will contribute a drag

force proportional to velocity, so that the total force due to viscous drag is:

F

drag

=67nav(n) (4.20)

where F

g » 71 ,@ ,and V are the total viscous force, fluid viscosity, hydrodynamic

radius of each bead, and velocity of the molecule in the fluid, approximated as its peeling
rate. Under force control, peeling rate is not constant, however, and reaches a maximum
at a certain extension before it drops back down to zero. Instead, the rate of force
application is constant:

f=fl +ft=1t (4.21)
Assume also that the chain is extended so that the end-to-end distance, R, is

R=(n)b (4.22)

Then, combining (20), (21), and (22),

RI\R

, d
ft=6znal— |— 4.23
zn (dt)b (4.23)
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Here, we have assumed that the chain is removed from the substrate link-by-link and it is
fully stretched in the desorbed state so that end-to-end distance is proportional to n. With

the initial condition R|_ =0, Eq. 4.23 is easily integrated to obtain

f:/6ﬂzaf R (4.2)

Equation 4.24 suggests a natural expression for a dimensionless forcing rate, F,,, :

fb b [6znaf R
Fe— o= | b— = Fyy (N 4.25
kgT  kgT b b oo (1) (4.25)

: 6znafb®
Fdrag = ? (426)
B

where

A second contribution to the applied force is that needed to break the interaction

of the links with a substrate. We next derive the dependence of this desorbing force on
forcing rate. To reproduce the potential energy profile of the chain, ¢(R,t), seen in

Figure 4.5, we first represent the potential profile corresponding to the equilibrium

(g2

having maxima when an n-th link is half-way in its transition from a fully-adsorbed to a

peeling force by a periodic function that repeats every Kuhn link b,

fully-desorbed state. The overlapping of this function (dotted pink) on the potential
energy of the chain (solid blue) confirms that this expression closely resembles the

chain’s potential energy profile. We then included two terms for the linear dependency
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of the total potential energy of the chain on the free energy per unit length, 5, and the

applied force, f = f t, resulting in:

ol g1
offs]

For the sake of simplicity, we henceforth replace <n> , by n, with the understanding that it

#R,t)= +yR-ftR (4.27)

or, equivalently:

+y7(nb— ft{n)b (4.28)

#l(n),t)=

is an average of a fluctuating quantity. The potential energy barrier for transition
between n and (n+1) desorbed bases with the transition state at (n+1/2) can be

approximated as:

+=¢(n+%,tj—¢(n,t)=a+(y—f't)g (4.293)
1 . \b
E =¢[n+§,tj—¢(n+1,t):a—(7—ft)E (4.29b)

To find the net flux,% , we considered the backward and forward hopping rates, J. ,

expected for this potential energy barrier with an attempt frequency, q:

ai@—fﬂg
5 B ‘2 4.30
. =qgexp T (4.30)
an_y g =3, sinh (f-rh (4.31)
dt 2k, T

where,
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J,=20qexp [—%) (4.31a)
B

By integrating Equation 4.31 and rearranging it (see section 4.5.5 in the

Appendix), we obtained an expression for peeling force as a function of forcing rate and

the free energy of binding:

f= 2keT arccosh _nbf +1|+y (4.32)
b 23, kT

b
This expression was normalized by multiplying all terms with [—j and setting

kgT
— : _ . b f .
dimensionless desorption forcing rate F., = =————to obtain:
27, kT
fb :
Foesors = T 2arccosh (n Fiesor +1)+F (4.33)
B

By adding rate-dependent drag and desorption forces (Eq. 4.25 and 4.33), we arrive at an
expression for non-equilibrium peeling force as a function of forcing rate under force

control:

F=F

drag

n+ 2 arccosh (anesorb +1)+ r
(4.34)

The expression describing the rate dependence of peeling forces under displacement

control is discussed later in the Appendix of this chapter.

To separate the equilibration of the chain itself from the bead adsorption-
desorption process, we first studied the stretching of an FJC (zero surface adhesion)

under a range of forcing rates between 15 uN/s and 65 mN/s (Figure 4.6A). For
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sufficiently high loading rate, the chain is no longer in equilibrium and viscous drag
dominates the pull-off force. The number of desorbed bases as well as the total viscous
force acting on the molecule increase linearly with end-to-end distance, consistent with
Equation 4.25. Figure 4.6A shows this result for a 20-mer chain with the diffusion
coefficient of 7.5-10° m%s, bead radius of 0.29 nm, and viscosity of 0.001 Pa-s. The
simulation results are in close agreement with Stokes relationship, Equation 4.25 under

fast forcing rates (e.g. for the dimensionless forcing rate F,,, of 2.4 and 0.93). We

interpret the slight mismatch between the two to be due to the assumption used to derive

the Stokes relationship that the links are removed one by one.

146



A 60 _F
. Stokes
40 D.F.R.
_ | N IS 24
K 204 0.93
S . 0.53
D% s w0 15 w0
L 60 --- 0.16
B g o
g T e - 012
&40 0.071
1 e I 0044
20; ."“““" e s A I 0036
- I:Theoretical
0 5 10 15 20

Average End-to-End Distance, R, /b

Figure 4.6. (A) Stretching of an FJC with 20 Kuhn links and no binding energy peeled at
different forcing rates. The dimensionless forcing rates (D.F.R.) were calculated using
Equation 4.26. The chain’s stretching follows the Langevin function (Fineoreticar) at Slow
rates as the chain is stretched nearly in equilibrium. As the rates of removal increase,
force increases linearly with end-to-end distance, which is captured well by Equations
4.24 and 4.25 and is labeled “Fsiokes” in the figure. (B) Effect of forcing rate on force-
displacement curve of an FJC with binding energy per Kuhn segment of 11.5 kgT under
force control.

Figure 4.6B shows the effect of rate on peeling of a chain with 20-Kuhn links and
surface binding energy per base of 11.5 kgT, representative of the poly(dT) ssDNA
sequence.”’ As expected, for sufficiently slow rates, the equilibrium force-displacement

behavior is retrieved. Note that this expression for the force-displacement behavior also

147



retrieves the equilibrium result (in the limit of high adhesion, which is implied by the

assumption that the desorbed part of the chain is fully stretched).

Figure 4.7 shows the force-rate relationship for different values of binding free
energy when the average end-to-end distance of the chain is a half of its contour length.
The force-rate curves shift up with an increase in the surface adhesion. For example, the
low-rate asymptote (see Equation 4.34) is F=/" There appear to be two separate
processes that govern how force at fixed n increases with forcing rate. We identify these
as the first two terms of Equation 4.34. Because the “arccosh” function grows faster than
the first term for small arguments, it governs the first phase of increase in force with
forcing rate. For larger values of forcing rate, the first Stokes drag term in Equation 4.34
dominates. The two lines in Figure 4.7 are the prediction of force given by Equation

4.34, in good agreement with simulation results.
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Figure 4.7. The relationship between the dimensionless force, F = f b/(k,T ), and the

J67znafh’
ke T
FJC with 20 Kuhn links with different surface adhesion. The lines are predicted by
Equation 4.34 for I' = 14 kgT (solid) and "= 2 kgT (dashed). The height of the
reduced energy barrier, a, for the chains with free energy of binding of 14 kgT and 2 kg T
per Kuhn segment were numerically found to be 4.0 kgT and 0.6 kgT using the potential
energy profile of these chains as they are being removed at equilibrium peeling as plotted
in Figure 4.5. The unknown parameters J, ,,, ; = 1.0-10°s™, J, ,, ;=1.2:10 s and g

dimensionless forcing rate, F = , captured at R, =L /2 for removing an

= 1.1-10"" s were estimated using Equation 4.31.a. with frequency q _ 6D obtained
b2
using the diffusion coefficient.
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4.3.4 Effect of AFM probe fluctuations

The SMFS technique is associated with limitations that mask or alter certain
characteristics of single molecule peeling. Some of the limitations include variability in
probe spring constants and accuracy issues associated with the calibration of the AFM
cantilever.** For example, one expects to find the same binding energy per base in a
DNA homopolymer upon repeating the experiment multiple times; however, in the actual
experiments, one observes a distribution for a given AFM probe and distribution of mean
force for different AFM probes.? An important source of fluctuation in a given force-
distance experiment is the thermal noise associated with the AFM probe itself. Single
molecule peeling experiments have typically been carried out with probe spring constants
of 0.1 - 0.3 N/m. As shown in Figure 4.8, the use of a soft spring completely removes the
regular and periodic spikes observed in the force-displacement response under
displacement control (Figure 4.4). Employing probes of finite stiffness, on the one hand,
places the peeling process in the regime intermediate between displacement and force
control, thus, reducing Fpeax values from their maximum given by Equation 4.14 and, on
the other hand, introduces a dominant source of random noise that overwhelms the
distinct peaks. This result indicates why the regular spikes in force are not observed in
peeling experiments: direct attachment of the molecule to the tip results in the initial
region being masked due to large tip-surface adhesion; thus, one misses the critical region
of high amplitude force spikes. Alternative attachment of the molecule having high

surface affinity via non-adsorbing tether molecules is equivalent to introduction of a soft
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spring, thus, producing the force-distance curve of the type with spring constant of 0.1 —

0.3 N/m as shown in Figure 4.8.

The equilibrium analytical model,?

also predicts that one should be able to
distinguish between blocks of different sequence on the same strand. Considering the
similarity in the binding energy of homopolymer sequences, the ability to carry out
SMFS on block-co-polymers is important, as it would enable one to identify accurately
the binding forces of different sequences relative to each other or to one standard baseline
sequence. We used adhesion energy of 11.5 kgT and 8.3 kgT per link, corresponding to
poly(dT) and poly(dC), respectively, to simulate the peeling of poly(dT)epoly(dC)y in
equilibrium conditions to investigate whether block-co-polymers display two distinct
force plateaus in the presence of the thermal fluctuations due to the AFM probe. Figure
4.8 shows that one should be able to observe the force plateaus of block-co-polymers
even in the presence of added force probe noise. Varying the spring constant values
proved not to affect the simulated force plateaus. The polymer binding energies obtained
from the simulations at spring constants 0.1, 0.2, and 0.3 N/m were found to be 8.48 +
0.12 kgT (mean * standard error) and 12.19 + 0.04 kg T (mean * standard error) for
poly(dC);o and poly (dT)10, respectively. The number of monomeric units involved in the

transition of peeling forces between two consecutive homopolymers appears to increase

with the softness of the spring.
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Figure 4.8. Effect of thermal fluctuations of a force probe on peeling forces in block-co-
polymer poly(dT)opoly(dCyo) with adhesion energy of 11.5 kgT and 8.3 kgT per link
corresponding to poly(dT) and poly(dC).?® Despite the added noise from the AFM probe,
the force plateaus associated with block-co-polymers remain distinguishable. Varying
the AFM tip spring constant has a minor effects of the peeling forces although it

smoothes out the sudden jump between the force plateaus (from one monomer unit to 2.5
bases monomeric units).

4.4 Conclusions

Brownian dynamics simulations model the removal of polymeric molecules from
surfaces, for example the peeling of sSDNA from graphite, more realistically than
analytical models. In the limit of slow peeling, the Brownian dynamics model replicates
the results of an equilibrium statistical thermodynamic model under both force control
and displacement control. The main new findings reported in this manuscript are the

following:
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o In Table 4.1, we listed the characteristic length scales and peeling velocities
associated with a freely jointed chain that is interacting with a surface in fluid.

o We showed (Equation 4.34 and Figure 4.7) that the force for desorption depends
on free energy of binding, the energy barrier for desorption, and Stokes drag. The rate
dependence due to hopping over the barrier dominates the process for short chains, while
viscous drag dominates for long chains. Our simulation and theory indicate that
desorption rate effects can be neglected at typical peeling rates achieved in SFMS setups.
o Since Brownian dynamics simulations are representative of details of molecular
conformations, we were also able to observe the effect of the reduced number of surface
states for chains with high adhesion. Quantitative comparison of simulation and
analytical results yielded the ratio of density of states in the adsorbed and free states, a
parameter that is undetermined in the analytical model. We verified implicit assumptions
about the density of states in 2D and 3D FJC models used in the derivation of theoretical
models. The empirical dependence on binding energy can be used in the interpretation of
the experimental data for an accurate calculation of the binding energy per monomer.

. We show that force spikes predicted by the equilibrium model under displacement
control are significantly attenuated by non-equilibrium conditions and by fluctuations of
the AFM tip. Although with a sufficiently stiff cantilever it may be possible to measure
the magnitude of these force spikes and thus to infer individual base adhesive energy, we
find that under most practical conditions the force response loses sequence specific
information with the disappearance of the decaying and periodic force spikes, and the
step jJump in force plateaus between blocks is broadened. This makes it difficult to

identify individual block-polymers in a chain when the length of the block-polymer is
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short (~five segments). Therefore, sequence information for block-co-polymers is not
easily detectable using the experimental single molecule peeling technique.

Considering that an ideal surface was employed in our Brownian dynamics
simulations, it is important to repeat the studies reported here in the presence of surface
friction and to investigate the effect of lateral interactions of the chain with the surface on
the equilibrium of polymer peeling. Similarly, the role of intrachain interactions in the
peeling process, while critical to actual DNA-surface interactions, remains un-illuminated
with models that rely on an idealization such as an FJC model. For future studies, we
aim to further modify our system to account for these conceptually important non-ideal
features of both the surface and the polymer. Furthermore, various experimental
modalities of peeling biopolymers from true nanostructures can be approached with our

simulation approach.

4.5 Appendix
4.5.1 Brownian Dynamics

Brownian dynamics is the Langevin dynamics in limit of negligible inertia. In
order to identify whether the use of Brownian dynamics limit of the Langevin dynamics
is appropriate for our studies, both position and velocity relaxation times of this system
were considered. A simplified version of the equation of motion governing this system

was used:

5

k
L
r+mr+mr 0 (4.35)
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Here, r = r(t) is the coordinates of each monomer, & = y mis the drag coefficient,
7 is the damping constant, m is the mass of a monomer, and ks, is the gradient of the
potential between each monomer and the surface (effective spring constant). This
equation neglects the interactions due to presence of rigid bonds neighboring monomers.
When the friction coefficient is very small in comparison to the inertial term, we can

neglect the friction coefficient term. Hence, the velocity relaxation time, z,, becomes:

N e (4.36)

To estimate the position relaxation time, we ignore the inertial term, making

Equation 4.35 independent of the mass of the molecule:
. kg
r+?f =0 (437)

The position relaxation time, z ,, of the system was then estimated to be:

¢
o :g (4.38)

Given that the mass and diffusion coefficient of each thymine base is 5x10° kg
and 7.5x10'° m?/s (obtained from simulations),?* while the spring constant obtained from
the Lennard Jones potential is 5.2 N/m, the position and velocity relaxation times are 1.0
and 0.3 picoseconds, respectively. In this system, there is a large difference between the
time scales of the rapidly moving solvent molecules (water) and the slow-moving solute
(ssDNA or any other molecule that can be modeled as a FJC). Since the velocity
relaxation time is faster than position relaxation time by a factor of three, the system can

be modeled using the Brownian limit of Langevin dynamics. Therefore, Langevin
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dynamics was reduced to Brownian dynamics by neglecting the inertia (mass) of the
DNA bases. Although neglecting the inertial contributions may result in losing
information about the coupling mode of DNA and its kinetics process, it is expected that
this modification to the Langevin dynamics will not reduce the accuracy of our

simulation results as our process times are short.

4.5.2 Relating the Variance of Random Force to the Viscous Term

Despite the absence of correlation between the noise acting on a system from one
point in time to another point in time, there is a relationship between this uncorrelated
random force and the viscous drag from the fluid surrounding the molecule. Using this
relationship along with a known diffusion coefficient of the molecule in the surrounding
liquid, we can compute the magnitude of the random force. In obtaining a definition that
correctly relates the random force acting on a molecule to the its viscous drag in fluid, we

considered the Langevin Dynamics equation for a single particle under random forces,

£(t).
dv
m—r= —Ev+f, (t) (4.39)

The friction coefficient for a spherical particle is defined by Stoke’s law as
& =67zna with 5 being the viscosity of the liquid and a being the radius of the particle.

For the purpose of obtaining a solution to Equation 4.39, we redefine the friction

coefficient as:

£=my (4.40)
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where m is the mass of the particle and y is the damping constant. Equation 4.39 can now

. dv t . :
be rewritten asE =—yVv +n? . Therefore the homogeneous solution to to this

equation becomesv, =v, e ", while the particular solution can be found by considering

a function multiplied by the homogeneous solution to the Langevin function.
-yt
v, =e7 w(t) (4.41)

By substituting the particular solution back into Equation 4.39,

-7t -7t th -7t fn
rertwlee WU e w2

then w (t) was expressed as:
t et
w(t)= =, (r)dz (4.43)
0
And, the total solution was written as:
(r)dr (4.44)

t
V=v,+v,=v,e " +e " j—
0

In equilibrium conditions, the kinetic energy of the system is defined by

1 3 . - . :
K.E.= > my? = > kg T ; therefore, Equation 4.44 was utilized to find an expression for
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0 00 m
t T Lt (p+a)
=vg e +2e77 | i v, (f, (r)>dr+e2”.[.[eym2 f, (p)-f, (a))dpdg
0 00

(4.45)
Since the average unbiased random force is zero and the mean square of this uncorrelated

noise is given by a constant,

(4.46)

Equation 4.45 was simplified to:

) _ 2 a-2rt | a-2rt e’ da=y2e2t_ g —Zyt(l_ 2yt) 4.47
v(t)-v(t))=vee™" +e aj - da=vie 2yt e e (4.47)
0

To apply the expression for (v(t)-v(t))to equilibrium conditions and use it in the
kinetic energy equation, we considered very large time and solved for the constant term,

0:

1mV2 :EkBT
2 2

m S kT (4.48)
ym

. g=6k,T¢&

And in a one-dimensional problem, this constant is defined as g =2k,T &.

158



Using the relationship derived for the uncorrelated random force in terms of the
damping coefficient of the surrounding fluid, the next step was to find the magnitude of
this noise by obtaining its standard deviation. We considered the Brownian Dynamics
equation for a single particle under random forces, £, (t) such that:

Ev=r,(t) (4.49)

The velocity,v , and random force, 7, (t), in Equation 4.49 are vectors.

Therefore, £, (t) was defined as:

(t)=cie, (4.50)

v, =ik (4.51)

During a time step, Az, the particle appears to move by a vector:

C, e, At
r =

¢

(4.52)
Therefore, the total distance traveled after N steps is:
N N
Frota =D F = Ay e, (4.53)

Without a constraining potential, the particle diffuses and its mean square

displacement increases with time as shown below.*
(Frow (1)) = 6D (4.54)

Computing that average for Equation 4.53, gave us:
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<rT0ta|(t)2> :[%T(gcieij(,—Zi;cje"j:(%jz Z::cfei ‘e, +:Z;:]Z::cicjej e,

(4.55)
The second summation vanishes for large N because for two randomly oriented
vectors, there is equal probability of their dot product being positive and negative.
Therefore Equation 4.55 reduces to:

S

i=1

Next, Equation 4.54 and 4.56 were combined to obtain
)
tAt—-=6Dt (4.57)
gz
which can be rearranged to obtain the variance of the forcing noise:
6D
c’)=¢£2 | — 4.58
@)-e () @50

To express the fluctuations in the uncorrelated force in terms of a damping

coefficient, the Einstein relation can be used to substitute for the diffusion coefficient.

D= (4.59)
¢
From Equation 4.59, the standard deviation of random noise was found to be:
6E kT
c?) = B 4.60
SRE (@50

And correspondingly, for each of the three spatial components of the force vector:

(2} =)= 1) 22T (o1
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4.5.3. Bond Length Constraint in the Freely Jointed Chain Model

The governing equation of the Brownian Dynamics describes the motion of free

particles:

O:_é:n

dd: " £ (t)- VE(r,) (4.62)

Therefore, one must apply a constraint to bind the DNA bases to one another to

create a chain. This constraint was added to the potential energy term, E(rn ) whose

gradient gives the forces acting on each bead.
dr =
0:_§nd—t"+fnr(t)— V{E(rn)—Z/ikak} (4.63)
k=1

To simplify the governing equation for the purpose of constructing a code, the
equation describing the change in the position of particles was divided into two parts. In
the first part, the position of each particle is obtained based on both random force, £/ (t),
and applied forces, £, = —VE(r, ), at the end of each time step, At , using Euler’s method

and without enforcement of the constraint as shown in Equation 4.64:

t+At
rn

=r, +§(er (t)+7,) (4.64)

n

In the second part, the necessary constraint is applied to all beads in order to

conserve their bond length.
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pUAL et +At Ve % (4.65)
no=0 — ’n f_ kflﬂko-k :

n

To find Lagrange multipliers, (/1k ) the second term is expanded using the basic constraint

equation
GkE(rk+1_rk)‘(rk+1_rk)_b2=0 (4.66)

to obtain a complete constraint equation for links 1 <n < N-1.

2

Zﬂ’inJrl(rinJrZ_,'inJrl)At 2ﬂ‘in(riml_,'in)At
Fip = AR DMy SO Tien Ty
_ ém—l §n+1 2
o, = -b
i=x,y,z " 2ﬂ’i,n (ri,n+l _rln)At _ 2ﬂ“i,n—l (rln _ri,nfl)At

gn gn

r

intl

(4.67)

Similarly, the constraint equations describing the force applied on links 1 and N-1

were obtained as follows.

24, (r,—r,)At
_ |,2(|,3 |,2) n

ri,z _ri,l f
2 2
o, = Z b
Sl 24, (h,—n)At 24, (r, —ry) At
Y + ,‘l( 2 1) n ,1( 2 1) (468)
& &
2 A (Fiy —Fina) At 2
fin —finat I’Nil( L "Nfl) +
" &\ 2
Oy 1 = 3
. i=;y'z + Z;Li’Nfl (ri'N _ri'Nfl)At _ 2ﬂ“i,Nfz (ri,N—l _ri,N—Z)At (4.69)

gN—l g N-1
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Using standard Newton-Raphson method, if we have a guess for (/Ii) at a given

iteration (starting with 4, =0), then a new guess was found by

aat=-1"o} (4.70)

where AA=A4,,, — A, [J]is the Jacobian matrix,

9o, .. 9o
o4 O0Ay 4
J.o=| :
doy, 00y,
o4 Oy

(4.71)

By running iterations using Newton Raphson method, we ensured that the constraint

equations were satisfied.

4.5.3 Potential between a monomer in the FJC and the surface

To derive the potential that describes the interaction between a monomer and the
surface, we represented the monomer by a single point, as done in the Brownian
dynamics simulation. We then integrated Lennard-Jones potential,

A B

e (r)= T (4.72)

which describes atom-atom or molecule-molecule interactions (Equation 4.72), over a

half-space (representing the semi-infinite substrate).
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Figure 4.9. Schematic of the domain over which the Lennrad Jones potential was
integrated. The distance between the monomer and the half-space is denoted by z,.

As shown in Figure 4.9, for an annulus or radius r at a distance z from the surface,

the potential energy describing the interaction between a monomer and volume element

of dV of a solid is a function of \/(z + z,)* +r? , where z, is the distance between the

location of the monomer and the surface of the half-space with which the monomer is

interacting. Integrating the potential energy with respect to zandr :

" (zn)=ﬁ{z-mr-p-¢up(,/(z+zn)2 +r2j}drdz 4.73)

27r p A — B drdz

( (z+zn)2+r2)12 ( (z+zn)2+r2j6

Il
o t—38
o—3

O t—38
O 3y 8

A 3 B rdz
o p{((z+zn)2+r2)6 ((z+zn)2+r2)3}d ‘

164



Integrating the attractive and repulsive terms separately, the following expressions

were obtained:

o A 21 Apr -
A drdrz=| - d
l'([ rp ( 2 2 rarz '[l: 5 ((z + Zn)2 + r2)5]r0 Z (4.74.9)

flosL Apz 1 Apx |7 1 Apz
=0+ 77— |dz=|—— ¢ =0+—
lovtnp)o [ ey o e

n

00

II—Z?Z’I’/)-( )Bz+r2)3drdrz_]2[%(( Bpz } dz

2
0 z+zn)2+r2) o 4741)
21 Bpx 1 Bpr }_w 1Bpx
2[[ 2((z+zn)2)2] [6(z+zn)3 o 6 z°

By recombining the two terms, we arrive at the full expression for the energy

potential of the bead at position (z + z,,, ) from the surface:

_1Apz 1Bpx
¢n (Zn)_45 an 6 Zn3

(4.75)
A compact form can be found in terms of zy,;,, which is the distance at which the

energy assumes its minimum value, ¢nin. To find these parameters, we set the first order

derivative to zero:

% :O:_lApﬂ'_l_prﬂ'
dz, |, , 520 2 Zyy' (4.76)
2A)6
7 :(S_BJ (4.77)



which can also be written as:

A= g 2% B (4.78)

With these two Equations 4.75 and 4.78 and two unknowns, we solved for A and B:

y _pﬁ(i ZgﬂnB_l B]__pﬂ'B

18 an 62n3 92;7;““
B - 9 ¢minzr?1in (479)
o
79
A2 PuinZmin (4.80)
2 prw

Therefore, the energy potential for interaction of a bead with a half space can be written

as:

¢(Z )_ pﬁA_pﬂ-B__ P 45 ¢minzr?1in+ P 9¢minzfnin
" o457° 6z 45z° 2pn7 6z,° prx

9 3 9 3
Z min ¢min +3¢minzmin _¢ {_ Zmin 3z
~ Pmin

2z,° 2z2° 2z,° ZZHBJ

As expected, for z, = zmin, One finds that:

1 3
¢n (Zmin ) = ¢min (_E j = ¢min

+_
2 (4.82)
Therefore,
1) z 1\’ z ?
¢n(zn)= min ((ﬂ} _3[ mlnj J
2\ z, Z, (4.83)
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In the last expression, we have switched the sign of ..., so that it is a positive
number, as is done conventionally. The expression that defines the surface force acting
on each molecule was obtained by taking the derivative of the potential energy with

respect to z,:

fn(Zn): d¢” (Zn): ¢min (_9zglin +9er;1in]

dZn 2 , 1o 7 4

n n

(4.84)
We used the second order derivative of the potential energy Equation 4.83 and
obtained a reference quantity to choose a sufficiently stiff spring constant needed to

attach the molecule to the point to which displacement is applied.

11 5

k _ dfn (Zn ) _ ¢min (gozgﬂn 362:1in J

dz, 2 (4.85)

At Z, = Zpin,

k = ¢min { 0 _ 362 J — 27¢min (486)
Z

4.5.4 The desorption energy barrier of a freely jointed chain that needs to be overcome
for peeling from a surface
The potential energy profile of a single bead interacting with a surface was

derived in the previous section and is shown in Equation 4.87:

/- Z ? Z ’
R GRG
2 \\ 2 fn (4.87)
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Using Equation 4.87 and assuming step-wise removal of the FJC as depicted in
Figure 4.10, we derive the energy potential profile for a chain of beads interacting with

an ideal surface as a function of the position of the first bead R,.

> > ->
b
F
FZ | FZ 1 ’
'E N | !
FZ E RZ :1 Zhin
z z z z

Figure 4.10. A schematic diagram of step-wise removal of a FJC from a surface, where
R, represents the displacement and F; represents the applied force in the z-direction.

For this derivation, we assume that beads on the surface are always in their potential
energy minimum, while the n beads in solution are always in their fully stretched state.

Then, the contribution of each bead to total potential energy of the chain is:

For the i'" bead in solution, @,.0.(R,)=@R, —(i-)b+z,, )  1<i<n
For the (N-n) adsorbed beads, ¢(z,,,)
To get the total potential energy of the chain, we add the potential of the force, — f R, .

Summing all the contributions described above results in the total energy of the chain:
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(4.88)

where n =3 H(R, —(i~1)b)

Here, we used Heaviside step function H(R, — (i —1)b) to count the desorbed beads
(effectively switching on the potential energy function for each bead in solution). This
chain potential energy is plotted in Figure 4.5 of this chapter for three different values of
force.

As discussed earlier in this chapter, under the equilibrium condition,

Gerain(R, )= Benain(R, +D) , the energy barrier is smaller than ¢,,,,. We obtained it

numerically; for example, when ¢,.,, =14Kk;T , the energy barrier during equilibrium

min

peeling is only (4 kgT).

4.5.5 Derivation of the Force Required for Equilibrium Peeling
The potential energy profile for removing monomers of a FJC in a step-wise
fashion can be obtained by adding the attractive part of the potential energy for

interaction of each respective bead with the surface (Figure 4.11).
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Potential Energy,
O(z)
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Displacement, z
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Figure 4.11. A schematic diagram of the potential energy profile for removing of a FJC
from a surface.

In order to reach the equilibrium peeling conditions in force control, the constant
force applied to the freely jointed chain has to be high enough to result in a peeling force-
distance curve that oscillates about a constant force, i.e.

o+ fz=0
b =-TD (4.89)

As shown in Figure 4.12, the energy barrier, E, ., , for peeling an individual base from
an ideal surface in the absence of any applied force can be estimated from
Eparrier =Pmin =SI0Pe-b. The term ‘slope’ refers to the slope of the energy potential

profile as depicted in Figure 4.12.
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Potential Energy,
O(z)

Displacement, z

Figure 4.12. The energy barrier for removing an individual monomer from an ideal
surface is obtainable from the Kuhn segment length, b = 0.65 nm, of the freely jointed
chain and the slope was of potential energy profile for peeling a chain (z_. = 0.5 nm,

¢min =7b)

Since a flat peeling force curve is observed in equilibrium, an equal but opposite
quantity of force obtained from the slope of the potential energy profile must be applied

in order to peel off the chain.

¢min

Slope == ftotal =
b (4.90)

This force can also be approximated by f, .., = 7,y When operating under large peeling

forces (F>>1).%
As discussed earlier in this chapter, the addition of this force to the system

resulted in an energy barrier that is smaller than @, .. In order to make use of the

previously derived expressions for the hopping rate of the bases, we had to quantify the
values of the attempt frequency and the amplitude of the periodic function representing
the energy barrier. To obtain the exact height of the energy barrier analytically, we

derived an expression to find the height of the energy barrier when equilibrium peeling
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conditions are applied. The energy profile for removing a chain that is interacting with a

substrate under force control is written as:

0(2)=dpn—0(2)-f 2

(4.91)

When the peeling of the chain occurs under equilibrium conditions, the total energy, g(z),

is zero. Using this condition, one can write an expression for the applied force,

f ¢min _¢(b)

= EEEr— in terms of the free energy of binding of the chain to the substrate, ¢

and hence express Equation 4.91 as:

¢min B ¢ (b)
b

z

9(2)= i —4(2)-

To obtain the energy profile of the system under equilibrium conditions, we set the

derivative of g(z) to zero:

dg(z) _ d¢(2) ¢mn—00)_,

dz dz b

Therefore,

dg(z) _ ¢(b)— i

dz b

d¢(2)

Using the attractive portion of Equation 4.83 and approximatingT by only

considering of this function, we find that:

7 b min

d¢(2) _ 9¢min (Zmin j4 _ ¢(b)_¢min 7
dz 2

(Zm_m)4 _ z ¢min - ¢(b) Zmin
Z - 9 ¢min b
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(4.93)

(4.94)

(4.95)

(4.96)



At the limit of|@, .| >> |# (b)),

. (L] 9
Z min 2 Z min (497)

1
L 7x = gi ZZ
o 2 z min

By substituting this equilibrium displacement (Equation 4.97) into the original total

potential energy Equation 4.92 allows us to analytically obtain the energy barrier when

fe, is applied (i.e. the reduced value of this energy barrier):

0 (2)= g —4(z7)- P22 —20)

= ¢min _¢(Z*)_¢mTin z*
(4.98)

s
=¢min 1— Zm_'” ! (9)4 + ¢minzmin
b 2 b

Using Equation 4.98 for a FJC with free energy of binding per base, ..., of 14 kgT,
Kuhn segment length,b, of 6.5 nm, and z . of 0.5 nm, we estimate the lowered energy

barrier to be 8 kg T. Comparing this estimated energy required for each Kuhn segment to
overcome during equilibrium peeling with those obtained numerically (2 kgT) as shown

in Figure 4.5 in this chapter, Equation 4.98 appears to overestimate the results.
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4.5.6 Estimate of Attempt Frequency

Ultimately, the attempt frequency and hence, the equilibrium peeling rate required
to overcome the energy barrier for individual monomers also need to be quantified. This
calculation can be executed by either using the energy barrier for removal of each base
(Equation 4.99 and 4.100) or by considering the friction and diffusion coefficient of each

base in fluid. In the first approach, we used Stokes’s law (F =6z nav), where 7is the

fluid viscosity (kg/m/s),a is the radius of gyration of the molecule (m), and V is the
velocity in fluid (m/s). By rearranging the Stoke’s equation, we obtained the equilibrium

velocity for a given steady state peeling force.

— ¢min
6znab (4.99)

For a chain with Kuhn length of 0.65 nm, depth of the potential well of 10 kgT, fluid
viscosity of 1 mg/m/s, and radius of gyration of 0.29 nm, we calculated the equilibrium
peeling rate for individual monomers to be 11.5 m/s. This is significantly larger than any
of the rates that we have considered for studying the rate effects on peeling of a chain
from the surface. The attempt frequency (s™), g, was then calculated based on the time it

takes to transverse length b separating the two states (adsorbed/desorbed) at velocity v:

(4.100)
In a different approach, the attempt frequency for equilibrium peeling is estimated
based on the total number of Kuhn segments N in the FJC and the total time it takes for

the chain to be removed,t:
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N=qg-t
(4.101)

Using the relationship between the end-to-end distance of the chain, which is also

estimated as<r2>: Nb?, and the diffusivity of the chain as well as the elapsed time,
<r2> =6Dt, the attempt frequency is estimated in the following way:

(r*)=6Dt
(r*)=Nb*=qth’
6Dt=qth?
6D
b (4.102)

q

The attempt frequencies were computed to be 1.8-10'° s from Equation 101 and
1.1-10" s from Equation 102, and are on the same order of magnitude. Note that since
the hopping for this system occurs in a three-dimensional setting, we used 6Dt instead of
4Dt. Moreover, we were interested in the hopping rate of each individual base; therefore,
the diffusion constant was divided by the Kuhn length instead of the chain’s contour
length. In cases where the movement in a two-dimensional setting is of interest, 4Dt
should be applied instead of 6Dt in the calculations discussed above. The diffusion of
individual links of a freely-jointed chain on a planar surface is an example of this two-

dimensional setting.
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4.5.7 Number of Links Going In and Out of Contact with a Surface in Equilibrium

Assuming that we have a FJC that is weakly bound to a surface and is being
peeled off under non-equilibrium conditions, we related the thermally activated crossing
of the energy barrier to the equilibrium number of links going in and out of contact with
the surface. Here, we considered a partially adsorbed chain under the displacement

control model.

pd

Figure 4.13. A schematic diagram of FJC removal under displacement control

The energy for this system is given by:

G=Gy +G,y, +G (4.103)

stretching
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The first term represents the entropy gain that comes from the desorption of the links

from the surface (2D state) into the bulk fluid (3D state).?

i 2
Gy =—kgTngln w =—ksTnln Wsp 1+F—+... (4.104)
WZDF W2D 3'

Here, n is the number of desorbed links, wsp is the number of microstates of a single link

in a free chain in solution while wyp is the number of microstates in an adsorbed chain,
and F is the dimensionsless force applied, F = f b/(k,T). For the links to desorb from
the surface into the bulk, we assumed that they are weakly adsorbed to the surface.

Therefore, at the limit of small forces, Equation 4.104 becomes:®

G, =k, Tn In(W3D j (4.105)
WZD

The second term, Gagn, represents the energy reduction due to the adsorption of

the links onto the surface:
Goan =—by(N—n) (4.106)

v is the free energy of adhesion per link, b the Kuhn length of each link, and N is the total
number of links. The third term represents the stretching entropy of a Gaussian chain

(GC) (in low force limit):

R R
1
Gstretching :I de :I(kFJC ’ Z) dZ :E kFJC R2 (4101)
0 0
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Where R is the displacement and kg;c is the spring constant for a 3-D spring is obtained

from the length of the desorbed chain (4= nb) as follows:

3kg T 3KkgT
k... =—8 _-78 4.102
S nb? ( :
Therefore, the free energy of the system can be written as:
kT
G=-kTnln Wap —by(N—n)+3 °_R? (4.103)
W,p 2nb

To simulate the energy barrier that individual monomer units have to overcome in
order to desorb from the surface, we added a sinusoidal variation to the free energy,

where ‘a’ is the height of this energy barrier.

G, =—kyTn |25 | _py(N —n)+3kB-|2- R? +asin(2zn) (4.104)
W, 5 2nb

G, =G +asin(2zn)
The potential energy barrier is both dependent on the minimized sinusoidal function,
dG
2ar-cos(2zn), and the slope of the free energy of the system, an Therefore, we
minimize the total free energy of the system
dG, dG

=— +2ax-cos(2zn 4.105
dn dnJr " (27n) ( )

and define the expression for the thermal energy barrier.
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—at 1 dG

E + - 22
27 dn

(4.106)

barrier

The + represent the forward and the backward energy barriers. Therefore, the hopping

rate, J., based on this thermal energy barrier and the attempt frequency, q, is:

( 1 )dG
20 )Jdn
T
J,=q-exp| ————F— 4.107
. =q-exp KT ( )
From this, the net flux was obtained:
1)\dG 1)\dG
a+|—|— a—| — |—
dn 27 )dn 27 )dn
—=J,-J =q-exp| ————— |- q-exp| —————
dt kgT kg T
(4.108)

(2] (1)
aj 27 )dn 27)dn || 2
dexp| —STL = | —exp| o |L. 2

=q-exp| — -
or

kT kT 2

Sincesinh(x) = (exp(x) —exp(—x))/ 2, we let x =—(dG/dn) /(2 7 k;T) and obtained the

following expression by applying the Taylor series expansion of sinh(x) = x+x*/3+....:

e e d6

@=Q-exp ~ 2 |2 sinh| - an =J, -sinhf — an ~Jo | - an

dt kgT 27k T 27k T 27kgT
(4.109)
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The derivative of free energies (Equation 4.107) was taken with respect to the

desorbed number of monomers to obtain the following expression:

G=—k,T nln(%j—by(N—n) 3keT 2

P
20 2nb (4.110)
4G _ d —ksTnln| 222 | by (N —n)+ 3KeT o
dn dn wzD 2nb?
3k T (4.111)
-~k Tln[w?’DJ thy - B R
n°b
2D
Substituting this expression into the flux equations,
dn__ o [y rin Yo |4 py - 3KeT g (4.112)
dt 27k,T 5 2n%b?
dn J .3
E:_zfz (r—Zanz sz (4.113)

where I'"'=T — In(:llvvﬂj andI' = yb/(kBT) is dimensionless free energy of binding.
2D

Setting the flux term to zero, we obtained the equilibrium expression and hence solved

for the equilibrium number of bases at a fixed displacement, R:

%:—;O (r'—z in RZJ:O (4.114a)
T n
'= %sz R? (4.114Db)
2
n? =%-(%) (4.114c)
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1
3 )2 R
== | .= 4.115
=[] (4119

To consider the applied force, we used the Gaussian chain (GC) in the limit of

small dimensionless forces:

f =k..R
GC (4.116)
3kgT
where Kge = ol for a 3-D system
Therefore,
R_fnb_Fn

where F = f b/(k,T) is the dimensionless force. This expression value was substituted

into the equilibrium Equation 4.115 for the number of bases

1
2

n= L -Fn
(GFIJ

(4.118)
Simplifying Equation 4.118 deduces to the following expression:
2
r-F
6
_T- ln(wﬂj (4.119)
W2D

which is expected from the equilibrium model for Gaussian chain. Given that
R(t)=v-t=n(t)-b, then dn/dt=v/b. Therefore, Equation 4.114.a. can be rewritten
as:
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V_Jdo| 3 [Ejz
b 2 2n?\b
g 3, (EJZ
27 472'[’]2 b (4.120&)

q | 8Jb R (4.120D)
Azv+23,00 b

F [4zv+2J,0T
—N= |———— N
3J,0

By design, as mentioned previously, b3

Therefore, by rearranging and substituting the expression for equilibrium number of links
under displacement control and applied Gaussian force, we found that

- :\/127rv+6J0b1“'

Job (4.121)

To consider the equilibrium number of FJC monomers desorbed from a surface

under displacement control, we also used the Langevin function:

R:nb(coth( fo j—(kBTD:nbL( fo J
kT ) | b KT @122

We then repeated the same argument outlined above for the Langevin function instead of

the Gaussian spring (Equation 4.103 through Equation 4.120.b.). Therefore,

o
G=-nk,T In(W3D j ~(N - n)by+j f dr
0 (4.123)

2D
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kg T
The force term, f”, is the inverse Langevin function, f = E L_l(nibj , and can be

2

In lumping parameters together, we set

approximated using Ll(x);x-i_ ~.

F = fb/(kgT)and u =R/(nb). The force term was simplified and integrated to obtain the

entropic stretching of a chain.

3-u? 2+1-u® 2u 1-u?
.1—u2:u' 1-u? :1—u2+u.1—u2 (4.124)

u u u 2
!qu=z|;udu+z|;l_32du

=% +2. (— Ml_—uz)j (4.125)

2

2

:u?—ln(l—uz)

Using this expression, we defined the dimensionless free energy of stretching or

the strain energy under the force-displacement curve as:

I gretching = {1 (Ejz - ln(l—[ﬂn} (4.126)
2\nb nb

As shown in Equation 4.111, the derivative of all energy terms is needed in order

to obtain the minima as well as the equilibrium number of bases as they go in and out of

contact with the surface. The derivative of the first term of 'y, IS Obtainable through

the conventional derivation technique; however, chain rule was applied to take the first

2
order derivative of the second term. We lety = In(l— (—) J :
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dn du dw dn
y=Ih(u) - ﬂzl
du u
) du
u=l-w" — —=-2W
dw
R dw R
W=— - - =
nb dn nb
Ay 2R (4.127)
“"dn n®b? -nR? '

To obtain an expression for the change in the number of desorbed monomers with
time, we first placed together the derivative of all the terms that describe contributions to

the total free energy back.

G=-ksTnln (x—z';}—bJ/(N —n)+ kBT{%(%)Z _In{l_(%f} (4.128)

(4.129)
@zﬁ[_d_@]
dt ~ 27k, T\ dn

3, w kT 2R? 2R’
. ke Tin| Yoo | pyy el 2R ppr. 2R° 1 (4130
anBT( ° ( ZD} AREE R e e B

=0 (at equilibrium)

kT (w R? 2R’
o= In| =2 |-y +k, T - ——+k,T-—————=0 4.131.a
b ( ZDJ 7T e T heh® _nbR? ( )
2 2
e R yp R g (4.131b)

n®b? n®b® — nbR?
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To solve for the equilibrium number of bases going in and out of contact with the
surface for a given displacement, Equation 4.131 needed to be solved for ‘n’; however,
this is not a simple task given that this equation is implicit. Therefore, we simplified

Equation 4.131.b by considering a chain in the limit of long contour lengths.

L. R 2R?
L R e Bt (4.132)

Using Equation 4.132 and dimensionless binding energy, I' = ;/b/(kBT), an expression

for the equilibrium number of desorbed bases was derived:

. 3bR?2
= (4.133)

1

213
n ={ ‘;EZ } (4.134)

As before, we used the definition dn/dt=v/bto derive the expression for the

equilibrium number of bases out of contact with the surface as well as the equilibrium

peeling forces in terms of peeling rates.

2
dn_v__Jo ko Tin| 22 |y ke, 7. 3R (4.135)
dt b~ 27kT W, n*h?
2
27V _ [ Wao | _ by SR (4.136.2)
J,b W, ) kgT  n’b?
3R? 2zv
=y T (4.136.h)
0
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n=

[

3R?

4.137
27V ( )

J,b

bz[ +r-j

And by substituting the expression above into Equation 4.122, we can rewrite the

Langevin function as:

Wl

3bR* .L(fbj
k
27TV+F,J BT
Job

(4.138)

3b

) Y

fb
kg T

|

27V
J,b

|

To graphically depict this result (Figure 4.14), we compared the potential energy

for a FJC interacting with an ideal surface when no force is applied to the chain to the

potential energy under equilibrium conditions obtained from the Langevin function. The

point at which the number of desorbed monomers from the potential energy

corresponding to the interaction of individual bases (black line) with the surface is equal

to the number of desorbed bases from the Langevin potential (blue curves) is considered

the number of desorbed bases in equilibrium with the surface. Figure 4.14 in particular

shows that the bases, of our 20 monomer long chain, going in and out of contact with the

surface under displacement control are expected to remain in equilibrium with the surface

at all times.
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Figure 4.14. Comparison of the potential energy of a freely jointed chain interacting
with an ideal surface when peeling of the chain is not in equilibrium (black line) against
the equilibrium entropic stretching of the chain obtained from the Langevin function.

The expression for the equilibrium number of desorbed bases (Equation 4.134)

can then be substituted for ‘n’ in f = KeT L‘l(ij ~ KeT E + iﬂb)z to obtain
b nb)” b (nb 1—(R/(nb))

the equilibrium expression for peeling forces in terms of peeling rates.

4.5.8 Derivation of peeling force at finite forcing rates

In obtaining a complete expression for the non-equilibrium peeling of a chain
from a surface, both the viscous and desorption forces are needed to be defined as a
function of forcing rate. Starting with Equation 4.31, which defines the rate of desorption
of the links as a function of both forcing rate and the free energy of binding of the chain
to the surface,
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dt ° |

2k, T

and integrating this equation,

[d(n)=[ 3, sinh (M}n (4.139)

2k, T

we obtain the following:

(n)= ZJQKBT cosh M +C= ZJ‘?kBT cosh (f-7)b +C (4.140)
fb 2k, T fb 2kgT

To establish the value of the integration constant, we need to use an initial

condition for when(n) =0. Formally att =0, (n) =0; however, this is not a good initial

d{n)

condition because TS <0 (and, therefore, (n) remains 0) for some time, until f

exceeds y. The appropriate initial condition is therefore <n> =0 at f =y, applying which

we obtain for the integration constant:

0= ;?kaT cosh(0)+C (4.141)
23k, T
C=-"""2F° (4.142)
fb

Therefore, Equation 4.140 becomes:
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(n) =%{cosh[(f _7)bj—1} (4.143)

which we then rearranged to obtain:

arcosh (n)+1|= (f )b (4.144)
23 kg T 2k, T
or, in dimensionless form:
F = +2arcosh(F e (N) +1) (4.145)

which is the same as Equation 4.34 of this chapter.

4.5.9 Conformation of a FJC as a Function of Forcing Rate

We considered the removal of a chain with 20 Kuhn links in force control for a
range of forcing rates (22.2 uN/s - 63.5 mN/s). Figure 4.15 shows the effect of forcing
rate on the evolution of an FJC’s conformation under force control. Although the chain
does not interact with a substrate, it is fixed in the z-direction from one end in order to
capture only its extension and stretching in fluid. As expected, at the beginning and at
the end of the simulation, the FJC is fully coiled and stretched out, correspondingly, for
all forcing rates. The second set of conformations was obtained when the end-to-end
distance of the chain was close to half of its contour length and it reveals interesting
information. For the fastest forcing rate (63.5 mN/s shown in blue), the chain is stretched

nearly to full extension from one end to which force is being applied. Meanwhile, the
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FJC that is removed at the slowest rate (22.2 uN/s shown in green) appears to be fully
stretched from the end which is fixed to the surface in the z-direction. This observation
suggests that when the chain is pulled fast enough so that it cannot equilibrate, a rapid
extension and removal of the links occurs one by one consecutive to the end that is being
pulled. Under slow removal rates, force is transferred from the end that is being pulled to
to the rest of the chain. The FJC is then given enough time to equilibrate with itself and

its surrounding, allowing the entire chain to be lifted in the upward direction.

£
1, ®FR:635mN/s |
- O-FR:0.941 mN/s - |
10, ®FR:0.176 mN/s ]
O FR: 22.2 uN/s
e 8\ - - - - - |
E |
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2 B e 560
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Figure 4.15. Snapshots of a freely jointed chain with 20 Kuhn links is shown as the
applied force in z-direction increases at different forcing rates. (Left) At the beginning of
the simulation, the force is too small to uncoil the chain. (Middle) The second set of
conformations illustrates the effect of forcing rate and chain equilibration on the physical
state of the FJC when the end-to-end distance of the chain is slightly higher than half of
its contour length. (Right) Final conformation was obtained at the very end of the
simulations when the FJC is fully stretched to its contour length.
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4.5.10 Reducing noise from the simulations by means of averaging

Under force control, to plot the resulting average end-to-surface distance, we
varied the averaging windows based on the peeling rates so that there would be a total of
100 data points for each plot. For example, for the slowest simulations, where 10° time
steps were used, each averaging window holds 10° data points. Over the entire duration
of this averaging window, a constant force was applied to the chain and the end-to-
surface distances of the FJC were collected and averaged. Figure 4.16 plots results with
and without averaging for a chain with binding energy of 14 kgT per base peeled at a

forcing rate of 15 uN/s under force control.
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Figure 4.16. Comparison between results for a chain with adhesion energy of 14 kgT per
base under force control with and without averaging.
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4.5.12. Effect of forcing rate on force-displacement relationship of a free chain
Figure 4.17 shows the force-displacement curves for pulling a free chain in fluid

under different forcing rates.
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Figure 4.17. Pulling a free chain with 20 Kuhn links at different forcing rates in fluid.
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The dimensionless forcing rates were obtained using F = T
B

The force-forcing rate relationship of a FJC chain with a free end vs. a chain with
end fixed in the z-direction (but free in xy-plane) (Figure 4.7 in this chapter) shows that
there is a difference between the peeling forces experienced by the two chains. This
difference is highly dependent on removal rates. Operating at or near quasi-equilibrium
removal rates result in much larger discrepancies in peeling forces between the two

chains in comparison to when lower pulling forces are applied. This observation is due to
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removal of a larger number of Kuhn links at once when lower forcing rates are applied to
a free chain as opposed to a FJC with a fixed end.
Here, we show that in the absence of the constraint on one end of the chain, the

force required to peel a free FJC slowly is twice the magnitude of that required to peel a

chain that has a fixed end. The force, f = ft, required to overcome the viscous drag

acting on a FJC pulled in a fluid is given by Stokes equation and depends on fluid

viscosity (7 ), radius of the molecule (a ), number of Kuhn links ( n ), and velocity of

) dR
| =—):
peeling (v dt)

ft= fszman‘:'j—i2 (4.146)

Since in pulling a free FJC, all links will move away from their initial positions at

the same time, the expression above was re-written as:
ft=6znaN ‘3—? (4.147)

By integrating and rearranging Equation 4.147, we defined the end-to-end
distance of the chain as following:
f t2
= 4.148
127znaN ( )

In plotting Figure 4.6 in this chapter, we were interested in the peeling force as a

function of the forcing rate when the end-to-end distance of the chain is one-half of its

contour length i.e. when R:%b. Therefore,
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N ft
“ph=— 4.149
2 127naN ( )

which was rearranged to obtain an expression for peeling force, f .

fl..on, =v6znafbN (4.150)
T2

Considering a FJC whose one end is constrained

f o 6ﬂnafR
\" b (4.151)

=/6znafbn

and has the end-to-end distance of one-half of its contour length,

— N
,=\6znaib= (4.152)

f | fixed, R=
2

it is evident that the force required to remove a free chain will be twice as large as that

required to peel a chain with a fixed end.

4.5.11 Effect of Removal Rate on Force Spikes in Displacement Control

Figure 4.18 shows the effect of the peeling rate on the force-displacement curve
under displacement control for a chain with adhesion of 11.5 kgT per Kuhn segment.
Observe that even when the slowest peeling rate is applied, the force spikes from the
simulated force-displacement results are significantly attenuated and broadened in
comparison to those predicted by the equilibrium model.? Neither the location, nor the
amplitude of the force spikes from the simulations exactly match the equilibrium results.

This observation suggests that the system is going out of equilibrium during the sharp
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transition in force. Furthermore, at faster peeling rates, fluctuation in the force is

disorderly and masks the periodic force spikes predicted under equilibrium.
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Figure 4.18. The effect of rate on the force-displacement relationship for a 20-mer FJC
with surface adhesion of 11.5 kgT per link under displacement control. Similar to the

force control results, moving away from the equilibrium rate results in deviations from
the equilibrium force until the plateau is no longer recognizable.

4.5.12 Effect of chain length on force spikes of block-co-polymers in displacement
control
We explored the effect of length in block-co-polymers on the shape of the force-
displacement curves. The peeling of poly(dTs)poly(Cs)poly(Ts)poly(Cs) under
displacement control and in the presence of AFM probe (ks = 0.2 N/m) showed that the

thermal fluctuations of the AFM probe not only remove the spikes in peeling forces
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corresponding to individual bases, but also make it impossible to distinguish between
short blocks of different sequences (Figure 4.19). Therefore, it is important to consider

sufficiently long blocks to carry out SMFS experiments on block-polymers.
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Figure 4.19. The effect of the length of homopolymer sequence in block-co-polymers on
peeling of the FJC with stiff probes (Kyrone = 5.2 N/m) and in the presence of compliant
probes (Kprobe = 0.2 N/m).

4.5.13 Testing Thermal Fluctuation Effects of an Added AFM Probe to the System

By making the last FJC bead very large in comparison to all other beads
representing the monomers, we implemented the thermal fluctuation effects of an added
AFM probe. To verify that this addition to the system was implemented correctly, we
tested the movements of a single particle restricted by a spring. It is expected that by

positioning the particle at the origin (x =y = z = 0) and also anchoring the spring to this
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location, that the particle should diffuse for short times and not see the spring force. In

this limit, the average distance traveled by the particle is obtained from:

(r*)=6Dt (4.153)

As we approach equilibrium in the limit of long times, the average distance
traveled by the particle is given by that of a harmonic oscillator and obtained from the

equipartition theorem. In this case, there is no longer a dependence on time:

<r2>:3kBT (4.154)

Figure 4.20 shows that these two limits are indeed satisfied in our simulations.
Especially, note that stiffer springs result in shorter times to reach the equilibrium limit

described above.
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Figure 4.20. Mean square distance traveled by a particle as a function of time (log-log
plot). The green line shows the diffusive limit of true evolution of mean square

197



displacement (Equation 4.153), and the red lines are the equilibrium limit for springs of
different stiffness described by Equation 4.154.

Figure 4.21 shows the agreement between the cumulative distribution function for
the mean square displacement of the simulated particle and the exact result obtained from

the spring fluctuations described by a Gaussian distribution (Equation 4.155).

2k, r? Ky - 17 Ky - 17
cd.f.=— -exp| — + erf
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Figure 4.21. Cumulative distribution of mean square displacement for ks, = 1 mN/m
after 0.72 ps compared to the exact results given by Equation 4.155.
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To implement an AFM probe in the simulations, the size of the last bead was
altered so that its effects on thermal fluctuations were captured through the damping
constant, y. In selecting the size for the AFM probe, one has to ensure that it is large
enough in comparison to the beads representing the FJC so that fluctuations of the force

probe dominate those of the monomers.

4.5.14 Rate Dependence of Peeling Forces under Displacement Control
The Brownian dynamics studies discussed in this chapter that were simulated
under displacement control were done so by varying the position of the AFM probe at a

constant tip velocity:

dz ,_dn
v=—=ph— 4.156
dt dt ( )
As derived previously (Equation 4.31),
an _ 3. sinh (t-r)b (4.157)
dt 2k, T
By substituting Equation 4.157 into 4.156, and rearranging it, we find that:
F =I"+2arcsinh (%J+6nnanv (4.158)
0

where the last term is Fgrag as described by Equation 4.20.
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Chapter 5 In-plane force-extension response of a polymer confined to
a surface

The work described in this chapter has been titled in “In-plane force-extension
response of a polymer confined to a surface” by Sara Iliafar, Dmitri Vezenov, and
Anand Jagota, Submitted.

The force-extension response of synthetic polymers and biomolecules governs
properties such as bulk elasticity of rubbery materials and the behavior of DNA and
several filamentous proteins. In several cases, such as DNA adsorbed on a plasma
membrane, or polymers adsorbed onto a hard material, the molecule is confined to two
dimensions as it extends under external forces (e.g., due to applied electric field).
However, the force response in two dimensions is relatively poorly-studied. In this
chapter, we present closed-form analytical expressions for the two-dimensional force-
extension response of a freely-jointed chain under force control. Our principal results
relate end-to-end distance to total force under two modes of stretching: i) when force is
applied only to the free end of the chain, and ii) when the applied force is distributed
uniformly throughout the chain. In both cases, we further propose explicit approximate
expressions for force in terms of extension. Analytical results have been verified by
Brownian dynamics simulation. We also show that the distributed force model agrees
well with experimental measurements of stretching surface-adsorbed DNA by an

electric field.
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5.1 Introduction

It is well known that the elastic and viscoelastic behavior of polymers derives
from the force-displacement response of individual macromolecules." Systems where
elastic stretching of macromolecules occurs in three-dimensional (3D) settings are
common and well-studied. Systems where polymer molecules are confined to a surface
are important but less frequent and, perhaps for this reason, there are far fewer studies
of stretching a molecule in two-dimensions.

For biological macromolecules such as DNA and polypeptides, the mechanical
behavior of individual molecules plays an important physiological role. For this
reason, numerous experimental studies have examined the 3D stretching of
macromolecules via the use of atomic force microscopy and optical or magnetic
tweezers,”* electrophoretic stretching of DNA in uniform electric fields or flow, ®
stretching of DNA under alternating current field,” ® hydrodynamic focusing of
multiple streams, and the effect of velocity gradient created by hydrodynamic flow in
contracting and expanding channels.> *° To complement the experimental findings that
assess the 3D stretching of a polymer, many theoretical models**™ have been
developed and computer simulations conducted using molecular dynamics and Monte
Carlo approaches.™ 2 %" Models range in complexity from the simple freely-jointed
chain (FJC) and worm-like chain (WLC),*****" to all-atom representations in
molecular dynamics.*® Simpler models, such as the FIC and WLC, are particularly
useful for interpretation and quantification of experiments by providing explicit closed-
form relationships between force and extension of the molecule. For example, it is

well-known that the stretching of the freely jointed chain under force control is
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16, 17

governed by the Langevin function, and a similar approximate force-extension

relationship is available for the worm-like chain.** Similarly, exact expressions relating
force required to peel an FJC or a WLC from a substrate have been obtained.**%
However, much less work has been conducted on either analytical or the numerical
aspects of stretching a chain-like molecule in 2D.

The 2D stretching of polymers occurs in systems such as polymers confined to
the air-water interface?? and combing of molecules via a meniscus alignment
technique.”®2* In micro and nanofluidic systems, the transport of biopolymers such as
DNA, RNA, and peptides has led to advances in gene and restriction mapping. %
The stretching of biopolymers that are strongly adsorbed on a surface with one end
fixed is often observed in systems involving separation of biomolecules via nanopillars
and nanochannels.*>* 333 |n a study by Mailer, et al., the 2D stretching response of
DNA to an external electric field was investigated by tethering one end of the molecule
and confining the entire molecule to the surface of a cationic lipid membrane.*® While
there has been a general lack of theoretical models for 2D stretching of chain-like
molecules, in a recent study, Manca, et al., reported results for the stretching of a chain-
like molecule due to a point and distributed forces both in 2D and 3D.*"

The principal results we present in this chapter are simple, closed-form
expressions, obtained from a direct and transparent derivation, relating extension to
force experienced by a freely jointed chain confined to a planar surface. In addition, we
provide approximate inverse expressions for the force-stretch relationship that are often

needed in practice, complement our analytical results by Brownian dynamics

simulations, and validate the 2D results for distributed applied force by comparison to
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experimental data. We expect that these results will be helpful to experimentalists for

analyzing 2D stretching experiments.

5.2 Methods

To complement and verify our analytical results, we conducted Brownian
Dynamics simulations of freely jointed chains in 3D and confined to a flat 2D surface,
with and without self-avoidance. We used a program described previously elsewhere;*
here we provide only a brief account. The freely jointed chain comprises N identical

nodes connected by N-1 links. The vector form of the governing Brownian dynamics

equation for bead i at position £; = (X, Y;,Z,) is written in terms of the viscous damping

constant, & (kg/s), a random force, £, (N), and the potential energy of the system as a

function of coordinates of each link E :*°

Oz_é%+f{r(t)—VEi(ﬁ) (5.1)

The potential energy includes (i) possible repulsion between beads to model
self-avoidance, (ii) attractive interaction with a surface to model adsorption, and (iii)
constraints to enforce fixed bond length. One end was immobilized on a surface and
force was applied either to the other end or to all other beads. Force was applied either
out-of-plane, in a direction normal to the surface, to model 3D stretching, or in-plane,
to model 2D stretching.

When modeling 2D stretching, we included an adsorption potential in the model

that was sufficiently strong to ensure that all beads were strongly adsorbed and their
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motion confined to a frictionless surface. An adhesion free energy of 12 kgT per Kuhn
length of the molecule was chosen based on our previous work representative of single-
stranded DNA (ssDNA) as adequate for strong adsorption on a surface such as

19, 39

graphite.

Figure 5.1. A schematic diagram of the freely jointed chain adsorbed on a solid
substrate. The polymer chain is fixed to a point on the surface at one end (red node)
and force is applied to the opposite end (A) or uniformly to each node (B). The
molecule is represented by identical nodes, connected by freely jointed links.

5.3 Results and Discussions
5.3.1 Force-displacement response of a freely jointed chain in 2D
The Langevin function relates average stretch of a freely jointed chain to applied force,

f. This relationship is derived under constraints of fixed force and temperature. A
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similar approach in 2D also yields closed form results. Consider the Helmholtz free

energy of the externally loaded FJC:

A=U-TS—fl (5.2)

N N
wherel =>"I, =) bcosé; is the end-to-end distance of the chain, with b the Kuhn

i=1 i=1
length, i.e., the distance between nodes (Figure 5.1). Combining Eq. 5.2 with the

fundamental equation for energy:

dU =—pdV +TdS + fdl (5.3)

we have:

dA=—SdT - pdV — I df

—%A =—§(—kBT InZz)
TV (5.4)

where Z is the partition function for the FJC molecule. We need to consider only the
conformational part of the partition function, since it is assumed that only orientation of

the segments depends on force. ” The conformational partition function Zc is:
Z. =f wexp(f1/k,T)dg (5.5)

where the integral is over all degrees of freedom that define the conformation of the
molecule, and w is the density of states. For stretching of a FJC in 3D by a point force
(pf) applied at the free end of a molecule, the extension-force relationship, which

results from Eqs. 5.4 and 5.5, is well-known: *’
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Ly 2o = 00th(F)— 2 = 75 1 (F) (5.6)

where, meD(F) is the Langevin function, and L = NLb and F _fb are
B

dimensionless molecular extension and applied force.

Consider now the stretching of an FJC by a point force, while keeping the other
end fixed and confining the entire chain to a planar surface. The conformational
partition function for the chain can be found by considering that in 2D each link, i,

samples all orientations uniformly by angle, 6;, independently of all other links.
N
Zeo = | Wopexp(f17ksT)[ [ (5.7)
i=1

Here, the integral sign represents N integrals, one for each of the N links in the chain,

and w, is the density of states. Since the total length of this FJC is

N N

I=>"I, =) bcosé, , Eq. 5.7 can be rewritten as:
i=1 i=1

Zc oo :j W,p exp(f ibcos@i /kBTjﬁ dé,
i=1

' = (5.8)
= [ TTw.o exp(fbcose, Ik, T)do,
i=1
Because each integral is independent of the others, we have:
27 N
Ze o =[ [ W exp(f b cos@/kBT)de} (5.9)
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The integral in Eq. 5.9 evaluates as*
27
[ W exp(fbcosd/kyT)do =27w,, 1,(F), (5.10)

where |, (F) is the modified Bessel function of the first kind of order ‘0, resulting in:
Ze 0 = [270 W0 1, (F)]" (5.11)

Using this expression for the partition function, we obtain the free energy of the FJC in

2D:
Ap=—ksTIN(Z )=-NKk,TIn[27w, 1, (F)] (5.12)

Under force control, we find that the end-to-end distance in the 2D case is given by:

Lo 1 oA
P20 " Np Nb| of

Jifaan e

where I, (F) and IO(F) are modified Bessel functions of the first kind, and .z, , (F)

is defined as the 2D equivalent of the Langevin function under a point force.

For completeness, one can also list the known result for a one-dimensional (1D)

case: !

Lpf D — tanh (F) = 'Z;f AD (F) (5.14)

Although it is difficult to imagine how this case would be realized
experimentally, it is possible that the stretching of a biomolecule such as ssDNA that is

tightly confined to a nanochannel may represent a situation that approximates this case.
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In Figure 5.2A, we show that the force-displacement response in both the known 3D
case (Eq. 5.6) and the 2D case (Eq. 5.13) match the results of Brownian dynamics
simulations of a FJC with N=21. Figure 5.2B demonstrates good agreement between
the simple analytical results, which neglect self-avoidance, and simulations that include
a repulsive potential between beads to model self-avoidance. Not unexpectedly, it
appears that the effect of self-avoidance is insignificant for such short polymers. Also,

as expected, stretching in 1D requires less force than in 2D, and in 2D less than in 3D.%

A 20 -- 3D, no SA
1-- 2D, no SA
10
— .
m ]
R4 ]
= 0 |
" 0 0.5 1
LL -
B & 20--3D,with SA '
S -~ 2D, with SA
LL

H
o o
‘ I N O O O ‘ N O O ‘ 1

o
o
92
[HEN

Average End-to-End Distance, Lpf

Figure 5.2. The force-displacement relationship for a freely jointed chain in 3D, 2D,
and 1D under a point force. The solid curves represent the equilibrium results
(equations 5.6, 5.13, and 5.14 for 3D, 2D, and 1D, respectively). The dashed lines are
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results obtained via Brownian dynamics simulations carried out without (A) and with
(B) self-avoidance and at slow-enough rates to occur in equilibrium.

5.3.2. Extension under an External Field

Stretching in 3D by force applied at the ends of the molecule is accomplished in
numerous experiments that use force spectroscopy based on atomic force microscopy or
optical/magnetic tweezers. In 2D, however, it is difficult to apply force only at the ends
of the chain. Rather, most experiments employ a field, such as hydrodynamic flow or
an electric field that acts on all the beads in the chain. For example, an electric field
applied to ssDNA tethered at one end will result in about the same force being applied
to each charged (phosphate) group.*® For quantitative interpretation of such
experiments, we extend the results obtained above to the case where force is distributed

along the molecule backbone.

Consider an FJC with N beads and N-1 total links subjected to a field that

provides a force f. on each bead. If each bead carries a (net or effective) charge q and

the molecule resides in an electric field E, then f, = QE ; if the molecule has N mobile
beads, the total force is f =N f,. Bead ‘1’ is fixed but the remaining beads are free to

move. Let |,- be the distance between bead j and j+1, projected in the direction of field

(force) (see Figure 5.1A). Let L; be the total distance from the fixed bead (bead ‘1°) to

i
bead ‘1’,i.e. L = le . The fundamental energy equation now has work contributions
j=1

due to the movement of each of the charged beads in the electric field:
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N
dU =—pdV +TdS+ f, > dL,

j=1

(5.15)
=—pdV +TdS + f, dl, ; l, =>"L

where |y is the sum of the projected lengths L;’s. Following a Legendre
transformation to switch to force control, we obtain:

dA=—SdT - pdv -1, df,

| oA
Y :_8f_

(5.16)

eiTVv

To calculate the free energy A, we first need the conformational partition function,

which is

N

foL N
Zeoo :J' W, eXp [ZﬁJH de; . (5.17)
B j=1

i=1

The argument of the Boltzmann factor, which has contributions from each of the

mobile beads, can be written as

f.bcoso, +
Nf L (L f L+ fL+..) 1 |fb[coss +cosd,]+
= kT ke T koT | f.b[cosé, +cosé, +cosd, |+

N f,bcosé, +
1 |(N-1)fbcosb,+| & (N-i+1)fbcosd
kT | (N-2)f,bcosd, + :Z‘ KT
........ + f.bcosé,

(5.18)
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Substituting Eq. 5.18 into Eq. 5.17, we have:

Zeso = Wi exp(Z(N —i+1)f, bcosHIJlﬂ[ a6,

) KgT i

: (5.19)
N 2r_ ((N—i+1)f bcosd,
=] szj exp do,
i=1 0 kBT
Considering that all angles are independent, the last equation can be rewritten as:
2 i f,bcosé,
Ze o H W, [ ex {—k - jdﬁ (5.20)
B

By applying the identity of the modified Bessel functions of the first kind of order v

used previously in Eq. 5.10,* I, (2) =i.|.2” exp(zcosé): cos(v #)d@ with z= | b ,
2 0 kg T
we find:
N
Zeon =rwy )" TT 1o( (5.21)
i=1
Fe = fe b/kBT (5-22)
Using Eq. 5.16, we obtain forl;
N
A=—keTIn(Z ,p) :—kBT{N N2z w,5)+ > In(1,(iF,))
i=1
(5.23)
S oy hE)
o =>L=>I>|= =Y ib-21~ (5.24)
i-1 i=L \_j=1 of, i=1 |0(|Fe)
] TV
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We can interpret |, as:

N
ly =Y L=Ly+Ly ot l+l =
i=1
=(l 4o by L)+ (L, e Ly )+ (L + 1)+, = (5.25)
N

=1y +2l g+t (N=DL+ N =D (N +1- )1,

j=1

Comparing Egs. 5.24 and 5.25, we observe that:

=i

The physical interpretation of Eq. 5.26 can be given as follows. Although an
equal magnitude of an external force, fe, is applied to each bead, the effective force
acting on each beads is determined by how far along the FJC each node is located at
with respect to the direction of the force applied. In other words, while f, is applied to
the last bead ‘N’, twice the magnitude of fe is applied to bead ‘N -1°, bead ‘N-2’
experiences three times the force fe, and so on. The effective applied force on each
bead j’ (i.e. here N = 1) is obtained by evaluating Egs. 5.9 through 5.13 and

substituting the corresponding multiples of f, for F, so that:

(5.27)

Of particular interest is the end-to-end distance of the chain, Ly, which is the projected

distance from bead ‘1’ to bead ‘N’ given by
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(5.28)

To compare the case where the force is distributed along the chain (f. applied to
each node) with the case where the force is applied only to the end (force f), let the total
force in each case be the same, i.e. set f, = f /N . In Figure 5.3, we show the force-
displacement relationship obtained from Eqgs. 5.13 and 5.28 is in close agreement with
results of the corresponding Brownian dynamics simulations. As might be expected, for
the same magnitude of the total force applied, the molecule will always be more

extended when force is applied only to one end of the chain.
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20 =" ff- Force Field ¢
--- pf- Point Force

Force, F=fb/ kBT

0 02 04 06 08 1

Average End-to-End Distance, L2D

Figure 5.3. The force-displacement relationship for a non-self-avoiding freely jointed
chain presenting the elastic response of the chain when it is stretched in 2D due to i)
force applied to one end of the chain, i.e. point force (dashed blue line), and ii) a force
field applied to the entire chain (dashed magenta line). The total force is the same in
both cases The stretching behavior of the chain is correctly predicted by

Loroo = 2 ; and Ly ,p —21: :';;N as shown by the solid black and red lines,

respectlvely.

In the limit of long chains, the force is distributed in very small quanta
(Fe =F/ N) as the number of Kuhn segments, N, increases to a large value. Then the

summation in Eq. 5.28 can be converted to an integral:

| — bz |1 _ bi]‘N :1(i_Fe) di = bln(lo(iFe))r_N (5.29)



Therefore, the end-to-end distance of the chain becomes:

Ly(F)= - > ME)_ 2 6 (5.30

Here, Z}YZD(F)is the equivalent of the Langevin function for the 2D case under a force

field.

Maier, et al. measured the elastic response of A-DNA confined to the surface of
a cationic lipid membrane.®® The DNA was tethered at one end to an immobilized bead
and subjected to external electric field of varying strength. The extension of the
molecule in the direction of the field was measured. Numerical values extracted from

their Figure 5.3 are compared with equation 30 in Figure 5.4. The experimental data
were reported as the extension of the biopolymer, | =L ,oNb (um) vs. electric field,
E (V/cm). The molecule used in this experiment is double stranded DNA (dsDNA)
with contour length, L. =N Db, of 20 + 1 pm (48502 base pairs, where each base pair

has elongation length of 0.44 nm).*® Typically, dsDNA is modeled as a worm-like
chain. However, by taking the Kuhn length, b, of this chain to be twice its persistence

length (I, = 65 nm*®), one can treat the -DNA as a freely jointed chain. The applied

force, f =N f, is defined in terms of electric field, E, as follows:

f=LqE (5.3)

where, g is the effective electrophoretic line charge density reported to be 0.6 + 0.1 e

per Kuhn length in this experiment.*® The experimentally reported electric field
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strength values were converted into applied force, which was then non-dimensionalized

asF :E. It is apparent from Figure 5.4 that our analytical result for distributed

kgT
force, Eq. 5.30, is in excellent agreement with experiments with no adjustable

parameters.

120 — ff- Electric Field
| --- pf- Point Force
100-] * Experimental Result

——

80

60

40

Force, F=fb/ kBT

N
-~
-_----------

Average End-to-End Distance, Ly

Figure 5.4. The elastic response of a long freely jointed chain when it is stretched in
2D due to i) a force field applied to the entire chain e.g. under an electric field (solid

line) predicted by L, ,, = %(F)) , and ii) force applied to one end of the chain, i.e.

point force (dashed line) predicted by L ,, =%. The experimental data®

(squares) for stretching A-DNA confined to a surface and under an electric field closely
follow the predicted results for the distributed force mode of stretching.
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The stretching of molecules due to a distributed force is also important in
applications where the molecule is permitted to adopt 3D conformations, as in gel
electrophoresis and translocation of molecules through pores. For this reason, we used
an approach similar to the 2D case above, to derive an expression for the 3D stretching
of an FJC under a uniformly distributed force. We start with the general expression for

the conformational partition function:

¢=2r 0= Nof L | )
Zeap :L:o J.azo exp (Z T )1:1[ Wy, Sin 6,d6;dg, (5.32)

i=1 B

N N _ N
which, using equation 5.18, Z fo Z I+i _frbcosé? Z AR bcos@ , can

i=1 BT i=1 i=1

be transformed into:

N o=z I f,bcosd, |d(cosé,
Zcsp :_(W3D )NHL:O eXp( j ( )

i1 kgT 2
\ 'h(F) £ b (5.33)
sinh(i
Zcop = (Wyp )" F,=—"
C,3D ( 3D) 1|j1[[ iFe J e kBT
As before, conformational partition function defines the free energy of the FJC:
N h iF,
A=—Kk,T I (Zg 15 )= —ksT N In (W, )k I (S'n ! )j (5.34)
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% , can be

TV

N
Using Eq. 5.16, the sum of the total projected lengths, 1. = Z L, =-
i=1

e

calculated as:

l, = iib {coth(iFe) - %} (5.35)

i=1 1 e

To extract the experimentally measured end-to-end extension of the molecule,
we use the same interpretation of changes in the effective force with bead position in a

chain as described earlier for 2D stretching under a force field (Egs. 5.26 and 5.27) and

—%}) that the projected length of the chain is:

e

find (since I, =b {coth(iFe)

L=t =L3 coth(iF)—i (5.36)
ff,3D Nb Ni:1 e iFe .

For very long molecules, the summation in Eq. 5.36 can again be converted into an

integral:

N -
L 3D=ij coth(iFe)__i die -1 1n SInh_(NFe)
PN iF, NF, " | N -sinh(F,)
(5.37)
L :lln L(F)
32 = F T N-sinh(F/N)
For large molecules, sinh(F/N)— F/N , and Eg. 5.37 becomes:
1, (sinh(F
o E In(éj = Ziao(F) (5.38)
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where, .Z; 3p (F)is the equivalent of the Langevin function for the 3D case under a

force field.

5.3.2 Approximations to Explicit Force-Extension Relationships
The expressions that we have reported so far for the stretching of a chain are

explicit in terms of force. However, it is often useful to know the force explicitly in

: : | o .
terms of the normalized extension, L = b An approximation for the inverse

Langevin function for point force stretching in 3D has been reported in the literature,*?

3-L2
pr,so = Z;Dl(l-pf,so)z Lpf,SD [H#J (5.39)
pf,3D

Consider first the stretching behavior of the chain at the limits of small and

large extensions. For small arguments in the 3D case under a point force, Eq. 5.6 can

be approximated by using coth(F )~ = +

E,and
3

T

pr,3D =3 meD for F <1 (5.40)

Similarly, for small arguments in the 2D case under a point force (Eq. 5.14),

I,(F)~F/2;1,(F)~1. Therefore,

Foioo =20 for F <1 (5.41)
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and, in the limit of low force, the 1D stretching relationship is approximated as:

Forio =Lyt for F <«<1 (5.42)

Egs. 5.40-5.42 show, as expected for Gaussian chains, that for small lengths the force-
displacement relationship is governed by the system’s dimensionality.** For small
force, the force-extension relationship under a uniformly distributed force field is twice

as large as that under a point force:

Fiao =6Lg a0 for F <<1 (5.43)
Fioo =4Ls 20 for F <<1 (5.44)

Using the asymptotic expression for the modified Bessel’s functions of order v

for large arguments:**

'”&)QJ;%E(L+0_2VQS+2Vg (5.45)

the 2D case under a point force (Eg. 5.13) for large forces can be expressed as:

I,(F) 8F-3

L Fl=—1 7/« for F>>1

o.20(F) I,(F) 8F+1 orF>>

or (5.46)
(3+L,20)

F = for F>>1
pf,2D 8(1_Lpf’2D-)

A good approximation for the inverse 2D function that satisfies both limits (Egs. 5.41

and 5.46) is:
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Lpf,2D (8_ Lpf,2D -3 I—pr,zo)

. (5.47)
40112 ,0)

_ 1 ~
pr,ZD — 4pf,2D (Lpf,ZD )N

However, the distributed force results, equations 5.30 and 5.38, do not have large-force
limits that can be written as simple rational functions. Using Eq. 5.45 in 5.38 shows

that, in the limit of large force,

Lt oo = lIn(&(':)j »éln(%(':)) =1-In(F)/F;

F F
1-L=~In(F)/F; (5.48)
£ In@/a-1))

1-1)

Using Eqg. 5.48 in 5.30 shows that the force in the 2D distributed-force case also

In(1/(1— L))

-1

the exact result, and is not very useful as a guide to obtain an approximate inverse

diverges as F ~ as L approaches unity. However, this converges slowly to

function that satisfies the limits of both small and large forces. Therefore, we adopt

empirically the general form:

-_aLlb-L)

w (5.49)

To ensure that the force-extension behavior of the chain for small arguments is
satisfied, we set the limit of Eq. 5.49 for small arguments, i.e. F = ab L, equal to those

limits given by Egs. 5.43 and 5.44. By fitting Eq. 5.49 to the exact result in the range F

< 50, we find values of a and b.
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Figure 5.5 shows the exact and approximate inverse force-distance relationships
obtained from both the Langevin functions and their inverse functions in 2D and 3D.
We have collected all the results in Table 5.1 and indicated the maximum error of the

inverse functions.

L r r r r f [ [ . r r r r r f [

3D Force Field
= 40- — 2D Force Field
— 3D Point Force
30- — 2D Point Force

50 [t

I I

1

Force, F=fb/k
N
@

\JJJ{JJJJ{JJJJ*\JJJ{JJJJ

Oﬁf [N | S

0 0.5 1
Average End-to-End Distance, L

{ U T T T T ©T T[T°1 {

Figure 5.5. The force-displacement relationship for 3D and 2D elastic responses of a
freely jointed chain. The solid curves represent the exact results; the dashed lines show
the approximate inverse functions.
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Table 5.1. Exact extension-force relations and approximations for inverse force-
extension relations for a freely jointed chain in 2D & 3D, under point or distributed

force.
2D 3D
I, (F 1
L(F) L:I§F; L=coth(F)---E
0
(Eq. 5.14) (Eq. 5.7)
_L(8-L-31%) NES
4 1—12) AT
] (Eq. 5.50)
Point £=43 % (B 540
Force ’
F(L) | F=2L F=3L
for L0 for L—0
~ F ~
8(1-L) 1-L
forL—>1 for L—>1
_In(1,(F)) 1, (sinh(F)
LF) | b= F L—E'“(T
(9. 531) (Eq. 5.40)
e . 3L(8/3+L°) . aL(3/2+12)
Field To2-v) T v
F(L) | (Eq.552) (Eq. 5.52)
£€=99% £€=99%
F=4L F=6L
for L—>0 for L—>0

5.4 Conclusions

The 2D stretching of polymers and biomolecules often occurs during processes such as

molecular combing (or meniscus alignment) and in separation techniques that use

nanofluidic systems. In some cases, as in molecular combing, the applied force acts on
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the chain at a single point at the air-water interface. On the contrary, when molecules
are transported and separated in nanofluidic systems, often an electric field is applied
across the sample. In this case, the total force is distributed over the entire molecule.
To aid the quantitative analysis of such experiments, in this chapter, we have presented
analytical expressions to describe the 2D and 3D stretching of a freely jointed chain
under two modes of stretching: i) when force is applied only to one end of the chain,
and i1) when the applied force is distributed uniformly throughout the chain. We have
provided expressions that describe the force-extension relationship as force as a
function of extension, as well as extension explicitly in terms of force. These formulas
agree closely with results of the Brownian dynamics simulations and, in the case of

stretching in 2D by distributed force, correctly describe experimental results.
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Chapter 6 Future Work: Exploratory Studies on the Effect of Surface
Friction on the Removal Dynamics of a Polymeric Chain from a
Graphitic Surface

6.1 Introduction

In developing micro- and nano-electromechanical systems, the size of electronic
and mechanical devices has been shrinking down to the nanometer scale, where the
performance of these systems begins to be dominated by surface forces. Despite
extensive studies on the impact of friction, wear, and lubrication at the macroscopic
scale, atomic scale tribology is a relatively new field. Recent advances in experimental
techniques such as quartz crystal microbalance (QCM)* and friction force microscopy
(FFM)? have enabled nanotribological research. Analogus to our interest and
justification in the studies described in this dissertation, the paradigm of the
nanotribological field is based on the notion that it is necessary to investigate the
frictional behavior of a single asperity contact in order to gain insight into the
macroscopic frictional behavior of systems. Although most nanotribological studies
have been conducted on atomically flat substrates and using FFM,*® there have been
some experiments in which the tip apex consisting of only a few atoms is dragged
across atomic-scale surface steps.”® The collection of these frictional studies have
shown dependence on temperature, surface composition and roughness, applied force,
tip velocity, and even the direction of movement of the tip.

Friction, or the total dissipated energy from all the micro- and nano-contacts

that occur due to sliding of two macroscopic surfaces over one other, is characterized
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by a multitude of phenomena including the stick— slip behavior,*® surface roughness,™"
12 geometric interlocking and interlocking mediated by so-called third bodies,** and
rupture of bonds,** etc. Although these phenomena are regularly observed on most
surfaces, even on those covered with alkylsilane self-assembled monolayer (SAM)
lubricants,™ *° frictional forces on the atomically flat graphite and mica are known to
be quite small.? Frictional interaction between individual molecules and surfaces is
another area of interest. To probe these interactions, scientists can modify the FFM
technique by the covalent attachment of single molecules to the AFM probe. Similar to
lateral forces of an AFM probe on graphite, the frictional barrier for the lateral
movement of molecules such as DNA oligomers on graphite has been shown to be
quite small (< 2 kgT per base).}”*® For this reason, in our single molecule force
spectroscopy (SMFS) studies and models, we have always assumed these interactions
to be sufficiently weaker than binding strength to be negligible.

Interestingly, however, the peeling of polythymine on 3-
aminopropyltriethoxysilane (APTES)-modified silicon wafer and polyguanine on
graphite have shown a stretching behavior in our SMFS experiments. Assuming the
lateral friction to be negligible, we have previously attributed this stretching behavior to
be due to fixation of the molecule on the substrate. Upon increasing the applied force,
the portion of the molecule connecting the AFM probe to the fixed point on the surface
becomes completely stretched out until it eventually retracts spontaneously. Motivated
by this observation, we became interested in studying the effect of surface friction on
the peeling behavior of molecules by asking the following questions: what if the source

of this stretching behavior is analogous to that in the stick-slip phenomena? Could the
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vertical interactions between the molecule and the substrate result in strong contacts
that would fixate the molecule on the surface? We used Brownian dynamics
simulations to address these questions. The details of our theoretical approach this

problem are discussed in the following sections.

6.2 Methods

In previous studies, we explored 3D and 2D Brownian dynamics simulations for
stretching a freely jointed chain strongly adsorbed to a flat surface.” These simulations
shed light on effects of tip velocity, peeling mode and dimensionality, thermal noise
and spring constant contributions, etc. on the elastic response of the molecule. In this
new work, we use the same program with a few modifications to introduce graphitic
surface corrugations. To briefly describe the structure of our model, the freely jointed
chain is made of N identical nodes linked by N-1 links. The Brownian dynamics
equation governing this system in vector is given by:

Oz_é%wa)—va(n) (6.1)

where i is the bead number, 7 =(X;,Y;,Z,) the bead position, & (kg/s) the viscous

damping constant, 7" (N) a random force, and E the potential energy of the system as a

function of coordinates of each link.2 The segment length for each link, b, was then

forced to remain constant throughout the progression of the simulation in time.
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The interactions of bead n with the flat substrate was based on the Lennard

Jones potential and obtained to be:

¢n (Zn ) — ¢min (ngin _ 3Zr;1inj (62)

with ¢... being the depth of, and Z ., the location of the potential well. The magnitude

of Z,,;, (5A) and ¢, were chosen based on typical values for DNA nucleotides adsorbed

21-23

on graphite.

Figure 6.1. Pictorial presentation of a graphene-like surface, divided into subunits to
create two new frames of reference, labeled in subscripts g and b.

To introduce graphitic surface corrugations, we modify the expression defining

the surface potential energy (Eg. 6.2) to include dependencies in the x-y directions as
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well. Here, the x- and the y-axis refer to the horizontal and the vertical axis of a two-
dimensional Cartesian coordinate system, respectively. Since a graphene-like surface
has hexagonal periodicity, which itself is made of axisymmetric, identical inner
triangles (Figure 6.1), we must first define new axes for our new frame of reference.
Marked in numbers one through four on Figure 1, we identify the new axes of our
plane. Note that for the purpose of simplicity, we use two sets of codirectional vectors,
where vectors two and three are identical. Given that each side of any given hexagon
has the length s, then the sides of each inner triangle is also going to be s long.
Physically, the parameter s is the carbon-carbon bond length in a graphene sheet, which
is smaller than or on the order of 1.42 A.?*%" Assuming that the length of the unit
vector that bisects each inner triangle is I, we can obtain comparative length
information using simple trigonometric relations. Therefore, we find that the length of

each unit vector is:

21, =Zscos[%j=s\/§ (6.1)

The Cartesian components of these unit vectors (i.e. the x and y dependencies f and ] )

are then normalized through division by s+/3. We define each unit vector with €.
where n identifies the vector number and r identifies the frame of reference. As an

example, let us consider unit vector 1,, €, , where the x-component is defined as €, ,

and the y-component as €,

Normalized

€11 x =gs — €y, = (6.2 a)

N
-
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A \/§ Normalized

A 1.
By =S M g =] (6.2b)

Similarly, unit vector 2, (identical to unit vector 14) can be described by:

A 3 ormalize A 3.

o =S —tomard 5 6, =£| (6.3 a)

A \/§ rmaliz A 1 2

eZb’y = 75 No—alw) eZb,y = E J (63 b)
And, unit vector 24 becomes:

Gpgy =0 —tomai=d g =00 (6.4 a)

8, =+/3s —omai=d g =1j (6.4 b)

To define new non-Cartesian axes, identifying the covariant and contravariant
components are essential. Covariant components, Py, are obtained from the general

expression:

I:)n,r (X’ y) = 5(X’ y) én,r (65)

As before, n identifies the vector number and r identifies the frame of reference.
I3(x, y) is any given point on the plane defined by the Cartesian coordinate system. The

contravariant components, P,", are then defined as:

P (xy)=|g" [{P,, (x y)} (6.5)

where |g'! |is the inverse metric tensor|g, ; |:
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(6.6)

. [gii]

As presented in Figure 6.2, the potential energy of a two dimensional graphitic surface,

#(x,y), in terms of the new unit vectors becomes:

1-cos R
21

)

Y
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(6.7)
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X-direction x 10™
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Figure 6.2. The normalized corrugated surface potential of a graphitic surface, with
hexagonal repeating unit cells, over the planar surface (in the x-y directions) viewed
from an angle (a) and directly from the top (b). A Carbon-Carbon bond length of 1.42
A was used.

By combining the planar surface energy potential, ¢(x, y), with our previously-
derived expression for the vertical interactions of a bead with a flat surface, ¢(z), (Eg.

6.2), the total potential energy of any given bead for the FJC interacting with this
corrugated surface (Figure 6.3), can be written as:

bom (%, V.2)=H2 )1~ g(x, y)} (6.8)
where « is a surface undulation parameter through which the energy barrier height can

be adjusted.
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x10”

Total Surface
Potential Energy

x-direction

z-direction

Figure 6.3. The total surface energy potential for a bead interacting with a corrugated
surface such as graphene shown as a function of x- and z-. In this schematic

presentation of the surface potential energy, « was setto 1, ¢,;,t0 12 kgT, and Z,,;, to
0.25 nm.

As shown in Figure 6.3, the effects of surface corrugations are expected to be
maximized when the molecule is closest to the minima and to disappear at distances far
from the surface. Furthermore, when the modification parameter is at zero value, the
Brownian dynamics simulations should reproduce the equilibrium results predicted by
the statistical model and confirmed by our previous theoretical work. To make this
comparison possible, the freely jointed chain used in our new studies was 20
monomeric units long, with the first bead fixed on the by a stiff spring. All removal

events were conducted under force control and in the vertical direction, away from the
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surface, unless specified otherwise. In the next section, we discuss our specific studies

of interest and our work completed so far.

6.3 Results and Discussions

Single molecule force spectroscopy experiments on single stranded DNA
molecules are performed by applying an external force to one end of the molecule in
the vertical direction and away from the sample surface. These experiments typically
show flat peeling force plateaus, which have been interpreted as the removal of an
individual molecule from the surface in equilibrium conditions. Although all
experiments are conducted under the same peeling velocities, some sequences such as
polyguanine show stretching as well as peeling behavior, which is indicative of fixation
of the molecule at some contact points on the surface. Such fixations, as a result, move
the peeling process out of equilibrium and result in higher pull-off forces for the same

sequence.

In the simulations described in this chapter, we are interested to explore the role
of surface friction in the SMFS experiments. For example, could surface friction result
in stretching behavior in a peeling molecule similar to that observed often for poly-
guanine? To address this main question, we propose multiple studies by posing the
following questions: 1) How do graphitic surface corrugations affect the equilibrium
peeling of a polymeric molecule from the substrate? 2) At high surface corrugations,
does the effective binding of the molecule to the surface enhance, reduce, or remain

unaffected? And lastly, 3) are the SMFS peeling experiments in which a molecule is
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pulled out of the plane of the substrate a reliable method for identifying the true binding

strength of the molecule to that substrate?

To begin our studies, it is important to first equilibrate the molecular
conformation of the FJC on a flat surface. This process is critical for obtaining accurate
peeling behavior as well as improving the performance and speed of the Brownian
dynamics simulations. The planar- as well as the side- view of one of the equilibrium
conformations after 0.903 microseconds for a 20-mer long FJC with a low binding
strength to a flat surface (2 kg T per Kuhn link) is shown in Figure 6.4 (a-b). To
confirm that 0.903 microseconds was long enough to reach equilibrium, we considered
the average dimensionless end-to-end distance of this chain over time and compared its
mean value with the expected mean end-to-end distances of a 3D Gaussian chain in

equilibrium (Figure 6.4 c). This expected dimensionless mean value was estimated to

R\ /2
be< Ree Ree> = \/W =4.5, which, not surprisingly, is slightly different than the

b2

actual mean of the ensemble, given that this short chain is interacting with a surface and

may not be completely in its 3D conformation.
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Figure 6.4. (a-b) Molecular conformation of a 20-mer long FJC, interacting with a flat
surface with a binding strength of 2 kBT per Kuhn link, equilibrated for 0.903
microseconds shown from above as well as the side. (c) The dimensionless average

end-to-end distance, R, /b, of this molecule over time shows that equilibrium was
reached quickly.
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As mentioned earlier, the frictional barrier for sSDNA nucleobases on graphite
are known to be quite small, and graphite is typically identified as a frictionless
substrate. Therefore, we simulated the equilibrium peeling (1.44 mm/s) of a polymeric
chain with a binding strength comparative to the experimentally obtained
measurements for polythymine (11.3 kgT per nucleotides), from our newly-modeled
graphitic surface. The term ‘binding strength’ here refers to the free energy required to
desorb a link in a 2D-FJC-state from a flat surface, i.e. in the absence of surface

undulations, into a 3D-FJC-state in solution. In our simulations, the magnitude of this

binding strength is implemented through @, .

In this first study, the surface undulation parameter, & , was adjusted from 0 to
0.5 to 1 to vary the height of the surface energy barriers. At a =0, the surface
undulations are absent and, therefore, the surface is (energetically) flat. For this reason,
the molecule is expected to have the same peeling behavior as our previously published
result for peeling a molecule of the same length and binding energy from a flat surface.
The overlapping of the force-distance curves, shown in Figure 6.5, for peeling the
molecule from a flat surface versus an undulated surface with @ = 0, compared to the

analytically predicted results confirms this expectation.

Interestingly, increasing the surface undulations result in 1) an increase in the
mean surface potential energy, and 2) appearance of small steps in the flat region of the
peeling plateaus. Note that neither of these changes may be detectable experimentally.
Specifically, the appearance of small steps in the flat peeling plateaus may be masked

due to the low spring constant of the soft contact mode cantilevers, the AFM probe
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thermal fluctuations, and the averaging of data in SMFS experiments. In other words,
surface undulations or surface friction might not necessary result in appearance of new
features in the experimental force plateaus, a behavior we have expected to observe.
Therefore, it is not surprising that most SSDNA homopolymers appear to only show flat
peeling plateaus upon their removal from graphite. Instead, these physical features
may shift the force up or down in comparison to those obtained from flat surfaces i.e. in
the absence of surface undulations. However, since an undulating surface has a
different mean potential energy in comparison to a flat surface, a correct comparison
should be made by considering the Boltzmann weighted mean potential energy of the

system averaged over the entire surface.

N
T

>
2 §
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S o — Analytical Solution
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1 - 0=0
{: - a=05
ot
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Average End-to-End Distance, RZ/ b

Figure 6.5. Effect of surface undulations, & , on the equilibrium force—displacement
relationship in force-controlled peeling. Simulations at .., =12 KT are shown as
dashed lines lines, and the analytically predicated result for a flat surface (a = 0) asa
solid black line.
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In our next study, we were interested to investigate the effect of maximum

surface undulation (a = 1) on the surface effective or mean binding strength for

molecules with different free energy of binding per nucleotide (4,,,). In Figure 6.6, we
compare the results of this study (dashed lines) with those obtained from the
interactions of the same molecule with a flat surface (a = 0) (solid lines). At maximum

surface undulations, increasing the adhesiveness of the molecule to the surface
increases the peeling forces, until they eventually become much larger than the forces
required to remove the molecule from a flat surface. Note that the presence of surface
undulations alter the binding energy of the molecule to the surface. Therefore, as
mentioned before, a more accurate comparison for this result would be to consider the
data shown in Figure 6.6 with the corresponding Boltzmann weighted mean potential

energy of the system averaged over the entire surface.

A second interesting observation is the magnification of the steps that appear in
the peeling plateaus for stickier molecules. As before, it is not surprising if these

features are not experimentally detectable.
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Figure 6.6. Effect of surface adhesion, I", on the equilibrium force—displacement
relationship in force-controlled peeling in the presence of maximum surface
undulations (dotted lines) compared to those from a flat surface (solid lines).

The non-equilibrium removal dynamics of a polymeric molecule from a flat
surface was previously established to be highly dependent on stokes drag as well as
desorption rate of individual bases, resulting in higher peeling forces than expected
from the equilibrium model. To investigate whether the higher forces observed for
removing stickier molecules from a highly undulated surface (Figure 6.6) are a direct
consequence of interactions with these surface undulations or indirectly caused by
deviations from equilibrium, we next simulated the peeling of a molecule with the free

energy of binding of 12 kgT per nucleotide from a highly undulated surface, but this
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time at different removal rates. We then compared the results of this study with those
previously obtained from peeling the same molecule from a flat surface at these same
removal rates (Figure 6.7). This comparison clarifies two points: 1) the peeling forces
increase with an increase in tip velocity in both the absence and presence of surface
undulations, and 2) regardless of the tip velocity, the forces are consistently lower in
the presence of maximum surface undulations (dashed lines) than in their absence
(solid lines). Comparing the results from Figure 6.6 and Figure 6.7, it is likely that the
increase in peeling forces of stickier molecules from a highly undulated surface is a
direct outcome of the present surface features, and not deviations from equilibrium.
This conclusion will need to be more completely analyzed by accounting for the

adjusted mean potential energy of the system in the presence of surface undulations.
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Figure 6.7. Effect of peeling rate on the force—displacement curve of an FJC with
binding energy per Kuhn segment of 12 kgT under force control, when surface

undulations are maximized (a :1) (dashed lines) vs. absent (solid lines).
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So far, our Brownian dynamics simulations from studies on the effect of surface
undulations, free energy of binding to the surface and removal rates in the presence of
maximum surface undulations, all suggest that 1) surface features affect the peeling
behavior of a molecule from the substrate, and 2) these effects are difficult to
distinguish by only considering the forces measured from the vertical peeling
experiments. As a result, one should also consider the elastic response of the molecule,

when dragged on a surface. Our dynamics simulations for the lateral peeling a 20-mer

FJC in the presence of maximum surface undulation (a = 1) for a molecule with a free

energy of binding of 12 kg T per Kuhn link, show a high peeling dimensionality

dependence on the removal forces (Figure 6.8).
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Figure 6.8. The equilibrium lateral peeling behavior of 20-mer FJC with binding
energy per Kuhn segment of 12 kg T under force control from a highly undulated

surface (o =1).

Since the lateral removal forces are high enough to be detectable in peeling
experiments, as our future work, we would like develop analytical models to 1) extract
information regarding the height of surface undulations from the lateral peeling
experiments, and 2) separate out the surface undulation contributions to the vertical
peeling forces by estimating the expected mean surface potential energy for a given
surface energy undulation height barrier. This information can then be used by
experimentalists to more accurately report measurements for the binding strength of

molecules to surfaces.
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6.4 Conclusions

In summary, we established that surface features not only change the magnitude
of forces required to remove a molecule from a surface, but also they modify the
peeling behavior by introducing steps to the otherwise typically flat, equilibrium, force
plateaus. ldentifying any such changes in the experimentally obtained peeling force
curves will be a difficult task to accomplish. For this reason, we suggest that
experimentalists carry out lateral peeling experiments in addition to the traditional
SMEFS studies in order to separate out any contributions from surface features to the

peeling forces.
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