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Abstract

DNA structural stability and programmability offer innumerable degrees of freedom for
the design and fabrication of DNA-based devices. DNA sequences can adopt complex structures
beyond the double helix, and these structures can occur either naturally or artificially. A thorough
understanding of the electrical properties of these intricate structures is still lacking and
investigating the charge transport in these structures is of fundamental importance for developing
DNA-based electronic devices or sensing platforms. This thesis examines the electronic properties
of various complex DNA structures and the possibility of electrically identifying conformational
differences using the single molecule break junction (SMBJ) method.

First, the conductance of an artificial DNA nanostructure, designed using DNA origami
approaches, is examined. The single-molecule break junction (SMBJ) approach, which has been
leveraged to examine charge transport through a variety of single-molecule devices, has been
adopted to obtain the conductance of individual DNA origamis while bridging the gap between
the SMBJ’s electrodes. Thermodynamic analysis and molecular dynamic simulations suggest that
the DNA origami used in this study is very stable. Also, different SMBJ tapping modes show that
the DNA origami is highly conductive compared to double-stranded DNA.

Next, we systematically study the naturally occurring noncanonical guanine-quadruplex
(G-quadruplex) structures and their transport properties by increasing the number of G-tetrads. We
found that the conductance of the G-quadruplex is weakly length-dependent. These results suggest
that the dominant transport mechanism is thermally activated hopping.

Finally, besides the G-quadruplex’s essential regulatory role in biology, it is also the basis
of many genetic diseases. Here, beyond the fundamental studies of DNA complex structures, we

compare different tools for detecting G-quadruplex structures. In particular, circular dichroism

viii



(CD), gel electrophoresis, and SMBJ were used to detect the presence of G-quadruplex structures.
DNA sequences in this study show that the conductance value of the G-quadruplex is one order of
magnitude higher than the double-stranded DNA. Therefore, harnessing electrical signals from
individual molecules may provide the ultimate detection scheme for G-quadruplex.

Taken together, these experiments demonstrate that the structural polymorphism in DNA
greatly influences the electronic properties, and one can foresee that complex structures will open
doors to a wide variety of applications, including but not limited to molecular switches, sensors,

and nanowires.
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Chapter 1

Introduction and background

1.1. Introduction

The myriad of DNA’s inherent properties renders it a potential candidate for molecular electronics.
Concepts from chemistry, biology, and physics were combined in molecular electronics to
understand the electronic properties and develop devices from molecules. The idea of integrating
molecules as functional elements into solid-state devices originated from the seminal work of
Aviram and Ratner!, in which they suggest a molecular rectifier that consists of a donor and an
acceptor separated by a bridge. The field of molecular electronics has grown in many directions,
from the theoretical front to the experimental side. The invention of practical techniques, which
allow the possibility of electrically contacting molecules, such as scanning tunneling microscopy
(STM)?>*, mechanically controlled break junction (MCBJ)>®, cross-wire techniques’®, and several
other techniques®!? aid in the field’s growth. Many groups worldwide have studied the charge
transport properties through many molecules. They have established insights on the dependence

14-22

of charge transport on the molecular length and chemical structure'42% and environment*~2 using

these experimental techniques. The molecular electronics society has focused on developing
molecular-based devices analogous to conventional silicon-based electronics. Molecular field-

effect transistor, in which a gate electrode can control current flow, requires the incorporation of a

26-28

gate electrode into a two-terminal system, either using electrochemical gating in solution or

back gating in vacuum?®-3!, In addition, diode-like behavior, which allows current to flow in one

bias direction, has been demonstrated in asymmetric molecular junctions®2-34,



Despite these developments in molecular electronics, interconnecting small molecules to develop
molecular-based devices is still a significant challenge. This challenge stems from several factors.
First, the search for long, highly conductive nanowires that interface with macroscopic electrodes
and the molecular junctions is ongoing. Second, the physical limitation of the conventional
lithographic technology is a significant hurdle for creating molecular-based electronic systems.
However, the inherent properties of deoxyribonucleic acid (DNA) may offer the solution towards
the ambitious goal of developing a DNA-based electronic device. One property is that DNA offers
unique self-assembly properties with resolutions that overcome limitations in conventional
lithographic technologies. A second property is the possibility of engineering complex DNA
structures in which they may provide higher electrical conductivity than canonical structures.
This thesis will focus on three main objectives. The first objective is the study of the conductance
of DNA origami. The second objective is to obtain the relationship between the conductance of
the guanine-quadruplex structures and the length, and the final objective is the study of
environmental impact on the G-quadruplex structure and its effect on the conductance.

This report will proceed with an introduction to the single-molecule break junction (SMBJ)
technique, and essential concepts on charge transport models in molecular electronics will be
introduced. A brief emphasis on the history of DNA conductance measurements is then presented.
The second chapter will discuss the measurements of DNA origami electrical conductance. The
third and fourth chapters will discuss the G-quadruplex molecules and the relationship between
the conductance and the length, and the effect of surrounding ions on the G-quadruplex topology.
Finally, the fifth chapter will provide a complete summary of the results discussed in the thesis

and the future directions for this work.



1.2. Measuring single molecules

In 1959, Richard Feynman in his lecture “There’s Plenty of Room at the Bottom™ at the American
Physical Society at Caltech introduced the idea of nanotechnology. This visionary speech inspired
(and still inspires) many scientists such as Aviram and Ratner when they published their theory of
a molecular rectifier! and Heinrich Roher and Gerd Binning for the invention of scanning tunneling
microscope (STM)?. A slight modification had been made to the STM to read out electrical
information for a single molecule at subnanometer length scales and give consistent results.
Moreover, mechanically controlled break junction is another technique that is capable of
measuring single-molecule electrical information, but, in the interest of brevity, one approach will

be discussed in this report, and that is single-molecule break junction (SMBJ).

1.2.1. Single-molecule break junction (SMBJ) method

The conventional STM technique involves an atomically sharp tip that is brought close to a
conducting substrate. When a bias is applied between the tip and the substrate, electrons tunnel
through the solution or vacuum to the tip. Either monitoring the tunneling current or the distance
between the tip and the substrate, the topography of the surface is imaged. From metallic point
contact studies*>*%, Xu et al. at Arizona state university developed the SMBJ technique, which
provides reproducible contacts between the molecules and the electrodes®. Also, this technique
allows the collection of thousands of current traces in a relatively short period for performing
statistics on the most likely molecular conductance. Many molecules have been investigated using
the SMBJ techniques to obtain the conductance value.

In this thesis, all experiments were conducted at room temperature using a Molecular Imaging

Pico-STM head connected to Nanoscope Illa controller from Digital Instruments. The



preamplifiers used in all experiments were lab-built with various gains. The movement of the STM
tip is controlled by a lab-built program using LabVIEW from National Instruments with a PCle-
6363 data acquisition (DAQ) card.

In an SMBJ experiment, one uses a gold tip, gold substrate, and a Teflon cell to hold fluid on the
gold substrate. When a quantity of modified molecules with linkers that bind to the gold electrodes
is inserted into the solution, the molecules can form a molecular junction. The formation of a
molecular junction is achieved by bringing the gold tip to the gold substrate until the current
saturates the preamplifier, then the tip is retracted until the current reaches the lower limit of the
preamplifier. Recording and monitoring the current-distance traces during the retraction process,
in the absence of molecules, one observes a smooth exponential decay as expected for a charge
tunneling through the intermediate. On the other hand, when modified molecules with linkers are
present in the intermediate, molecules will bridge the gap between the gold electrodes, and a step-

like feature or a ‘plateau’ appears in the current-distance traces see figure 1.1.
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Figure 1.1: Schematic representation of the SMBJ method (a) the gold tip is brought into contact with gold substrate
until the current saturates. Then the tip is retracted at a fixed rate until the current reaches the minimum setpoint. Then,
the whole tapping process is repeated thousands of times. (b) left panel: single trace with a step-like feature that is
color-coded at each stage at (a); middle panel: single histogram of the single trace; right panel: conductance histogram

of the dsDNA with a peak that is composed of hundreds of single traces with step features.

An automated lab built LabVIEW program from National Instruments for data analysis. The
LabVIEW program selects current-distance traces with steps that satisfy three criteria. First, a
linear fitting to each current-distance trace on a semi-logarithmic plot then selects traces with
fitting residuals above the specified value (typically 0.25). This criterion removes smooth
exponential traces. Second, a logarithmically binned histogram was created for each single current-
distance trace. If the number of counts is above a specified threshold value (typically 6-13 counts),
then it is selected. Finally, the single trace is selected if the summation of the total number of
counts in a single trace histogram is below a specified value (typically 500-800). If the three criteria
apply to a single trace, it would be added to the overall conductance histogram, which identifies

that molecular junction’s most probable conductance value.

1.2.2. SMBJ experimental preparation

1.2.2.1. Gold substrate preparation

The evaporator used in our lab was modified with a halogen light bulb to control the temperature
of the mica while the gold is being evaporated. Gold substrates were prepared by thermally
evaporating 130 nm of gold (ACI Alloys, 99.999% purity) on a freshly cleaved mica surface under

a vacuum of ~10”7 Torr and a temperature of 350°C. After the deposition, the gold substrates were



transferred into individual vials and stored under vacuum before the experiment. Prior to each
SMBJ measurement, the gold substrates were flame-annealed using butane flame for less than 1

minute to clean and anneal the surface.

1.2.2.2. SMBJ tip preparation

The SMBJ tip was prepared by mechanically cutting a gold wire (Alfa Aesar, 99.999% purity,
0.25mm diameter) to form a needle-like end. For insulating the tip, a copper plate (1-cm?) with a
~0.1 cm? rectangular gap extends from one side to the center of the plate is attached to a soldering
iron. Apiezon wax (Ted Pella Inc.) is melted on the plate. The tip is brought to the wax from
underneath the gap using a manipulator. The tip is immersed in the wax for ~ 30seconds to allow
the wax to adopt the tip’s shape. Then, the tip is slowly raised through the wax. A well-insulated

tip in a buffer solution results in a leakage current of less than 10pA.

1.3. Charge transport models in molecular electronics

Theoretical models for charge transport in a single molecule are essential for predictions and
explain the experimentally measured electrical properties. The following section will detail some
basic models for charge transport in molecular systems. The section starts with the Landauer
formula, which treats charge transport in mesoscopic scale systems as a scattering process, then
followed by brief discussions on the superexchange and incoherent tunneling models in a molecule
bridged between two electrodes under applied voltage, and finally will introduce a coherence-

corrected hopping model.



1.3.1. The Landauer formula
In a macroscopic system, Ohm's law describes the electrical conductance of a metallic wire, which
states that the current is proportional to the applied bias. The conductance is the proportional

constant and it is given by:

=~

Where o refers to the conductivity, which is a specific property to a material. 4 is the cross-
sectional area of the conductor. L is the length of the conductor. When the size of the conductor
reaches smaller length scale, that is mesoscopic system, the conductance ratio will reach infinity
due to the inverse length relation. Therefore, quantum coherence plays a significant role in the
transport properties of atomic-sized conductors. There are different transport regimes in
mesoscopic systems depending on multiple length scales; these length scales are determined by
different scattering processes. For instance, phase-coherence length, L,, describes the distance in
which the information about the electron’s phase is preserved. The inelastic scattering, such as the
interaction between the electron-electron or electron-phonon, leads to the destruction of the phase
coherence. When the length of the sample is smaller than L,, the sample is said to be in the
mesoscopic regime. Another important length scale is the electron mean free path y, which refers
to the distance that the electron can travel in a sample with constant momentum. When the sample
length is larger than the vy, the sample is in the diffusive regime where the motion of the electron
is like a random walk with a step size of y between elastic collisions with impurities. On the other
hand, when the sample size is smaller than vy, the sample is in the ballistic regime where the electron
momentum is preserved, and the electron scatters with the boundaries of the sample.

In a typical transport experiment, a molecule is bridged between two electrodes under a fixed

voltage. In this system, the electrodes act as electron reservoirs where electrons are free to



propagate in plane waves. There are two probabilities for incident electrons on the molecular
junction, either electrons tunnel through the molecular junction, a barrier, or scattered backward.
The idea of describing the transport in such systems as a transmission process with scattering and
reflecting was first introduced by Rolf Landauer®’. He showed that in electrode-molecule-electrode

junctions, the conductance is a transmission. Mathematically, the formula is

- %i T,(E) = GOZT(E)

The first term, Go = 77.5uS, is the conductance quantum and can be seen in a gold quantum point
contact study. The second term is the summation of all probabilities through the junction for all
modes.

1.3.2. Superexchange tunneling

The transition operator that describes a system of n discrete energy states confined between two

available states (see figure 1.2) is defined in the limit of tight binding and weak coupling as:
Tir(E) = Vig + Vi1G1n(E)Vig

Vir defines the coupling between the left and right electrodes. The second part of the equation
describes the charge transport from the left electrode through the bridge to the right electrode. Vi1
and V. represent the coupling between the left electrode to the first energy bridge state and the
last energy bridge state to the right electrode, respectively. G, is the Green’s function from the

first bridge site to the last one, which is:
n-1
1 Vii+1
E—-E, 1 lE—E

Gln(E) =



—
qvbias

Left electrode Right electrode

Figure 1.2: Energy band representation of a molecule bridged between Left and right electrodes, and V is a bias
between the left and right electrodes. The arrow represents a charge tunneling through the molecule from the left to

right electrodes. For simplicity, energy levels are degenerate.

To simplify the above equation, assume the energy levels are degenerate, i.e., E; = Ep, and the
coupling energy between the energy states is the same (V;;+; = V3). The simplified equation is as

follow:

1/ Vg \"
Gin(E) = V_<E _F )
B B

The term ¥z can be ignored because the coupling between the left and right electrodes is relatively

weak. The transition operator is then described as:

1 Vg \"
Tir(E) = V4 Va <ﬁ) Var
B B

The conductance after applying the Landauer formula is as follow:

G = GOT(EF)



2 _
The constant G, = 2% represents the conductance quantum and T(Ey) describes the transition

coefficient which is:
T(Ep) o< e Pt
Where f = %ln(E;ﬂ) is the exponential decay constant that describes the potential barrier. The
B

length of the molecule or the bridge is [ that is the distance between the left and right energy state,
which is na where a is the distance between two adjacent energy states. The final conductance of
the system is:

G = Goe P!

1.3.3. Incoherent hopping

The other mechanism that explains charge transfer through the molecular junction is the incoherent
hopping model, which is dominant in long-range transfer. Incoherent tunneling loses the phase
information of the transported charge through the molecule as opposed to coherent tunneling,
where phase information is preserved. In other words, the traversal time of the charge is
considerably larger than the time scales associated with the scattering interactions. Hopping is
defined as a combination of multiple “hops” in which the charges are localized at specific sites
along the length of the molecule (see figure 1.3). As opposed to superexchange tunneling, hopping

has a much weak length dependence.
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Figure 1.3: Energy band representation of a molecule bridged between Left and right electrodes. V is the bias between
the left and right electrodes. AE represents the difference between the first energy state and the left electrode. The

arrows represent charge transfer between sites.

In figure 1.3, the molecule has n energy states, and AE is the difference between the first energy
state on the molecule and the electrodes known as the activation energy. The incoherent hopping

rates between the energy states on the bridge are determined by k;j(from state j to state i). The
steady-state current between the state j and state j+/ is as follow:

Iy = q(kje1Py = Ky jaaPra)
Where P; and P;,,are the probabilities of occupations the corresponding energy states. The rate of

the occupation probability is expressed as:

. dp '

B = P _(kj—ld - k]+1-J)PJ t k1Pt kP
For j = 0 and n, the probabilities are the Fermi level of the left (f;) and right (fz) electrodes,
respectively. Assuming the system is in steady-state, which means P] = (. Also, all the transfer

rates on the bridge are the same k; ;.1 = k and the following:

_ —AE/kpT. _
kio= ke /kpT kor = ki
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1 = ke (AE-aV)/kpT,

kn,n+ n+1in = kR

After substituting the assumptions above in the current equation and the final conductance equation

for hopping that shows weak length dependence is described as follow:

2 —AE/kpT

e

|
1, 1 (n-1)
| L

q

G =
k, T

[

1.3.4. Coherence-corrected hopping

Incoherent transport relies on energy imparted by phonons to facilitate for charge carriers to hop
from one site to another of slightly higher energy. The charge carrier loses information about their
phase with each hop; hence, the transport is incoherent. Previously, it has been suggested that
coherence length, which is the distance for a charge carrier to travel without loss of phase
information, for DNA is longer than a single base pair. Recently, Li et al. showed that the
coherence length for DNA: RNA has been estimated at 5bp®3. Another work by Xiang et al.
estimates the coherence length for dsDNA is 2bp*. These results suggest an intermediate charge
transport mechanism between tunneling and hopping.

In 1988, Marcus Biittiker developed a model that includes a coherence correction to an entirely
incoherent charge transport system*’. Figure 1.4 represents a schematic for the intermediate
transport mechanism. Multiple adjacent energy states are grouped together to form one superstate.
In the superstate, the charge can transport coherently, and phase information is preserved.
However, the charge will hop between the super states. The total resistance of the coherent-

corrected hopping transport is given by:

(v -1) -
02 -B(N-1 pp
e?1—2e BN-D cos[C(N — 1) + 4¢]

Rt = Ry +
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Here R, is the contact resistance, h is the plank constant, e is the electron charge, N represents the
number of hopping sites, T, is the average transmission from one purine site to an adjacent one.
B = 1,/ vrt; reflects the decay of coherence over distance, A, is the rise per base pairs in double-
helical DNA, vt; is the coherence length, where v is the velocity of the carrier and t; is the inelastic
scattering time, C = 2v2mE / hA, where m and E are the mass and energy of the charge carriers,

respectively, and A¢ is the phase shift of the carriers.

|i> 12313> 14> In>

E, _AE j RS R i

qvbias

Left electrode Right electrode

Figure 1.4: a visual representation of the coherent-corrected hopping. The shaded blue ovals are schematics of two

superstates.

1.4. Circular dichroism (CD) of DNA

In the 19™ century, a French scientist named Aimé Cotton was the discoverer of circular dichroism
(CD) as a graduate student by experiment*!-*2, He measured, what was called the Cotton effect and
CD later, a solution of potassium chromium tartrate and potassium copper tartrate. The resulted
spectra are equal in amplitude but opposite to each other, which he avoided the uncertainty of the

previously measured amethyst by Haidinger and Dove*!. CD spectroscopy is a very useful tool to
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investigate the structures of DNA. The asymmetric DNA backbone sugars and the helical

arrangement of DNA bases interact differently with circularly polarized light.

1.4.1. Circular Dichroism method

Circular dichroism is an absorption spectroscopy technique that detects the differential absorption
between the left and right circularly polarized light. CD uses ultraviolet (UV) light to investigate
chiral molecules, which preferentially absorb one circularly polarized light over the other. The CD
spectrum is usually reported in millidegrees which is directly related to the difference in absorption
of left and right circularly polarized light. In a CD machine, there are four essential components.
A high-intensity light source that gives white unpolarized light and a monochromator that outputs
linear polarized light with a specific wavelength. Moreover, the photoelastic modulator (PEM)
receives a linear polarized light and breaks it into right and left circularly polarized light RCP and
LCP, respectively. The circularly polarized lights pass through the sample chamber and at the end
of the chamber there are two photo multiplier tubes (PMT) that quantify the light absorption due
to the sample (see figure 1.5). When the electric field components of the two propagating
circularly polarized lights with equal amplitudes combine, the superposition of the electric field is
linearly polarized. However, in a chiral medium, RCP and LCP will be absorbed by the medium
in a different amount; therefore, the superimposed light is not a linear but elliptically polarized

light (see figurel.6).
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Figurel.5: The main components of the CD instruments with the evolution of light from unpolarized to the two

components of circularly polarized. RCP and LCP are spatially separated.

There are multiple ways to report the CD spectrum. The CD spectrum in this thesis is reported in
millidegrees which is referred to the ellipticity of the superimposed light that is given by*—:

_IRCP| — |LCP|

tan @ =
MY =1ReP| + |LCP|

Where |LCP| and |RCP]| are the amplitudes of the right and left circularly polarized vectors.
In practice, instead of ellipticity, we can measure the intensities of the lights at the detectors, and
Beer’s law describes the intensity of light:
[ = I,e-Am(10)
Where [ is the incident light on the sample, and 4 is the amplitude of the absorption light.

Also, the ellipticity is very small and assume that tan 8 =~ 6 this gives:

9= VIrcr =+ icp
VIrcp +/Iicp

Gives:
0 = \/Ee_AR%ln(lo) _\/EQ—ALZCPM (10)
B \/Ee—ARZCPln(IO)+\/E9—AL2CPln(1O)
Simplifies
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Using Taylor series

The final measure in radians is

In (10)

0 = (ALCP - ARCP) 4

Figure 1.6: a diagram of the elliptically polarized light (red, electric field) as a result of the superposition of left
(green) and right (blue) circularly polarized light. @ is the angle between the maximum and minimum electric field

vectors.

1.4.2. Double-stranded DNA structures and CDs
DNA is a polymer made from chains of nucleotides. Each nucleotide is composed of a five-carbon
sugar molecule attached to a phosphate group and a nitrogen-containing base. The bases in DNA

are guanine (G), adenine (A), cytosine (C), and thymine (T) (figure 1.7).
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Figurel.7: Illustration of the DNA nucleotide, the four DNA bases, and the backbone of the DNA. Photo credit: Khan

Academy*S.

The DNA backbone is built by alternating the sugar and phosphate groups, which defines the
directionality of the DNA. Each nucleotide is linked to another by a chemical bond, called a
phosphodiester bond, between the sugar and the adjacent phosphate group (see figure 1.7: right
panel). The asymmetry of the backbone leads to directional DNA, whose sugar and phosphate
groups are labeled as 3’ and 5’ ends, respectively. The 3” and 5’ refer to the number of the carbon
atoms in the sugar molecules to which the hydroxyl-group and phosphate-group bond,
respectively. Single-stranded DNA can bind to another antiparallel single-stranded DNA by
hydrogen bonds between each base pair, i.e. A to T and G to C, to form double-stranded DNA.
There are three hydrogen bonds between G and C, while there are two between A and T. Thus,

melting temperature for double-stranded DNA rich in GC content is higher than in one rich in AT.
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Double-stranded DNA (dsDNA) adopts multiple conformations, namely A-, B- and Z-forms. They
are grouped based on their helical twist. The right-handed helical group contains the most common
form that exists in nature B-form and A-form see figure 1.8, and the left-handed group includes

the Z-form. There are differences between each form, and they are summarized in TABLE 1.
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Figure 1.8: Illustration of the right-handed helix twist B-form DNA and some of the structural parameters*’

Table 1.1: DNA helix parameters®’

Parameter A-form B-form Z-form
Helical twist Right-handed Right-handed Left-handed
Base pair (bp) /turn | 11 10.5 12

Axial raise (A) 2.55 3.4 3.7

Base pair tilt (°) 20 -6 7
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Diameter of the | 23 20 18

helix(A)

The A-form is most commonly found in RNA; however, DNA may adopt the A-form in the
presence of ethanol. Also, DNA rich in GC bases exhibits the A-conformation*®*°. In CD spectra,
a positive band at 260 nm and a negative band at 210 nm characterizes the spectrum of A-form
(see figure 1.9A Right panel). Synthetic and natural polydeoxynucleotides adopt the so-called B-
form with common global features. A positive band at 280 nm and a negative band around 245 nm
characterizes the B-conformation. Depending on the sequence, the CD spectrum may differ
because of differences in chromophores and conformational properties®’. For instance, DNA with
only AT bases adopt an unusual B-form due to the high propeller twist AT base pairs>!->2. DNA
may transition from B-DNA to A-DNA and vice versa in the presence of ethanol(figure 1A left
panel)*®3033 Tn 1972, Pohl and Jovin discovered the left-handed DNA helix while studying the
effect of the ionic strength on the poly[d(GC)]**. It was named Z-DNA because of the zig-zag path
of the sugar-phosphate backbone®>*6, The CD spectrum of the Z-DNA is approximately an
inversion of the B-DNA spectrum; it exhibits a negative band at 290 nm, a deep negative band at
~205 nm, and a positive band at 260 nm; there are several variants of the Z-DNA and all of them
possess the deep negative 205 nm (see figure 1B right panel). The transition between Z-DNA and

B-DNA or A-DNA is possible in the presence of alcohol (see figure 1B left panel).
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Figure 1.9: CD spectra for A-form, B-form, and Z-form of DNA and transitions between forms. The Y-axis is the
difference in extinction coefficients, that are related to absorbance using Beer’s law, between left and right circularly
polarized light (A) left panel: transition between B-DNA to A-DNA in the presence of trifluoroethanol (TFE). Right
panel: RNA spectra with and without the TFE. Insert: transition monitored at 266 nm as a function of TFE
concentration. (B) left panel: transition between B-DNA to Z-DNA in the presence of trifluoroethanol (TFE). Right

panel: Z-DNA to Z’-DNA transition in the presence of TFE. Insert: transition monitored at 291 nm%’,
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1.4.3. G-quadruplex structures and their CDs

Nucleic acid sequences with three or more consecutive guanine bases tend to form G-quadruplex
structures®’. These structures comprise guanine tetrads (also known as G-quartets) bounded by
Hoogsteen hydrogen bonds (Figure 1.10). The tetrads are stacked, and the stability of the G-
quadruplex depends on the cation type inserted between the tetrads. In general, the G-quadruplex
is stable in the presence of metal cations such as potassium and sodium>®. G-quadruplexes can be
in a parallel or anti-parallel orientation and monomolecular, bimolecular, and tetramolecular. CD
spectroscopy of G-quadruplex structure detect only global features of the molecule, and for in-
depth analysis of the structure, a combination of other techniques such as NMR or X-ray
crystallography is preferred. The appearance of specific bands in a CD spectrum reflects the
populations of the guanine bases' anti and syn glycosidic bond in a particular G-quadruplex

arrangement (Figure 1.10b).

(a) (b)

oo X . 1L

NH,

Syn Anti

Figure 1.10: Schematic representation of (a) G-quartet®® and (b) syn/anti guanine conformations®.

Although the dominant technique to study the G-quadruplex structures is NMR spectroscopy, CD

spectroscopy is mainly used to study the G-quadruplex structures empirically. The complexity of
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the theoretical description of CD spectra for G-quadruplex to gain information about the molecule
structure at the atomic level is a major hurdle from advancing in the study of G-quadruplex
structures. Therefore, a complete understanding of a G-quadruplex structure requires CD
spectrum, NMR, and X-ray results. G-quadruplex structures can be categorized into two types.
The main features of a parallel G-quadruplex structure, despite the number of strands comprising
the structure, have positive bands at 260 nm and 210 nm and a negative band at 240 nm>%6!-¢2, The
DNA sequences of 8 consecutive guanines, G4TG4 and G4T>Ga, adopt the parallel G-quadruplex
structure see figure 1.11a. The anti-parallel type has two positive bands at 290 nm and 210 nm and
a negative band at 260 nm. The distinct features in CD spectra between the two types originate
from the different stacking of the guanines with different glycosidic angle conformations®*-%, The
features of antiparallel G-quadruplex structures are similar whether G-quadruplex was formed by
bimolecular or monomolecular®-$%¢6, Two hairpin dimers form bimolecular G-quadruplex with
different loop locations. For example, G4TsG4 and G4T3Gs adopt anti-parallel two-hairpin
structures with diagonal and lateral loops, respectively, and the CD spectra in figures 1.11a and b

for both G-quadruplexes share indistinguishable features®’-68,
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Figure 1.11: CD spectra of multiple G-rich sequences adopt G-quadruplex structures (a) the effect of increasing the

loop length on the G-quadruplex structures and (b) parallel and two-hairpin dimer with diagonal loop.

1.5. History of DNA conductance studies

The DNA bases are similar to benzene molecules in structure. Therefore, delocalized © bonds or
antibonding ©* states are formed by the atomic orbitals P, of the carbon atoms (z is the direction
perpendicular to the plane of the molecule). When the spacing between two adjacent m-orbitals is
close, a coupling occurs, and a conduit for charge transport along the DNA helical axis is created.
In the past two decades, direct conductance measurements of dSSDNA or DNA: RNA hybrids using
SMBIJ have been reported. Also, conductance measurements of G-quadruplexes using conductive

atomic force microscope (CAFM) or mechanically controlled break junction (MCBJ) techniques
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have been published. The conductance value of a relatively short dSDNA depends on many factors,
such as the environment where the measurement is conducted and the molecule's conformation.
This section highlights some of the experimental works on DNA conductance studies.
Conductance measurements of DNA in an aqueous environment vs. dry conditions suggested that
better base pair stacking and stable DNA conformation are essential for DNA conductivity, and it
is achieved while DNA is in buffer conditions. Tran et al. published a study comparing the A-DNA
(a linear dsDNA extracted from Escherichia coli or E.coli) conductivity in buffer solution vs. dry
condition and concluded that the conductivity is about one order of magnitude higher in buffer
conditions compared to a dry environment.

Charge transport through dsDNA depends on the DNA sequence. In 2015, Limin et al. reported
that the single-molecule conductance of self-complementary DNA duplexes with alternating G
and stacked G bases adopt different transport mechanisms. The conductance of the alternating G
bases was found in good agreement with previously reported results that the charge transport is
hopping which indicates a weak length dependence. In contrast, the stacked G bases sequences
showed an oscillation in their conductance as the length of the sequences increased. Theoretical
simulations derived from Buttiker's theory suggest that the oscillation on the conductance value is
due to partially coherent and partially hopping charge or coherent-corrected hopping transport.
The simulations found that the highest occupied molecular orbitals (HOMO) in the stacked G are
delocalized over multiple G bases. Another study by Xu et al. showed that by inserting AT bases
into GC-rich sequences, conductance decreases exponentially with adding more AT bases,
indicating coherent tunneling. On the other hand, the conductance of the alternating GC sequences

showed a weakly length-dependent suggesting a hopping mechanism for charge transport.
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As discussed earlier that stable DNA conformation is critical for conductivity; dsDNA adopts a
variety of conformations. Wang et al. studied an alternating (GC)4+ dsDNA using the SMBJ
technique and induced structural transition from B-to Z- conformations by increasing the
concentration of Mg?" ions. The conductance value decreased by two orders of magnitude as the
conformation changed from B- to Z-form. The transition causes an increase in the distance between
base pairs and a flipping of the G bases by roughly 180°; therefore, disruption of the n-r orbital
stacking between adjacent base pairs occurs. Moreover, Artes et al. explored the effect of B- to A-
transition on the conductance value. The sequence in this study is CCCG(CG),CCC, and the
transition from B- to A-form was induced by adding 80% ethanol. The conductance value
increased by one order of magnitude when the molecule adopted the A-conformation. Ab initio
and electronic density of states calculations of the two conformations suggest that HOMO is
distributed over 70% of molecular length in A-form and 50% in the B-form, leading to higher
conductance of A-form DNA.

Conductance measurements of a single G-quadruplex molecule have also been conducted using
break junction techniques. In the research study conducted by Liu et al., a short single G-
quadruplex molecule was measured using the mechanically controlled break junction method
(MCB))®. In this method®*7%7! a metallic wire, usually gold, is suspended above a flexible
substrate. The flexible substrate is fixed at both ends by counter supports of the substrate. A push
rod is controlled by a motor or a piezoelectric actuator with vertical movement used to exert a
force in the opposite direction of the counter that supports the flexible substrate. As the pushrod
moves upward, the gold wire starts to break, and the distance between breakage ends can be
adjusted. This study has concluded that the G-quadruplex molecule can transport high currents at

relatively low bias voltages. The conductance value of the G-quadruplex is independent of the
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molecule elongation. In a study by Livshits et al., a G-quadruplex molecule was measured using
conductive atomic force microscopy (CAFM)’2. G-quadruplex molecules were deposited on a
mica substrate. A gold electrode was evaporated on top of the molecules using a stencil lithography
technique that does not involve heat or chemical treatment. The conductive tip of the AFM gently
touches the molecule, and the current is measured. This study showed that the current transported
through the G-quadruplex structures up to 100 nm reaches more than 100 pA. The transport
mechanism in this study occurs via long-range hopping between multi-hopping regions of the
molecule.

1.6. Summary

The development of the break junction techniques contributed significantly to the advances in the
understanding of the charge transport in DNA molecules. Short DNA sequences in A-, B-form
were investigated heavily, and the transport properties through these molecules are understood.
However, the DNA molecule also adopts other higher secondary structures. The investigation of
the conductance values and the charge transport properties of these structures using the break
junction technique is vital for the search of conductive molecular wires for future molecular
electronics. In the proceeding chapters, the single-molecule break junction (SMBJ) technique will
be used to investigate the charge transport mechanism through the G-quadruplex and DNA origami

structures.
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Chapter 2

DNA origami as a molecular wire

2.1. Introduction

The study and use of DNA as a building block for nanostructures have grown and evolved to
address challenges in controlling and precisely positioning materials on the nanoscale level.
Structural DNA nanotechnology utilizes DNA as a structural component because of its small size,
predictable base-pairing interactions, and a vast range of sequence possibilities. In 1982, Nadrian
Seeman proposed immobile, six-arm DNA branched junctions for building three-dimensional
arrays’>. Seeman realized that terminating the branched junctions with single-stranded overhangs
may eventually base pair and lead to a three-dimensional crystalline material. Also, other forms of
tile stitching DNA were recognized, such as tetrahedra’ and octahedron’. The primary
application for these two-dimensional DNA lattices is a bottom-up guide to orient and organize
other molecules or particles on a precise scale. For example, gold nanoparticles have been
organized into one and two-dimensional arrays for nanoelectronics or sensors’®.

In 2006, a different approach for building DNA structures was proposed. Paul Rothemund
published a DNA folding technique that has become known as DNA origami’’. Origami is the art
known for folding a flat sheet of paper into any shaped object. DNA origami is a process of self-
folding DNA. A long single DNA strand is used as a scaffold and smaller strands referred to as
“staples” bridge one side of the scaffold to the other side based on the design. In 2009, Shih and
coworkers achieved the construction of three-dimensional DNA origami structures’®. Also, they
developed software called caDNAno, which simplifies the design stage for sophisticated

structures”. DNA origami is an effective process for the bottom-up fabrication of precisely well-
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defined nanofeatures. Over the past decade, DNA origami has grown across multidisciplinary
fields such as drug delivery®®, nanorobotics®' and nanophotonics®? and nanoelectronics®3.

The recent addition to the DNA origami structures’ repository is the DNA nanotubes. The DNA
nanotubes draw the scientists’ attention in engineering because of their physical properties. Owing
to the stable structure in the presence of divalent salts®, DNA nanotubes are a potential candidate
for nanowires. As previously stated, rigidity is a crucial factor in charge transport through double-
stranded DNA. The DNA nanotube consists of DNAs bundled in a tube-like structure. The DNAs
in the DNA nanotubes are connected via double crossover in which links between helical domains.
There are several advantages of DNA origami over the tile-stitching technique. DNA origami is
an easy, one-pot process for preparing large structures. Also, DNA origami has high yields.
However, the DNA origami scaffold is too long to be synthesized and usually originates from viral
or plasmid genomes with known sequences. Ligation of synthetic strands or PCR amplification
are techniques that have overcome the scaffold limitation.

Besides its key role as storage of genetic information in biology, DNA has also been shown to be
a promising material for nanotechnology. The base recognition, self-assembly, and structural
control properties of DNA are unparalleled at this size scale. Because of its rare biological,
mechanical, physical, and electronic properties, DNA is a potential candidate for developing high
throughput, robust and low-cost electronic devices. DNA exceptional self-assembly properties
favor the bottom-up design and fabrication approach of nanoscale devices with resolutions that
can surpass conventional lithographic technologies. In particular, a technique such as DNA
origami has opened up the possibilities for researchers to design and build exceptionally complex

nanostructures by folding long DNA strands into desired 2D or 3D shapes at nanometer scales
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with high precision. DNA origami offers a step toward miniaturizing electronic devices such as
high-density memory devices, which are beyond the limit of conventional silicon technology.
Therefore, the study of the DNA origami properties is in the interest of science and engineering.
It is predicted that the conductance may be higher than dsDNA because of the high number of
overlapping pi-orbitals and its rigid structure than double-stranded DNA. In order to integrate
DNA origami into a large-scale system, it is necessary to confidently and precisely investigate the
charge transport through single DNA origami at smaller length scales. Moreover, an effective
study of DNA origamis at smaller length scales is essential since larger DNA origamis are
relatively expensive to produce.

Several reports are available for measuring the electrical resistance of metalized DNA origamis®>-
87, Metallization is a technique that has been widely studied for doping DNA origami. In this
technique, DNA origami with length varies between 412 nm to 20 um has been functionalized
with gold or silver nanoparticles. However, metallization increases the cost and complexity of the
fabrication process. Moreover, charge transport measurements through metalized material present
a challenge to distinguish the charge pathway.

Using the single-molecule break junction (SMBJ) approach, we first examined the electrical
conductance properties of 10 nm DNA origami. We then measured the conductance of a series of
additional five DNA origamis that differ from the initial DNA origami by thiol location.
Comparing the conductance of these six DNA origamis demonstrates that the conductance is
highly insensitive to location variations of the thiol. The dominant cause for this insensitivity is
that the charges are injected directly into the m-stack, and the thiols provide mechanical stability
to the origami. We also examined the conductance of DNA origami at a 10 nm distance between

the electrodes. We found that the conductance of DNA origami is one order of magnitude higher
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than dsDNA with sequence GGC(GCTCGCC); and indicates that DNA origami can be used as

nanowires for long-range distances and can provide a template for engineering longer DNA

nanowires.

2.2. Experimental procedure

2.2.1. DNA sequences

The four-helix bundle DNA origami was initially designed by Yonggang’s group at Emory

University (see table 2.1). The DNA origami is linked to the gold electrodes (SMBIJ tip and

substrate) through an alkanethiol linker which attaches to the deoxyribose ring at the 3’ end.

Table 2.1: List of DNA sequences for the DNA origami

Name

4hb-1-SH

4hb-2-SH

4hb-3

4hb-4

4hb-5-SH

4hb-6

Sequence (5°2>37)

ACG GCC GCG GCA GCA CGC GCG CGG CCC TGCGG[Thiol C3 S-S]
ACT CGC ACG GCG GTC CCA ACG CCG CGT CGG TC[Thiol C3 S-S]
TTC CGG CCG TGC TCG ACC TCC TCT GGG ATT GTG GTT

TTC CGA CCG TCT GAC CGC GGT CCT AGC GAG CTC GTT

CCG CAG GGC CGC GCG CGG ACC GCC CCA GAG GAG GTC GAG
CAC GGC CGG CGA GCT CGG CGG CCG T[Thiol C3 S-S]

GAC CGA CGC GGC GTT GGT GCT GCC CTA GGA CCG CGG TCA

GAC GGT CGG CCA CAATCG TGC GAGT
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2.2.2. DNA sample preparation and annealing protocol

The DNA strands used in this study were purchased from Biosynthesis and purified by high-
performance liquid chromatography. The DNA origami under investigation here is 10 nm in
length. Three sequences were purchased with a thiol linker at the 3* end (Thiol C3 S-S) see figure
2.1a. This thiol linker was protected with mercaptopropanol disulfide group during shipment and
storage. Upon receipt of the strands, the oligonucleotides were suspended in distilled water (18
MQ) for a concentration of 100 pM. These samples were then stored at -80 °C. All measurements
were carried out in a 12.5 mM Mg*? buffer solution. The buffer solution was prepared with 12.5
mM magnesium acetate tetrahydrates in 1x Tris-acetate-EDTA (TAE) buffer. Before conductance
measurements, 2 uL of each strand was combined with 288 uL of magnesium buffer, and the final
concentration is 0.6 uM in 300 pL. Oligonucleotides were annealed to form the four-helix bundle
structure by heating to 85 °C for 10 minutes and slowly cooling the temperature from 80 °C to 30
°C every 2:30 minutes for each degree; then, the temperature was held at 25 °C for 10 minutes.

The sample was kept at -20 °C until break junction experiments were performed see figure 2.1b.
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Figure2.1: (a) the DNA sequences from caDNAno showing the thiols locations. (b) schematic representation of the

experimental procedure from annealing the DNA strands to SMBJ.

2.3. Results and discussion

2.3.1. DNA origami structure study and melting temperature

Circular dichroism (CD) spectra are one of the primary methods for understanding the structure of
nucleic acids. Figure 2.2a shows the CD spectra of the DNA origami at different temperature
values. The spectrum of the DNA origami exhibits similar features as B-form dsDNA; both spectra
have a positive peak at 280 nm and shallow negative peaks at 210 nm and 250 nm>. High humidity
favors the B-form DNA. In addition, we estimated the melting temperature of the DNA origami to
be 70 °C. This suggests that the DNA origami structure is stable at room temperature see figure
2.2b. However, DNA origami is not fully unfolded; this is seen as the CD spectrum at 95 °C was

acquired, which is probably due to the high GC content in the sequence.
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Figure2.2: (a) CD spectra of the DNA origami at different temperature values. (b) The melting temperature of the
DNA origami is obtained from the CD spectra at 280 nm. The red line represents a sigmoidal fitting to the experimental

data.

2.3.2. Conductance measurements

2.3.2.1. SMBJ tapping mode

The DNA origami was modified with three thiol linkers, and there are additional thymine basses
that offer binding sites to gold. The DNA strands were hybridized in one tube. Conductance
measurements were conducted by bringing an atomically sharp gold tip coated with Apiezon wax
to minimize the ionic leakage current below ~1 pA into and out of contact with a gold substrate
with the DNA origami in solution. A schematic representation of the SMBJ is shown in Figure
2.3a. Current traces were monitored as the tip was retracted away from the substrate. When DNA
origami bridges the gap between the tip and the substrate, a step in the current trace appears see
figure 2.3b. In the absence of the molecule, current traces show no features see figure 2.3c. By
collecting thousands of current traces, one can perform a statistical analysis of these traces, which
yields a histogram with the most probable conductance of a DNA origami see the black histogram

in figure 2.3d. The high number of counts between 1x10° Gy and 1x10* Gy is due to the poor
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insulation of the tip, which leads to an increase in the ionic leakage current. Multiple independent
conductance measurements fitted with a Gaussian distribution yielded a conductance value of
3.6x10°Gy for this DNA origami. In contrast, when no molecules are present, conductance

histograms yield no peak (see figure 2.3d red histogram).
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Figure2.3: (a) schematic representation of the SMBJ experimental set-up showing the DNA origami molecule
bridging the gap between the two electrodes. (b) representative conductance traces vs. time showing steps when the
molecule binds to both electrodes. (c) traces when no molecule binds. All traces in (b) and (c) are offset horizontally
for clarity. (d) Conductance histograms for the DNA origami (black histogram) and only buffer (red histogram). A

total of 5000 traces were obtained for each sample.
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2.3.2.2. SMBJ flyfishing mode

Another SMBJ mode is introduced to examine the conductance of the DNA origami as the gap
between the gold tip and substrate is equal to the DNA origami length. This mode is referred to as
flyfishing mode. The tip is brought to a distance ~1.6 nm away from the substrate and it is
considered to be the starting point. Then, the tip is retracted below the minimum current setpoint
~ 10 nm, and the current traces are recorded (see figure 2.4a). This mode makes sure that the tip
picks up a molecule and stretches it. Additional substrate surface treatment was used to help orient
the DNA origami normal to the surface. Here, we used 6-Mercapto-1-hexanol (MCH) molecules
after DNA deposition to improve the SAM formation. The sequence used in this experiment is
shown in figure 2.1a. A single trace of the flyfishing mode is shown in figure2.4b; as the distance
between the gold tip and the substrate increases, the conductance value is relatively high before
the conductance drops suddenly, indicating the gold thiol breakage. However, the tip at this point
may never reach the minimum value, so it keeps retracting until the current drops below the
minimum current setpoint. This process was repeated thousands of times, and the results were
processed manually. As shown in figure 2.4c, there are multiple traces with conductance values
between 3.16x103Go and 5.62x103Gy at distances greater than 8 nm. Here we conclude that the
DNA origami with 10 nm length has a high conductance value, possibly due to the molecule's

rigidity, which makes the n-stack stable.
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Figure2.4: (a) illustration of the flyfishing mode. (b) single trace of the conductance vs. distance. (c) 2D histograms

of the flyfishing traces.

2.3.3. Thiols effect on the DNA origami conductance value

Control experiments to ensure the conductance value measured is due to the DNA origami were
performed. Figure 2.5 shows the conductance histogram of the original DNA origami where the
thiols are protected with mercaptopropanol disulfide group. There is no peak in the histogram,
which suggests no molecule bridging the gold electrodes. Moreover, conductance histograms of

the DNA origami with one or two thiols on one side show similar results for the thiols protected

state see figure 2.6.
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Figure2.5: (a) the DNA origami sequence and the thiol locations used in this control experiment. (b) the conductance

histogram reveals no peak for the molecule where the thiols are protected with mercaptopropanol disulfide group.
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Figure2.6: (a) and (c) show the DNA origami sequence and the thiol locations used in this control experiment. (b)

and (d) present the conductance histograms for the control experiment where no peak appears for the molecule.
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Next, we examined the effect of contact location on the DNA origami conductance value. We
measured several DNA origamis with sequences that differed from our original design by only the
thiol attachments. By changing the thiol locations on the DNA origami, it allows charges to take
different routes. Also, we replaced 4hb-3 and 4hb-4 strands with similar sequences except for the
thymine bases at the end see figure 2.7a. The means of the gaussian fittings of the conductance
peaks were plotted against the thiol locations on the DNA origami are shown in figure 2.7b. The
conductance value is less sensitive to the thiol locations, and the thiols provide stability to the

molecule by chemically binding the molecule to the gold electrodes.
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Figure2.7: (a) Representative the original DNA origami sequence with black circles are the thiol locations. (b) the
thiol locations vary from 1 to 4 while the thiol on the other side of the molecule is fixed. (c) the conductance value
obtained from the mean of the Gaussian fitting of the peak in the conductance histogram, and the x-axis is the thiol

locations on the DNA origami. Error bars are the slandered deviation of the mean with N = 3.
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2.4. Summary

In this work, we examined the structure of the DNA origami using the CD spectra. The molecule
is partially melted at 70 °C. The CD spectra at 95 °C suggest unfolded molecule, which is due to
the high guanine and cytosine content. SMBJ measurements showed that the conductance of long
single DNA origami could be measured. We have found that the conductance value is high
compared to dsDNA with a similar length. Control experiments were conducted on the molecule
to ensure no contaminations or other factors that contributed to the peaks in the conductance
histograms. The thiols have less impact on the charge pathway as it provides mechanical stability
to the molecule during the measurements. This finding was concluded from the experiment where
the thiols were placed in different locations on the DNA origami. These findings may enable the
fabrication of DNA-based nanoelectronics devices where the DNA origami is used as a connector.
Further studies are required to scrutinize the charge transport mechanism in DNA origami

structures, such as length or temperature dependence.
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Chapter 3

Charge transport in G-quadruplexes

3.1. Introduction

Deoxyribonucleic acid (DNA) serves as a potential functional element in solid-state molecular
electronics because of its unique self-assembly properties, which superbly exceed conventional
lithographic technologies in terms of resolution. In recent decades, copious studies have been
published on the interplay between electronic property in double-stranded DNA (dsDNA) and
length, sequence, environment, ribonucleic acid (RNA), or conformation. Moreover, research has
expanded to non-canonical DNA structures such as guanine-quadruplexes (G-quadruplex).
Guanine-rich DNA molecules form stable quadruplex structures by stacking several planes of four
guanine bases (G-tetrad) associated via Hoogsteen hydrogen bonding®®. DNA guanine-rich strand
folds with the aid of univalent ions from one or multiple strands into parallel or antiparallel
conformations depending on the orientation of the strands in a G-quadruplex. There are numerous
factors that govern the topology of the G-quadruplex, such as ions, sequence, and loop length.
Despite the potential role of DNA G-quadruplexes in regulating multiple biological processes®,
G-quadruplex continues to attract attention as a promising building material for nanotechnology®.
Several theoretical studies have proposed that DNA G-quadruplex structures efficiently transport
charges over long distances due to their less-flexible structure and higher number of overlapping
7 electrons between guanine planes®!*2.

Although systematic and direct contact conductance measurements in aqueous solution have not

been conducted on G-quadruplexes, multiple experimental studies have been employed to examine

193,94 69,72

the charge transport mechanisms using either photochemica or electrical measurements

These measurements suggest that the charge transport in G-quadruplex systems is possible, and

40



the charge transfer rate was observed to be weakly length-dependent, indicating a hopping
mechanism.

In this work, we present a systematic study of the charge transport properties of the G-quadruplex
systems in a sodium phosphate buffer solution at the single-molecule level to understand the
charge transport mechanism. We use circular dichroism (CD) spectroscopy to investigate the
conformation of series molecules G,T3Gn with n = 3-5 and find that all molecules adopt the G-
quadruplex structure with antiparallel topology. We employ the single-molecule break junction
(SMBJ) approach to obtain the conductance values for the series of G-quadruplex molecules and
extract their length-dependent exponential decay constant B-value. We find that the resulting

length-dependent conductance data suggest a sequential hopping charge transport mechanism.

3.2. Experimental procedure

3.2.1. Sample preparation

The oligonucleotides investigated here were purchased from Biosynthesis, IDT, and Alpha DNA.
The DNA molecules were purified by high-performance liquid chromatography (HPLC). The 3’
end of the oligonucleotides were modified with thiol linkers via a three-carbon spacer. All DNA
strands were stored at -80°C. Prior to measurements, the tris(2-carboxy-ethyl)phosphane (TCEP,
12.5mM) was used to reduce the disulfide bond in the thiolated strands for 3 hours at room
temperature. Then, the excess and unreacted TCEP was removed using 7k molecular-weight cutoff
desalting spin columns (ThermoFisher scientific Zeba # 89882). All experiments were conducted
in 100mM phosphate buffer (PB). The 100mM PB was prepared by adding Na,HPOs and

NaH>PO4 (Sigma-Aldrich) in a ratio of 8.1/1.9 to obtain a 7.4pH solution. All solutions were
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prepared using Milli-Q water (18MQQ). Hybridization was obtained by heating the mixture to 90°C

and then cooling it to 23°C at a rate of 1°C/minute. Then, the mixture was stored at -20°C.

3.3. Results and Discussion

3.3.1. Length dependence study of G-quadruplex conductance

We conducted break-junction measurements on the series of DNA G-quadruplexes GnT3Gn with
n = 3-5 (see figure 3.1a). We modify the 3° ends of the DNA strands with thiol linkers to ensure a
good binding between the G-quadruplex and the gold electrodes used in the SMBJ. Figure 3.1a
illustrates a schematic of the measurement’s setup; a thiolated three stacked G-quadruplex with
sequence G3T3Gs3 is linked between the gold tip and substrate. Single-molecule break junction
measurements involve an atomically sharp tip that approaches the substrate surface until the
current amplifier is saturated. Then, the tip is retracted at a rate of 80 nm/s while the current is
recorded until the current reaches the resolution of the amplifier. This process is repeated to collect
thousands of individual current traces for statistical analysis. A step in the current trace (see figure
3.1b) indicates a molecule is bridging the gap between the tip and substrate. Individual traces that
meet the selection criteria are automatically added to a conductance histogram using a laboratory-
developed LabVIEW program (figure 3.1c). Accumulation of steps in the conductance histogram
results in a peak that represents the most probable conductance for a single-molecule junction.
Additional control experiments performed with non-functionalized DNA strands do not show steps

in this conductance range (see figure 3.1c¢).
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Figure3.1: (a) idealized SMBIJ set-up with G-quadruplex molecule bridging the electrodes. Red dots represent the
thiol linkers. (b) conductance vs. distance traces showing step features (Cayan for n = 5, navy for n= 4, and dark blue
for n = 3). Gray traces for buffer only and exhibit no step features. (c) conductance histograms for buffer only (gray

histogram) and G-quadruplexes n = 3,4,5.

In order to understand the charge transport properties in the G-quadruplex system, it is essential to
explore the length dependence of the conductance. Therefore, we performed SMBJ measurements
on a series of G-quadruplexes with sequences GnT3Gn where n = 3-5. Figure 3.2 shows the
conductance value decreases as the number of guanines increases. It is possible to obtain § value,
which is often used as a figure of merit to provide insights into the charge transport properties of

the system by plotting the natural logarithmic of the conductance versus G-quadruplex length. We
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obtain B value of 0.38A1 for the G-quadruplex system, and this value is within the range of a

hopping transport mechanism.
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Figure3.2: natural logarithm of conductance values versus length for the G-quadruplex structures. The solid black
line is linear fitting that gives B = 0.38A"!. Error bars are slandard errors of the mean for a sample size of 3 for each

G-quad.

3.3.2. G-quadruplex topology and melting temperature study

We performed circular dichroism (CD) measurements at room temperature to ensure that the DNA
sequences in this study form G-quadruplex with an antiparallel topology which indicates that the
thiols are in opposite directions for binding to the gold electrodes. The CD spectra of the GaT3Gn
where n = 3-5 shows a clear positive peak at a wavelength of 295 nm, indicating the antiparallel
G-quad structure (see figure 3.3). There are many antiparallel conformations that the CD cannot
discriminate. The primary source of distinct CD spectra is the polarity of the tetrads. The polarity
here is referred to as the guanine glycosidic anti/syn conformations. All antiparallel or parallel G-

quadruplex possess similar tetrads polarity. Therefore, NMR or X-ray crystallography experiment

44



is required to determine the topology of the G-quadruplex. Fortunately, G-quadruplex with n = 4
has been investigated with NMR and X-ray, and the exact structure is formed by dimerization of
two hairpins with lateral loop®. To determine the stability of the G-quadruplex structures, we
examined the melting temperature of the G-quadruplex. Figure3.3b shows the intensity of the peak
at 294 nm as a function of temperature. As the temperature increases, the G-quadruplex structure
starts to unfold, and the peak intensity drops. Fitting the data with sigmoidal function (solid lines
in figure 3.3b), we extracted a melting temperature of the G-quadruplex structures. The extracted
melting temperatures are listed in Table 3-1. All three G-quadruplexes have a melting temperature
higher than the room temperature by more than 15°C, which indicates that the G-quadruplex

structure studied is in a stable antiparallel form.

(b) 16;

—
b
N
=]
-
-
f
53
o
(XIS

Millidegree
o
—
'f
Millidegree at 294nm
(=]
o o

-1

200 220 240 260 280 300 320 340 20 30 40 50 60 70 80 90 100
Wavelength (nm) Temperature (°C)

Figure3.3: (a) Circular dichroism spectra of the G-quadruplex with n =3,4 and 5. (b) melting temperature curves for
all g-quadruplexes. The solid line represents the sigmoidal fitting to the experimental data. All measurements were

conducted in 100mM sodium phosphate buffer with pH=7.3.
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Table3.1: melting temperature values extracted from the sigmoidal fitting to the experimental data

n (GiTTTGn) 3 4 5 ‘

Melting Temperature (°C) | 41.22 53.02 70.39 ‘

3.4. Theoretical discussion

Single-molecule electrical and photochemical experiments examining charge transfer in G-
quadruplex structure resulted in a weak length dependent’>%, These results were explained by
thermally activated hopping between multi-quartets of the G-quadruplex. This work also suggests
a weak length dependence through the G-quadruplex structures, which indicates a thermally-

activated hopping charge transport mechanism.

3.4.1. Hopping model

To verify that the hopping model dominates the charge transport mechanism in G-quadruplex
structures, we start with the simplest hopping model, which treats each guanine as an independent
hopping site. Therefore, the predicted resistance is proportional to the number of hopping sites.
Figure3.4 shows the resistance of the G-quadruplex molecules versus the number of G-quartets
and a fitting of the experimental data with a linear hopping model (dashed line). The coefficient
of determination (R2-value) for the linear fitting is 0.98, indicating that the hopping model can

explain the data.
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Figure3.4: The resistance of the G-quadruplex plotted versus the number of guanines. The dashed line is the linear

fitting. Error bars are the standard error of the mean with sample size N = 3.

3.5. Summary

These results demonstrated that the G-quadruplex structures in sodium phosphate buffer solution
are formed by two hairpins, and the molecules are stable at room temperature. The charge transport
in these structures can be described with the hopping model, in which each guanine base is a
hopping site. In contrast to double-stranded DNA, charge transport mechanisms in short and long

G-quadruplex structures follow the hopping model
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Chapter 4

Identification of DNA structural conformation via single-molecule

conductance

4.1. Introduction

Miniaturization of electronic devices has long been pursued in many interdisciplinary fields of
nanotechnology®’~1%°, Deoxyribonucleic acid (DNA) has always been the subject of interest in
nanoelectronics because of its exceptional self-assembly properties, which enables a unique
approach for bottom-up fabrication nanodevices with unparalleled resolution at nanoscale’”.
Future molecular electronics, which incorporates molecules as a functional element, draw
considerable attention to understanding the charge transport in double-stranded DNA (dsDNA)!%!,
Theoretical studies of charge transport in DNA suggested undisturbed and compacted m-orbital

will result in high DNA conductance!??

. Therefore, relatively rigid DNA structures such as
guanine-quadruplex (G-quadruplex) have been studied for potential roles in nanoelectronics.

DNA sequences rich in guanine bases can form in the presence of counter ions stable four-stranded
structures, which are made up of stacking planes of four guanines held together by eight hydrogen
bonding®!. Circular dichroism (CD) is one of the primary methods for understanding the structure

61,103

and topology of G-quadruplexes . In general, depending on the sequence, loop length, and
univalent ions, the strand directions in G-quadruplex topology can be parallel, antiparallel, or
hybrid (3+1)!%. Also, G-quadruplex could be formed with a single strand (intramolecular) or
multi-strands (intermolecular). However, CD spectra interpretation may be misleading when DNA

duplexes and G-quadruplexes coexist for self-complementary guanine-rich DNA sequences.

Recently, the single-molecule break junction (SMBJ) technique has arisen as a promising tool in
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measuring single-molecule conductance value for various DNA and RNA sequences!®,
conformations'%, environmental effect!®’, and base mismatches!®®. In this article, we present the
use of electrical conductance measurements using the SMBJ technique as a sensing platform of G-

quadruplex in conjunction with CD spectra to detect and identify different DNA conformations.

4.2. Experimental procedure

4.2.1. DNA sample preparation

The oligonucleotides investigated here were purchased from Biosynthesis, IDT, and Alpha DNA.
The DNA molecules were purified by high-performance liquid chromatography (HPLC). The 3’
end of the oligonucleotides were modified with thiol linkers via a spacer (six-carbon chain for M1
and a three-carbon chain for M2). All DNA strands were stored at -80 °C. Prior to measurements,
the tris(2-carboxy-ethyl)phosphane (TCEP, 12.5mM) was used to reduce the disulfide bond in the
thiolated strands for 3 hours at room temperature. Then, the excess and unreacted TCEP was
removed using 7k molecular-weight cutoff desalting spin columns (ThermoFisher scientific Zeba
# 89882). All experiments were conducted in 100mM phosphate buffer (PB) and 100mM
potassium chloride (KCI). The 100mM PB was prepared by adding NaHPO4 and NaH>POg4
(Sigma-Aldrich) in a ratio of 8.1/1.9 to obtain a 7.4 pH solution. For the 100 mM KCI, the solution
was prepared by adding 15 mg of KCIl to 100mM PB to get a solution with a 7.3 pH level. All
solutions were prepared using Milli-Q water (18 MQ). Hybridization was obtained by heating the
mixture to 90 °C and then cooling it to 23 °C at a rate of 1 °C/minute. Then, the mixture was stored

at -20 °C.
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4.2.2. CD experiment set-up

CD measurements were conducted using an Olis RSM 1000 circular dichrometer with a cylindrical
cell (170uL) with 0.1mm path length. A baseline spectrum of buffer only was collected before
adding the DNA. Non-thiolated hybrids were prepared using the above-mentioned annealing

protocol. A 170uM of solution with 25uM DNA concentration was added to the cylindrical cell.

4.3. Results and discussion

4.3.1. SMBJ conductance results

We performed single-molecule break junction (SMBJ) conductance measurements on self-
complementary and double-stranded DNA sequences. The 3’ end of the DNA strands were
modified with thiol linkers via spacers to ensure a binding between the DNA hybrid and the gold
electrodes used in SMBIJ (figure 4.1a). The sequences in this study are M1: (GCs); and M2:
(C3G3)2. A schematic illustration of the SMBJ with 12 base pairs dsSDNA attached between the
gold tip and the gold substrate is shown in figure 4.1b. SMBJ measurements were conducted by
bringing the gold tip into and out of contact with the gold substrate with the DNA hybrids in the
solution. Current traces were recorded and monitored as the tip retracted, and steps in the current
versus distance traces suggest the formation of Au-DNA-Au junctions figure 4.1c. With thousands
of rapidly collected individual current traces, a statistical analysis of these traces yielded a
histogram that exhibited two apparent peaks for both DNA molecules figure 4.1d. The lower
conductance values for both sequences are 1.5x10* Gy and 2.5x10* Go for M1 and M2,
respectively, which are within the range of previously reported short GC-rich dsDNA (B-

form)31%°, Several control experiments conducted in 100 mM PB such as no DNA in the solution,
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single-stranded DNA, and unreduced thiols on the DNA strands imply that these peaks mainly
were contributed to DNA molecules, rather than other factors such as counterions, water molecules
in the solution, or single-stranded DNA see figure 4.2. The complementary sequence of M1
(Rseql) and the self-complementary M2 has three consecutive guanines, which may form G-

quadruplex beside the double-stranded DNA (dsDNA)!!°,

SH\
CeHy I el t
a GCCcGCceegecee b
CGGGCGGGCGGG
RAARERAN CeHiz—SH
SH
eH* T T
GGGCCCGGGCL |
,,,,,,,,,,,,,,,,,,, 33
%LL%G%LLLUUG e H—H 3 ¢
-2
[ d
-3
5 2
S 3
g 4l &
5 |

Distnace Log(G/G,)

Figure 4.1: (a) schematic of the examined DNA sequences. The 3’ represented by an arrowhead shows the thiol
linkers. (b) Simplified schematic of the experimental setup showing the dsSDNA bridged between two gold electrodes.
(c) Multiple single-molecule conductance vs. distance traces at room temperature. The gray traces demonstrate when

no molecule bind to the electrodes, and the blue and green for M1 and M2 when binding to electrodes, respectively.
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All traces were offset horizontally for clarity. (d) conductance histograms for two DNA hybrids and control experiment

for blank buffer.
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Figure 4.2: Control experiments (a) 100mM sodium phosphate buffer (PB). (b) single stranded DNA M1 in 100mM

PB buffer. (c) dsSDNA M2 in 100mM PB and the thiols are in the unreduced form.

4.3.2. CD structure and melting temperature study
To examine the effects of structure on charge transport, we performed circular dichroism (CD)
measurements. CD spectra provide an insight on the DNA conformations by measuring the

absorbance difference between right and left circularly polarized light>°. Because single-stranded
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Rseql is not a self-complementary sequence, Rseql is a control sequence for M2. The CD spectra
of M1, M2, and Rseql are shown in figure 4.3. M1 and M2 CD spectra indicate the formation of
multiple conformations in the solution. The CD may suggest the formation of B-form and a G-
quadruplex in the solution’®!, dSDNA M1 CD spectrum exhibit a positive shoulder-like peak at
295 nm, a positive peak at 260 nm, and two negative peaks at 240 nm and 210 nm. It is almost
impossible to empirically determine the structure of the DNA from such a CD spectrum.

On the other hand, Rseql adopts antiparallel topology of the G-quadruplex, which is identified by
the presence of the 295 nm, 210 nm, and 260 nm positive peaks. The self-complementary M2
shows a negative minimum of around 280 nm. There is an ambiguity in the spectra that are not

fully understood.
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Figure 4.3. CD spectra of the two DNA hybrids (blue and green) (a) and (b). Single-stranded Rseq1 (light blue). CD

measurements were conducted at room temperature and in 100mM PB.

Another helpful tool that may identify how many structures are available in a DNA solution based
on the size of the structure is Gel electrophoresis. The Gel measurements are shown in figure 4.4.
The dsDNA of M1 and M2 reveal one band close to the size of 12bp. However, the single-stranded
M1 Rseq shows two bands; one is slightly below 20bp, and the second is around 12bp. These
results suggest that Gel electrophoresis detected one band for the dsDNA M1 and M2, probably

the B-form, and two bands for the M1 Rseq are for G-quadruplex and unfolded single-stranded,
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respectively. Unfortunately, gel electrophoresis and CD experiments could not detect the two

structures for the dsDNA M1 and M2.
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Figure4.4: Gel electrophoresis conducted in 100mM PB with a concentration is approximately 2uM. (a) results for

dsDNA M1 and M2. (b) single-stranded M1 reverse sequence (Rseq) and forward sequence with dsDNA M1.

Another approach that may identify two formations in a DNA solution is the melting temperature
measurements of the molecules. The melting temperature is defined as the temperature where the
DNA strands are 50% in a single-stranded form. Hypothetically, the unfolding process of two
different structures occurs at different temperatures depending on the number of hydrogen bonds.
For example, DNA with a higher number of hydrogen bonds has a higher melting temperature than
DNA with a lower number of hydrogen bonds. Figure 4.5 plots the absorbance intensity at 260 nm
as a function temperature. The intensity of dsDNA is lower compared to ssDNA, and the
absorbance increases as a function of temperature. The melting temperatures for all sequences
obtained from the absorbance vs. temperature fittings and from the Integrated DNA Technology
(IDT) oligo analyzer tool are listed in table 4-1. The difference in values between the measured
and calculated is insignificant. However, the melting temperature curve of the dSDNA M1 shows

two unfolding processes. This probably is due to the presence of two different DNA structures.

55



Therefore, CD, Gel electrophoresis, and melting temperature experiments suggest a secondary

structure in the dsDNA solution.
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Figured4.5: Absorbance vs. temperature measurements for (a) dsSDNA M2. (b) dsDNA M1 and (c) Rseq M1. All
measurements were conducted with a 0.1mm quartz cuvette. Solid lines are the sigmoidal fitting of the experimental

data.

Table 4.1: Melting temperature values estimated from UV absorbance measurements and calculated values from IDT
oligo analyzer tool.

Measured T, (°C) Calculated T (°C) from IDT
dsDNA M1: (GC3)4 29.3°C and 85.83°C 82.5°C
Rseq M1: (G3C)4 38.6°C Not available




dsDNA M2: (G3Cs)2 74.17 °C 79.9 °C

4.3.3. The effect of potassium ions on the DNA G-quadruplex conformations

The above two sections discuss the possibility of two structures in the dsDNA solution. The second
structure may be G-quadruplex in the antiparallel form. Many thermodynamic studies of the
oligonucleotides revealed that potassium ions destabilize the antiparallel topology and favor the
parallel topology®>!!!. This is probably due to the bigger size of the potassium, which forces the
guanines to adopt certain orientation. Here, the addition of K+ ions significantly changed the CD
spectrum for Rseql to a parallel conformation see figure 4.6¢c. Also, a slight change to the CD
spectra for both M1 and M2 hybrids at the 295 nm wavelength. Although CD spectra are one of
the primary methods for understanding the structure of DNA hybrids, the CD spectra of M1 and
M2 are not conclusive. In contrast to parallel topology, the thiols bind to both SMBJ electrodes
while the G-quadruplex adopts the antiparallel topology. SMBIJ technique may identify the

structure based on the electrical conductance of the junction.
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Figure 4.6: CD spectra of the two DNA hybrids (dashed blue and green) (a) and (b). (c)Single-stranded Rseq! (light

blue). CD measurements were conducted at room temperature and in 100mM PB + 100mM KCIl.

SMBJ measurements on Rseql in 100mM KCI show no significant plateaus in the current traces,
which yielded no peak in the conductance histogram. Because all thiols were in the same direction
in the presence of potassium ions, stable Au-G-quad-Au junctions were not possible. The

conductance histograms obtained for M1 and M2 in 100mM KCI solution show one conductance
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peak (figure 4.7, green histograms). The conductance values are -3.544+0.14 and -3.47+0.04 for

M1 and M2, respectively. These values are similar to what was obtained for M1 and M2 in 100mM

PB, which is probably the conductance value for B-form DNAs.
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Figure 4.7: Conductance histograms for DNA hybrids (a) M2 measured in 100mM PB (blue) and 100mM KCl

(green). (b) M1 conducted in 100mM PB (blue) and 100mM KCIl (green). (c) thermally annealed single stranded

Rseql in 100mM PB (orange) and 100mM KCl (gray).
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4.4. Summary

In this work, we have studied the conductance of DNA sequences with three consecutive guanines.
While M1 and Rseql form hybrid, M2 is a self-complementary DNA. We found two conductance
values for M1 and M2 and attributed them to two DNA conformations present in 100mM PB.
Different experiments, including CD, Gel electrophoresis, and melting temperature, lack the
advantage of single-molecule detection. The effect of potassium ions on G-quadruplex
conformations allows the SMBIJ to detect antiparallel structures. However, there are certain
limitations as well. The G-quadruplex structure must be labeled with thiols for binding with gold
electrodes. Also, SMBJ will measure the conductance of G-quadruplex only if the thiols are at
both ends of the G-quadruplex. The effect observed here can be relevant for the design of
nanodevices that detects the electrical signal for different DNA conformational differences in a

solution.
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Chapter 5

Conclusion and outlook

5.1. Conclusion

Over the past two decades, DNA and ribonucleic acid (RNA) molecules have been extensively
studied using the scanning tunneling microscopy-break junction technique for their potential role
in molecular electronics. The understanding of molecular-scale transport on unique DNA
structures is one of the fundamental goals of molecular electronics. In this dissertation,
conductance measurements on DNA origami molecules were performed. A systematic study on
the charge transport properties through the directly coupled DNA guanine-quadruplexes (G-
quadruplexes) to gold electrodes was conducted by changing the number of the G-quads. The
single-molecule break junction (SMBJ) technique is a valuable tool that could detect a small
population of G-quad molecules that are not possible to detect using conventional techniques such
as Gel electrophoresis or Circular dichroism. The SMBJ technique has been used to measure the
conductance values for double-stranded DNA (dsDNA) and DNA: RNA hybrids by bridging the
molecule between metal electrodes in an aqueous solution.

First, six strands of DNA hybridized in an aqueous solution with magnesium ions form a four-
helix bundle of DNA origami. The nanotube structure is 10 nm long, and 70% of the molecule is
rich in guanine. The conductance value of the DNA origami is relatively high compared to 10 nm
double-stranded DNA. The development of flyfishing mode along with the blink and pull
technique suggests that the charge is transported through the n-stack of the origami. Also, the thiols
on the DNA origami provide mechanical stability to the molecule and have less impact on the

conductance value.
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Next, a series of DNA G-quadruplex with various numbers of G-quartets was studied. The
conductance value of the G-quadruplexes is weakly length-dependent, and the fitting of the
experimental results suggests that the transport mechanism is partially-coherence corrected
hopping. The density functional theory (DFT) calculations show that the highest occupied
molecular orbital (HOMO) is delocalized across the G-quartets.

Finally, extending the use of SMBJ beyond fundamental charge transport studies, detecting G-
quadruplex structures in a mixture with double-stranded DNA (dsDNA) was performed. Other
techniques such as gel electrophoresis or circular dichroism (CD) may not detect a low
concentration of G-quadruplex structures in a mixture with dSDNA. The detection of G-quadruplex
presence in a solution is significant for gene expression and genetic diseases. The molecular-based
approach using the SMBJ technique shows that the conductance value of the G-quadruplex can be

measured in a mixture with dsDNA structures.

5.2. Outlook

This work may represent one step in the journey towards future DNA-based devices. For instance,
DNA-storage devices are less expensive and more energy-efficient compared to nowadays storage
technologies. Also, DNA units in the size of a poppy seed or even smaller could hold zettabytes
of information. DNA origami could be used as a molecular wire to interconnect multiple DNA
units. Moreover, the weak length-dependent G-quadruplex may serve as a contact between
functional DNA units and the DNA origami.

The biological significance of G-quadruplex, including gene regulation and drug targets for many
genetic diseases, urges the development of a single-molecule sensing platform. Micro-

electromechanical- system break junction (MEMS-BJ) could be applied in conjunction with G-
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quadruplex to develop an on-chip, label-free, and low-concentration sensing platform. However,
challenges exist on multiple fronts, such as a thorough understanding of the charge transport in

many different G-quadruplex topologies and environments.
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