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Intercalation as Functional Molecular Dopant for
DNA-based Devices

ABSTRACT

The biocompatibility, electronic structure, and programmable self-assembly
of DNA and RNA systems make them a unique and promising candidate for a variety of single
molecule nanodevices and biosensors; yet duplex interactions with foreign molecules that affect
said properties have yet to be fully explored. Here I present an investigation into the effects of a
Neomycin-Anthraquinone intercalating agent which binds to DNA:RNA duplexes disrupting the
electronic structure and possibly allowing for further manipulation of the duplexes electronic
properties. The results show a significant increase in conductance from 8.325x10°£2.69x10° Gy
for the DNA:RNA hybrid duplex to a value of 4.962x107+ 1.730x10 G, for the DNA:RNA
hybrid duplex intercalated with the Neomycin-Anthraquinone complex. This corresponds to a
conductance increase ratio of 596.03+283.31 caused by the intercalating agent. In addition to the
significant conductance increase, the intercalated duplex shows redox properties that are not
present before intercalation. These results indicate a promising new technique for doping DNA

and RNA systems with intercalating agents which bestow unique behavior.
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1 Introduction

Since the dawn of electronics, we have strived to achieve low power, high speed, and
dense packing of devices for computation; and until very recently we have had little problem
scaling devices to lower power, higher speeds, and smaller sizes. Modern devices are based
around the Complementary Metal Oxide Semiconductor (CMOS) design pattern, which under
Moore’s “law” has doubled the number of devices on a single chip every two years though a
refinement of the lithography processes used in producing these devices. Unfortunately, this law
has begun to fail us as we approach the low nanometer scale and current beliefs project even the
most advanced lithography will be unable to produce CMOS devices under 5 nanometers that are
commercially viable due to the process engineering required'; even at this feature size some
more expensive materials other than traditional silicon may be required. Although many
alternative devices have been proposed, molecular electronics stands as one of the best means for

extending Moore’s law beyond the limit of conventional CMOS.
1.1 Molecular Electronics

Molecular electronics, also called single molecule electronics, aims to replace
conventional electronic devices such as wires, transistors, rectifiers, and even entire logic gates
with single molecules.

In the late 1940s, Robert S. Mulliken and Albert Szent-Gyorgi advanced the concept of
molecular conduction through their work on electron donor-acceptor complexes — also called
charge-transfer complexes; this work is often considered the foundation for molecular electronic
theory. They subsequently further refined the study of both charge transfer and energy transfer in

molecules®. In 1974, a paper by Mark Ratner and Ari Aviram illustrated a theoretical molecular



rectifier’, and in 1988, Aviram described in detail a theoretical single-molecule field-effect
transistor consisting of a photoconductor coupled to a conductor’. Further concepts for single
molecule devices, including single-molecule logic gates, were proposed by Forrest Carter of the
Naval Research Laboratory at the 1988 conference entitled Molecular Electronic Devices’.
Though these devices were theoretical in nature only, and measurements of the conductance of
single molecules did not take place until 1995 by C. Joachim and J. K. Gimzewsky in their
Physical Review Letters paper wherein a single C60 molecule was measured’. Since then the
field has seen large amounts of growth in a relatively short amount of time and many techniques
have been developed to probe the device like properties of single molecules. Many molecules
have been identified for their device-like properties and experiments continue to reveal and

abundance of novel molecules to be explored further.
1.2 Why DNA?

For nearly two decades, researchers have dreamt of exploiting the self-repairing, self-
organizing, and self-replication properties of DNA to create nanodevices. DNA is inherently
programmable; computational algorithms have been developed to design arbitrary two- and
three-dimensional structures from DNA, including polyhedra, smiley faces, and a map of the
Americas with a process known as DNA Origami’®. This allows many interesting structures to
be synthesized and tested for unique properties. In addition, despite some structures being of
relatively long length studies have shown DNA to conduct charge as efficiently as many other
molecular wires’.

As early as 1962, Eley and Spivey suggested that the interbase hybridization of &, orbitals
perpendicular to the planes of the stacked base pairs in double-stranded DNA could lead to

. . 10
conducting behavior .



Today we have already shown that we can manipulate the unique properties of DNA to
create an array of nanostructures for medical applications such as smart drug delivery'' as well
as rectifiers'” and even used as an accurate nanoscaffold for alignment and creation of other

higher order nanocircuits'.
1.3 Questions Addressed

This thesis looks to explore the effect of an intercalating agent, the Neomycin-
Anthraquinone complex, as a ‘molecular dopant’ to DNA and RNA systems. Dopants have
always been vital to the creation of bulk material devices and there is evidence that supports
molecular dopant structures will be an important factor in the creation of reliable molecular
devices. By exploring the effects of novel intercalating agents we expand our knowledge of
which properties of molecular dopants may signal usefulness to molecular devices, thereby
allowing us to understand which direction we must further explore to continue to expand the
field of molecular electronics. In addition, specific questions such as the probable transport
mechanism involved in intercalated duplex structures are explored. Thus, the importance of this
study is to demonstrate the effectiveness of intercalating agents, particularly the one discussed,
as molecular dopants which bestow useful properties to DNA and RNA systems and display the

key role they will play in the future of DNA based molecular electronics.



2 Electron Transport in Single Molecules

Classically Ohm’s law has been used to describe the electrical conductance of
macroscopic materials. The conductance (G) of a material is simply proportional to the cross-

sectional area (A), and inversely proportional to its length (L). The full relationship is given by

where o is the conductivity of the material which can be measured experimentally and is
dependent on the charge carrier density and mean free path of the charge carriers. Though, as the
conductor’s size is reduced several effects which were negligible on macroscopic scales become
increasingly significant for characterizing the conductance of nanoscale conductors; thus, when a
conductor’s feature size is on the scale of nanometers the electron transport cannot be accurately
modeled with Ohm’s Law. For instance, as the length of the conductor becomes smaller than the
mean free path of the carriers there will be no scattering during transport through the conductor.
As a result, the carrier transport cannot be described by a diffusive process which Ohm’s Law
assumes. Instead the transport is better described by the ballistic transport regime, where carriers
do not experience scattering due to impurities in the material, local defects, or lattice vibrations.
Second, the contact resistance between macroscopic electrodes and the nanoscale conductor
strongly affects the overall conductance; whereas before this resistance was negligible to the
overall resistance of the system. Third, nanoscale objects have a quantized excitation spectrum,
as opposed to a band of excited states such as in a bulk semiconductor. This affects how many
carriers can be excited — and thus mobile — at one time. In addition to these there are many other

specific corrections depending on the system that need to be accounted for to correctly model



carrier transport in nanoscale systems. To understand how one might more accurately describe

such a system it is important to understand how excited carriers behave in molecular systems.
2.1 HOMO/LUMO Energy Levels

Macroscopically, carriers transport charge in inorganic semiconductors through the valence
and conduction bands, for holes and electrons as charge carriers, respectively. The phenomena of
valence and conduction bands comes about as a result of bulk material properties; since
individual molecules do not share these bulk properties one must consider transport through
another means. Just as in bulk semiconductors where the valence band represents the electronic
states that are filled in a non-excited (ground) state, in any molecule there exists molecular
orbitals that are fully occupied in the ground state, the highest in energy of this group of
occupied orbitals we prescribe the phrase Highest Occupied Molecular Orbital (HOMO) and is
analogous to the valence band edge. Similarly, just as the next available state that carriers can
occupy above the valence band in bulk semiconductors is the conduction band, the next available
molecular orbital that electrons in a molecule can occupy is prescribed as the Lowest
Unoccupied Molecular Orbital (LUMO) and represents an excited state of the molecule; these

two states are shown in Figure 2.1.
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Figure 2.1: HOMO and LUMO Energy Band Diagram

Image used with permission (reference 14)

Transport takes place via the HOMO and/or LUMO energy levels as these energy levels
are the closest to the fermi level of the electrodes on either side when contact is made to the
molecule as it reorganizes to the pinned fermi level. Understanding the HOMO/LUMO system is
vital to creating a model that can accurately describe charge transport in molecular devices such
as DNA. In addition to this, a conductance model such as the Landauer model is introduced to

describe a molecular junction’s conductance.
2.2 The Landauer Formula

In order to overcome the challenges posed by Ohm’s law at the ballistic transport regime
we introduce the Landauer formula. Named after Rolf Landauer who first suggest the form of the

equation in 1957, the formula relates the electrical resistance of a quantum conductor to



the scattering properties of the conductor. In its most simple case, where the quantum conductor

has two terminals (such as a wire) the scattering matrix is given by:

G() = Go ) Ta)

where G is the electrical conductance, Gy is the conductance quantum, a constant that is equal to
2¢?/h and represents the conductance of a perfect molecular wire with a single transmission
channel, p is the chemical potential, and T, is the transmission eigenvalues of all transport
channels in the conductor; the summation is over all transport channels. Physically this makes
sense, it simply states that the conductance of the of nanoscale conductor is given by summing
the transmission probabilities an electron has when propagating through a material with energy
equal to its chemical potential pu'®. An important note to understand is that the conductance
quantum Gy is not the smallest unit of conductance but rather the conductance of a single
perfectly transmitting channel, that is, a channel where every injected electron moves through to
the other side without reflection. Typically, a single line of metallic atoms (such as gold)
provides a single perfectly conducting channel, but if the line of metallic atoms is replaced with a
molecule bound to electrodes on either side it is feasible that some carriers enter, spend time in
along the molecular ‘bridge’ and return to the electrode they entered from. To understand how
this is possible I introduce the hopping model, a common transport model used to describe
carrier transport through single molecules and the leading model to describe transport in DNA

systems.



2.3 Electron Transport in DNA

2.3.1 The Hopping Model

The question of whether and how electrons migrate over long distances through DNA
was raised over 30 years ago, and is still a matter of controversy'’. Coherent tunneling and
incoherent hopping have emerged as the mainstream theories to explain short-range and long-
range charge transport in DNA, respectively'®. Hopping, a type of diffusive, incoherent transport,
is the combination of multiple superexchange steps, or “hops”, in which the charge occupies
space on intermediate energy “bridge” sites along the length of the molecule'®; this process is
shown in Figure 2.2. Although, superexchange has a strong distance dependence, hopping has a
much smaller one; this is somewhat intuitive because very long super-exchange steps are
avoided by allowing for multiple much smaller hops to each bridge site'”.

For DNA systems hopping has been shown to be the most likely long-range transport
mechanism through a series of conduction experiments performed by the Tao group’ as well as

a variety of confirmatory experiments done by the Hihath group”"**

. Based on the findings from
publications that work with dsSDNA and DNA:RNA molecular electronic system the hopping

model is the most fit to describe the system explored in this study.
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Figure 2.2: Hopping model with all hopping rates to nearest neighbors. “Backwards hops” are statistically
unfavorable due to the applied bias.

2.3.2 Hopping Rate

In order to establish the conductance of a system wherein hopping transport is the
primary means of electrical conduction it is useful to know the rate at which carriers hop along
the bridge sites of the molecule. One can intuitively set up this problem as follows:

First we establish the probability rate of site i being occupied as

af;
faff) = fi® (1= £©) oy = fOQ - [O)wy

where f; is the probability that state i is occupied, w;; is the rate at which hopping occurs from i

to j23. Using y; as the chemical potential of the molecule at bridge site i and E; as the energy of

bridge site i the occupational probability f; is simply given by the Fermi-Direct distribution

1
fi= —Fw
1+e kT

Assuming no correlations between the occupation probability of different localized states,

the steady-state current between these two sites is given by

1 = a|f:0) (1= ;) 0y — F@O1 = £i(D))wy]



At this point one must consider the transition rate w;; in order to fully determine the

hopping rate current. Two common rates have been developed and are often used, the Miller-

Abrahams rate and the Marcus rate. The Miller-Abrahams rate is given by

v
o

e YT : AE

IA

ij = Ei — Ej

where v, is a material specific rate constant, 7;; is the distance between the bridge sites i and j,
and y is an inverse localization radius describing the decay of transfer integrals. One
immediately notices that the site-energy difference AE;; is present such that an “hop uphill”
(endothermic transfer) is energetically unfavorable. Although this hopping rate includes some of
the key parameters such as transfer integrals and site-energy differences necessary to determine
the hopping rate of a molecular system, the main disadvantage of the Miller-Abrahams rate lies
in the fact that experimental data is necessary for its parametrization, and therefore it cannot be
used to predict mobilities™. In addition to this, many molecular details are neglected.

Many alternatives to the Miller-Abrahams hopping rate have been suggested. Here we
consider the high temperature limit of the classical charge-transfer theory proposed in the 1950s
by Rudolph A. Marcus. Incidentally, this equation came about as a general way to explain the
rates of electron transfer during chemical reactions, specifically the rate at which an electron can
move or jump from one chemical species to another and was originally formulated to address
outer sphere electron transfer reactions, in which the two chemical species only change in their
charge with an electron jumping, but do not undergo large structural changes™®.

Despite being significantly more computationally demanding, the Marcus rate allows one
to link the chemical and electronic structure, as well as the morphology, to charge dynamics and,

in principle, provide a route for predicting charge transport without experimental input. The

10



equation Marcus proposed for the hopping rate, w;;, from site i to site j across the distance 7;; is

given by
(AG;i+ 2)?
= 2_“ H.. 2; - 4A]ka
Wy ij e
h Jamak, T

where [Hi jJZ is the transfer integral obtained from the overlap of the wavefunctions between sites
i and j and which is proportional to the tunneling contribution, A is the reorganization energy (the
energy required to "reorganize" the system structure without making charge transfer) which has
two contributions 2 = A™ + A°%t from intramolecular reorganization and from outer-shell
reorganization, k,T is the thermal energy (k,; is the Boltzmann constant and T is the absolute
temperature), and AG;; is the energy difference between sites i and j**. In Figure 2.3 one can see

the how a systems energy is reorganized through the charge transfer process.

Energy

Nuclear rearrangement

Figure 2.3: Marcus Theory Energy Reorganization
Diagram shows the reorganization of energy caused by electron transfer.

Image used with permission (reference 25)
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The hopping rate is important because it gives one an easier way to determine the
conductance of a molecular system by calculating the current through hopping sites. From the
current one can find the conductance as

Apij

O-l'j

In addition to this one could use the Landauer Model to estimate the conductance of the
molecular system by knowing the probabilities for carriers to hop from each bridge site. Using
these a total probability can be calculated for a carrier to make it through to the exit electrode and
thus a transmission probability is obtained. When there is only one path for the carriers to
transport across (assuming nearest neighbor hopping only) this total probability gives a direct

conductance as a percentage of the quantum conductance Go.
2.3.3 Coherence Corrected Hopping

Hopping is an incoherent transport because it relies on energy typically imparted by
phonons to allow for carriers to hop from one bridge site to another of slightly higher energy.
Because the transport is incoherent the carriers lose information about their phase with each hop.
In 1988, Marcus Buttiker introduced a model wherein a coherence correction factor is applied to
a system thought to have entirely incoherent transport™.

Consider now the situation in which some carriers can execute one or more full revolutions
at a bridge site before losing phase memory. We can then expect a small correction to the
hopping transport by a term which depends on the phase ¢p = kw accumulated at the bridge site.
In addition to this, if a set of bridge sites electronic structure becomes very delocalized it allows
for large overlap between the wavefunctions. This, in turn, allows for small inelastic hops

between bridge sites and thus a preservation of phase through the transport”®. Thus, this

12



‘coherence corrected hopping’ can come about due to a delocalization of the molecular orbitals
across a hopping system.

This is important to note due to the possibly large increase in hopping rate and thus
conductance. As will be discussed later, the large increase in conductance due to the introduction
of the intercalator into the DNA system could be understood with this coherence corrected
hopping model instead of a traditional thermally activated hopping model. A transition from the

latter to the former could explain the large transition in conductance.
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3 Intercalation

Intercalation occurs when molecules of an appropriate size and chemical nature fit
themselves in between base pairs of DNA. These ligands are mostly polycyclic, aromatic, and
planar, and have found uses in staining. Intensively studied DNA intercalators include berberine,
ethidium bromide, proflavine, daunomycin, doxorubicin, and thalidomide®’. This study aims to
further explore anthroquinone as an intercalating agent by combining it with the major groove

binder neomycin which allows for a stabilizing effect on the entire DNA-Intercalator structure.
3.1 Intercalation Effect on DNA

In order for an intercalator to fit between base pairs, the DNA must dynamically open a
space between its base pairs by unwinding, the degree of unwinding varies depending on the
intercalator. This unwinding causes the base pairs to separate, creating an opening for the
intercalator to bind. These structural modifications can lead to drastic functional changes in the
DNA. For example, in a biological system intercalators often inhibit DNA transcription and
replication as well as DNA repair processes which make intercalators potent mutagens™.

Electronically, intercalators have been shown to reorganize the electronic density along the
length of the m-stack — the ‘stack’ of molecular orbitals formed by the alignment of the base pairs
— which can increase or decrease the conductance of the DNA% | as well as bestow certain device
properties such as rectification that the DNA does not display on its own'?.

In one study by Wang et al.*’ intercalators were used to modulate the conductance of DNA
to varying degrees based on the number of intercalators between the base pairs of the DNA.
Using both Ethidium Bromide (EB) and SYBR Green 1 (SG) as representative intercalators for

two binding modes — classical intercalation between base pairs for EB or major groove binding

14



for SG — they found that the intercalation processes lead to profound changes in the structural
integrity of DNA, such as stabilization, lengthening, stiffening, and unwinding of the double
helix. In turn, these structural changes accounted for a large decrease in conductivity due to the
breaking of the n-stack. They show that the DNA conducts at three different values depending on
the length of exposure to the intercalator. The DNA has three locations which the intercalator
may occupy simultaneously, resulting in three conductance values depending on the number of
intercalators present in the DNA.

Moreover, Guo et al has shown that by studying the binding affinity of the intercalating
agent coralyne, one can synthesize DNA which controls where along the base pair stack the
intercalator binds to, producing an asymmetric molecule that behaves as a molecular rectifier
with a rectification ratio of 15",

Clearly the introduction of intercalating agents to DNA based devices is a promising effort
towards the creation of molecular devices with various purposes. This study aims to explore the

potential for a new intercalating agent to be used in DNA:RNA based devices.
3.2 Anthraquinone-Neomycin Complex

The Anthraquinone-Neomycin complex (also referred to as DPAS555) shown in Figure 3.1 is
a base-pair stack intercalator (anthraquinone) bound via a molecular chain to a major groove
binder (neomycin). By forming this complex, the neomycin acts as an anchor that forces the
anthraquinone into a preferential binding position in the DNA n-stack. It has been shown that
these complexes have a propensity towards binding to A-form duplexes’’, thus a DNA:RNA
hybrid is useful to use to explore this intercalator since they always take the A-form

conformation.
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Figure 3.1: DPA555 Neomycin-Anthraquinone Intercalator

Neomycin is an aminoglycoside which has shown strong binding affinity to structures
containing RNA®'. Not only has it shown increase thermal stability large nucleotide structures
such as DNA:RNA triplex structures>, it allows for a more consistent binding affinity for
attached intercalators to bind into the duplex structure®

Anthraquinone was chosen as the attached intercalator due to its proven redox capabilities®
and its known ability to intercalate between the base pairs in duplex structures™. First, the ability
to intercalate between bases, disrupting the n-stack, may prove useful as providing an additional
energy site for hopping to occur or potentially delocalizing the bases molecular orbitals allowing
for stronger overlap. These two factors can contribute to how transport is carried out in a
hopping system and can affect the conductance greatly. Second, the redox capabilities of the
intercalator are of particular interest due to the possibility to allow manipulation of its electronic
structure through an externally applied gate. Given its reduction and oxidation potentials one
could theoretically gate the intercalated anthraquinone to modulate the electron density of the -

stack, if the resulting change in the conductance is large it makes it suitable for many
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nanobiotechnology and molecular device applications. It has already been shown that single
anthraquinone molecules can be gated to their reduction and oxidation potentials in order to
modulate the quantum interference disrupting charge transport™; thus by incorporating this effect
into DNA based systems which are good candidates for molecular electronics due to their self-
assembly properties, transistor-like behavior may arise by applying the external gate to push the
anthraquinone into reduction and oxidation states which modulate the conductance.

This study aims to further explore the effects of this intercalator on DNA:RNA duplex
structures, particularly we aim to identify the electronic changes induced by this unique
molecule, understand how it affects transport through the system, and explore how one might use

the intercalator to impart device like characteristics to DNA systems.
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4 STM Function

Conductance traces reported in this thesis were acquired using a Scanning Tunneling
Microscope (STM) using the Scanning Tunneling Microscope Break Junction (STM-BJ)
methodology. The measurements were all performed at room temperature using a PicoSPM STM
head (Molecular Imaging) in conjunction with a Nanoscope E controller (Digital Instruments). In
this chapter, the basic operating principles of the STM are described as well as the STM Break

Junction technique used to measure transport through single gold-molecule-gold junctions.
4.1 Overview of STM and Operating principles

A scanning tunneling microscope is an instrument for imaging surfaces at the atomic
level. It was developed in 1981 by Gerd Binnig and Heinrich Rohrer at IBM in Zurich®. To
image a sample a conducting tip is brought very near to the surface to be examined, a bias
applied between the two allow electrons to tunnel through the vacuum between them. The
resulting tunneling current is a function of tip position, applied voltage, and the local density of
states (LDOS) of the sample. As a result, one can perform analysis on the current measurements
to characterize both the surface topography and electrical topography of the sample®’. Although
traditionally performed in vacuum, an STM can be used to analyze surfaces in air, water, and
various liquid and gas environments; and can operate at temperatures near zero kelvin to
hundreds of degrees Celsius.

To acquire measurements from the STM, first a sharp probing tip cut from gold is placed
in the STM head and a conductive substrate one wishes to measure is placed under the probing
tip. A bias is applied to the substrate to encourage tunneling to the tip. A coarse position

adjustment motor brings the substrate to within tunneling distance of the tip. When the current
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set point has been reached via the coarse adjustment the probing tip is then finely adjusted via a
piezoelectric element to ensure the tip does not “crash” into the substrate while scanning the
surface. In order to acquire high resolution measurements from the STM a piezoelectric-based
scanning unit which allows for sub-angstrom control of the probing tip in all three Cartesian
directions is used to scan the surface. Within the STM head there is an amplifier circuit which
amplifies the current measurement from the substrate to the tip which are to be analyzed further.
Lastly, a feedback loop is present to control the piezoelectric element as it scans so that it
may be in one of two modes: constant current, in which the piezoelectric element moves the
probing tip to maintain a constant tunneling current throughout the substrates topography; and
constant height, in which the probing tip is kept at a constant height and fluctuations in current
allow for detail to be given about the surface topography. This feedback loop for STM operation

is presented in Figure 4.1.
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Figure 4.1: Overview of STM Components and Operation
As the tip of the STM scans back and forth the tunneling current from the surface to the tip is recorded.
A control unit analyzes the data in a feedback loop which controls the tip heads height and movement and
the data captured is processed and plotted on screen.

Image used with permission (reference 38)

4.2 Scanning Tunneling Microscope Break Junction Technique

The Scanning Tunneling Microscope Break Junction (STM-BJ) Technique is a procedure
for studying electron transport through single molecules. It was developed by Xu et al., in 2003
and continues to this day to be the backbone for finding the conductance of a single molecule.

In this technique, a metallic substrate and probe tip (typically gold for both) are used. A
solution is placed over the substrate which has the desired molecule dissolved into it. The subject

molecule contains two or more linker groups which will bind to both the substrate and tip
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(typically either thiol or amine groups) and the molecule is given time to bind to the substrate
without the tip present to create many molecules bound to the surface of the substrate.

The molecular junction is formed by bringing the tip very close to the gold — often
“crashing” the tip into the gold — and pulling the tip away. As the tip moves away one of the
linker groups on a molecule bound to the gold substrate also binds to the probing tip which
allows for the passage of current through the molecule (which was previously transported
through tunneling). This entire system of electrode-molecule-electrode is referred to as a
molecular ‘junction’ and the process of repeatedly ‘tapping’ the surface to create molecular

junctions is shown in Figure 4.2a.
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Figure 4.2: STM Break Junction Technique
(a) Piezoelectric element moves gold tip up and down onto substrate with molecules, current measurements are
taken throughout. When a molecule is present in the junction a conductance “step” is shown such as in (b). Each
conductance trace with a step is selected and a histogram (c) is generated from these step-like curves resulting in
the statistically likely conductance of the molecule.

Image used with permission (reference 40)
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Current measurements are made throughout the entirety of this process and the resulting
current trace is saved for processing. When a molecule does not bind between the gold tip and
substrate the current trace will decay from the quantum conductance to below the detection limit
in a smooth exponential. If one or more molecules are trapped between the gold tip and substrate
one will observe a noticeable “step” in the current trace as shown in Figure 4.2b. One can
determine how many molecules formed the junction by counting the number of ‘steps’ on the
current trace. This step occurs for a short time while the tip is pulling away and when the
distance grows too large the molecular junction is broken and the exponential decay to below the

detection limit ensues.
4.3 Conductance measurements of single molecules.

Small changes in the binding site, binding angle, molecular configuration, strain and
various other parameters can affect the transport properties of the molecular junction. As a result,
multiple thousands of conductance curves are collected during one experiment. In doing so, one
can create a histogram that statistically depicts the most likely conductance for transport through
a particular molecular junction.

For each break-junction experiment performed, between 3,000 and 6,000 current-distance
traces were acquired from the STM. From these traces, about 5 to 15% showed steps
corresponding to a molecular junction. An automated selection process in LabVIEW takes all the
acquired curves during a break-junction experiment and filters out the ones with no steps. In the
current filtering LabVIEW program, each current trace was fitted by linear regression using
LabVIEW’s built-in Curve Fitting VI function. This VI would give a best fit for a typical current
curve and would assign a residual value to it. The curve was rejected if its residual value fell

below a specified cutoff value inserted in the front panel of the program.
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After filtering out current-distance traces which do not show signs of a molecular junction,
i.e., no ‘step’ in the trace, a histogram must be constructed. First the LabVIEW program converts
the current-distance traces into conductance-distance traces using the known applied voltage V,
the measured current from the STM 7, and the equation G = I /V. Next a 1D histograms of
conductance traces like the one shown in Figure 4.2c¢ is created. All the conductance value data
points measured along a conductance-distance traces are binned into a histogram along the
conductance axis. A small bin size is used to resolve sharp conductance peaks as well as multiple
separate conductance peaks that are very close together.

The conductance histograms were fit with a Gaussian equation using Origin Pro 9 data

analysis and graphing software to extract the most probable conductance value, i.e. the peak of

the histogram. Origin’s Gaussian Peak fitting function is described by

— 2

Y=Yt i e_z(xch)
T
W2

Where y is the fit the histogram counts in the bin corresponding to a specified conductance value
X; Y, is the parameter for the base of the Gaussian fit; 4 is the parameter for the amplitude of the

Gaussian fit, x, is the parameter for the center of the Gaussian fit; and w is the parameter for the

full width at half maximum for the Gaussian Fit.
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5 Conductance Modulation of DNA:RNA Hybrid via

Intercalation

5.1 Preparation of DNA

Single stranded DNA (ssDNA) and single stranded RNA (ssRNA) were ordered from Bio-
Synthesis Inc. Arriving in solid form they are dissolved in distilled water that is filtered through
a 20 nm filter (Whatman) until they reach a molarity of 300uM. From here the single stranded
samples are split into separate Eppendorf microcentrifube tubes of 10uL each and stored in a -80
C freezer (New Brunswick) until needed for hybridization.

When hybridizing, 10uL of single stranded DNA and RNA are mixed together in a tube
with 80uL of filtered 100mM buffer consisting of 81 parts sodium diphosphate to 19 parts
sodium monophosphate (Sigma-Aldrich), bringing the concentration of the DNA:RNA to 30uM.
The buffer is used to halt the DNA and RNA single strands from disassociating due to repulsion
from the negatively charged phosphate backbone on each.

The DNA/RNA/buffer solution is then sealed with parafilm and submerged in 1000mL of
water, brought to 80 C and then allowed to cool to room temperature. This process hybridizes
the single strands of DNA and RNA into a double stranded DNA:RNA hybrid. This process is a
standard DNA:RNA hybridization process used in many other studies”'.

The DNA:RNA hybrid used in this study is composed of a DNA base with sequence CCC-
T9-CCC and RNA base GGG-A9-GGG both of which were purified via a high performance
liquid chromatography (HPLC) protein purification method. The probe DNA has a 6-carbon

spacer and amine linkers on both ends.
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5.2 STM-BJ Experimental procedure

To perform the STM-BJ experiment a “substrate holder” is first cleaned using the Acetone-
Methanol-Isopropanol method. The substrate holder consists of a steel plate (Figure 5.1A) with a
mica stage(Figure 5.1B), three pin electrical output (Figure 5.1C), spring-loaded mounting
screws (Figure 5.1D), Teflon cell (Figure 5.1F), Teflon cell mount (Figure 5.1G), and alligator
clips (Figure 5.1H). In addition, there is a spring-loaded screw terminal that is used to make
connection between the substrate and three-pin output (Figure 5.1E) using aluminum foil. Lastly

there is the gold substrate (Figure 5.11).

Figure 5.1: Substrate Holder Parts.

Gold substrates were prepared by first cleaving a mica surface (Ted Pella) and then

evaporating 130 nm of gold (ACI Alloys, 99.999% purity) using an electron beam physical vapor
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deposition under a vacuum of ~107 Torr. Immediately after the deposition, the gold substrates
underwent a temperature controlled annealing process at ~400 °C for ~5 hours under nitrogen
gas using a thermal annealing process intended to smooth the gold surface and create large
atomic plateaus. The gold substrates are placed individually in vials and held under vacuum for
storage for use in later experiments.

After cleaning the substrate holder a gold substrate is taken from vacuum storage and
annealed with a butane torch for 60 seconds to remove any remaining organic contamination as
well as achieve large, atomically flat Au <111> surfaces. The substrate is placed on the mica
stage and a thin aluminum foil strip is placed - one end under the screw terminal and the other
above the substrate. The Teflon cell is loaded into the mounting screws which provide pressure
on gold substrate against the aluminum foil as well as creating a reservoir where liquid sample

can be placed. The assembled cell is shown in Figure 5.2.

Figure 5.2: Assembled Substrate Holder
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100puL of buffer is added to the Teflon cell reservoir in the center and contact between the
substrate and three-pin output is tested with a digital multimeter using a gold wire to contact the
substrate outside of the valley to avoid contamination of the buffer.

A gold tip is prepared by shearing 0.25mm diameter 99.998% pure gold wire (Alfa-Aeser)
with wire cutters. The shear angle is kept as very low to increase tip sharpness. The gold tip is
inspected through optical microscope and then coated in wax. The intention of coating the gold
tip in wax is to expose very few atoms of gold at the end of the tip to reduce leakage current
through buffer but still allow a molecular junction to form. The tip is loaded into the STM and
the cell holder is mounted underneath the tip via magnetic screw posts such that the tip resides in
the valley of the Teflon cell. Leakage current is checked via a LabVIEW program to ensure the
buffer solution does not conduct significant current through the wax-coated tip, typically the
leakage current must be below 1 x 10 A in order for the noise on the histogram to be located far
enough away from relevant data so that conductance peaks from the target molecule can be
distinguished. The STM engages a current set point of 1nA for experiments done at 10nA/V
amplification and 10nA for experiments done at 100nA/V amplification. Bias is applied to the
gold substrate and checked within the same LabVIEW program.

A second LabVIEW program is used to control the collection of conductance curves
through the STM. A ramp rate of 20V/s is applied to the piezoelectric element to move the gold
tip by increasing or decreasing this ramp rate one controls how quickly the gold tip moves
towards and pulls away from the substrate; a faster ramp rate increases the movement speed of
the tip which gives the molecule less time to form the junction. Current traces are viewed in real-

time and saved when a ‘step’ is present.
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After a set of control curves are collected from just buffer on the gold substrate the
DNA:RNA duplex is added and given an hour of incubation time for the linkers to bind to the
gold substrate. After data is collected on the duplex in buffer the intercalator complex is added at
the same molarity as the duplex; this is because we expect only a single intercalator molecule to
be present in each duplex due to the relative size of the intercalator to the DNA:RNA hybrid. The
intercalator is given 6 to 7 hours to intercalate and current traces are then collected at the same
bias/amplification parameters as the DNA:RNA duplex alone in buffer. For both the duplex and
duplex plus intercalator experiments 3,000 to 6,000 current traces are collected for each applied
bias; the reason for this is to ensure a large enough sample size of conductance traces such that a
peak conductance value can be statistically verified through a frequency histogram. Separate
biases were used at different amplification levels to more clearly see the entire range of
conductance values, at the lower amplification of 10nA/V one is able to more clearly resolve the
conductance region from 1 x 10° Gy to around 5 x 10 Gy, with a higher amplification level of
100nA/V one is able to more clearly resolve the conductance region from 1 x 10 Gy to around 1

x 107 Gy. To clearly see the shift recorded in this study both amplification levels must be used.

5.3 Results

In order to explore the intercalators effect on the DNA:RNA duplex an STM Break
Junction experiment was first performed with the sequence connected to amine linkers. The
results show an increase in conductance by a factor of over 500 when the intercalator molecule is
present in the DNA:RNA duplex. It is important to note that a peak located near 2 x 10 Gy
(Figure 5.3b,d,f) is present in all experiments (even when buffer is tested without any target
molecule added). An unpublished study currently in review, which was shared with Joshua

Hihath’s group by NJ Tao’s group (Arizona State University), shows that this peak is caused by
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water molecules forming a molecular junction via hydrogen bonds between the substrate and tip.
The peak of interest is the one present near the 6 x 10~ Gy (Figure 5.3f) region which appears

only after the duplex is intercalated with the intercalator complex.
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Figure 5.3: In-Situ intercalation of DPA555 into DNA:RNA
a) Buffer control 200mV bias 10nA/V amplification b) Buffer control 50 mV bias 100nA/V amplification
¢) DNA:RNA 200mV bias 10nA/V amplification d) DNA:RNA 50 mV bias 100nA/V amplification
e) DNA:RNA intercalated with DPA555 200mV bias 10nA/V amplification f) DNA:RNA intercalated with DPAS555
50 mV bias 100nA/V amplification
Magenta fits correspond to DNA:RNA duplex with/without intercalator. Yellow fits correspond to water
conductance peak

The experiment was performed in-situ allowing one to see the conductance shift while the
sample molecule remained the same throughout the experiment. The plots show the range of

conductance values across two biases and amplifications from buffer alone(Figure 5.3a,b), to

29



duplex alone in buffer (Figure 5.3c,d), to the intercalator and duplex together in buffer (Figure
5.3e,f). A series of three experiments were performed under the same conditions and the
resulting shift in conductance was observed and recorded. The experiments were all fit with
Origin Pro 9 and the peak value of each fit were used to calculate the mean and standard
deviation of the measured conductance values.

When there is no target molecule present (only buffer) only the water molecule peak near
is 2 x 10 Gy shown (Figure 5.3b).When the DNA:RNA duplex is alone on the substrate an
experimental value of 8.325x10°+2.69x10® Gy was recorded (Figure 5.3¢). The high level of
noise left of the conductance peak is leakage current which is only included when another peak
above the leakage level is present — otherwise these curves are filtered out by the previously
discussed LabVIEW program — which explains the lack of similar noise in this region in Figure
5.3a since no molecule was present at this time. After intercalation, the conductance peak in this
region is no longer present (Figure 5.3¢), but a new peak appears in the higher conductance
region which is recorded at 4.962x107+ 1.730x10 Gy (Figure 5.3f). The peak in this region was
not present before the intercalator was added to the sample and given time to intercalate, shown
by Figure 5.3d. Conductance shift ratio is recorded by dividing the high conductance

RNA:DNA-+DPAS5SS5 peak in Figure 5.3f by the lower conductance for just the DNA:RNA in

. . . Az Ax\2 Ay 2 . .
Figure 5.3c. Error is propagated using — = (7) + (7) where z is the conductance shift
ratio, x and y are the conductance values with respective standard deviation Ax and Ay, and Az is
the error in conductance shift ratio. Using these a conductance shift factor of 596.03 + 283.31.

Control experiments were performed to eliminate suspicions that the conductance shift is

due to other means. First a control was done by simply adding the intercalator molecule to a cell

with buffer and substrate but no DNA:RNA duplex present for it to bind to. Due to the number
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of amine groups present on neomycin it is possible that the intercalator itself binds to the gold
and forms a molecular junction with the STM. In such a process the duplex would take no part in
charge transport and instead charge is transported through only the neomycin half of the
intercalator conjugate. When conductance measurements were done on the isolated intercalator
in buffer we see only a conductance peak in the low 1 x 10? Gy (Figure 5.4) conductance region.
The lack of any other conductance peak suggests that the high conductance peak present in the
intercalated duplex sample is not caused by lone intercalators transporting through just the

neomycin but instead the intercalators interaction with the DNA:RNA duplex.
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Figure 5.4: DPA555 alone in buffer collected at 50mV 100nA/V amplification
Intercalated DNA:RNA high conductance region (black) compared to the control experiment of
DPA555 alone in buffer (red). Water peak is present in both. The intercalated DNA:RNA shows additional
conductance peak.
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A second control experiment was performed to ensure that charge transport was primarily
through the duplex n-stack, as opposed to the amine groups on the neomycin. The same probe
DNA sequence was ordered without amine linkers and thus disabling the formed duplex from
binding to the gold itself. The non-linking duplex was intercalated with the same procedure and
conductance values were measured. Just as with the lone intercalator control, this experiment
yielded a single conductance peak in the low 1 x 10 Gy (Figure 5.5) region which suggests that
transport is not taking place in the target molecule without the presence of linker groups on the
duplex to facilitate transport through the n-stack. This control experiment was collected at 20mV

bias which explains why the leakage current noise can be seen in the 1 x 10 Gy region.
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Figure 5.5: DNA:RNA without linkers collected at 20mV bias 100nA/V amplification
Intercalated DNA:RNA high conductance region (black) compared to the control experiment of
intercalated DNA:RNA without amine linkers (red). Water peak is present in both. The intercalated DNA:RNA with
linkers shows additional conductance peak.
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Although the experiments were not collected at the same bias voltage this does not affect
the comparison between molecular conductance values as one can see the water peak is constant
regardless of the bias used to collect the current traces and calculate conductance values. This
noise is present in all experiment but shifts depending on the applied voltage, unlike the
conductance peaks which are fixed.

These results, intuitively, makes sense because the neomycin — although having the
ability to form a molecular junction due to the many amine groups present — is a large molecule
with only saturated pathways, thus even if we could detect the presence of transport through the
molecule, we would expect the conductance to be very small. This is because carriers are able to
be transported through unsaturated pathways much more easily than through saturated ones due
to the double or triple bonds on unsaturated paths which increase molecular orbital overlap. In
Neomycin, the bonds present are all saturated — only having carbon-carbon single bonds —
making carrier transport more difficult.

The significant increase in conductance could be caused by a few possible changes in the
transport mechanisms dominant in the system. The first reasonable explanation for the shift is a
large delocalization of the m-stack density of states. In studies® which model the electron density
of DNA systems there is often large localization around the base pairs, thus delocalization is a
strong possibility when introducing anthraquinone which disrupts the n-stack. The anthraquinone
is embedded directly into the base pair stack of the duplex which can disrupt the local density of
states causing it to spread out further over the length of the duplex creating large overlap in the
molecular orbitals. A delocalization in the density of states along the n-stack can make it easier
for hopping to occur by rearranging the energy of the states available and potentially lowering

them into a more favorable region for hopping, in addition delocalization encourages tunneling
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in the system which produces a higher likelihood of coherence corrected hopping.as described in
Section 2.3.3.

The second explanation for the large increase is due to additional hopping sites that may
be added by the intercalator. The intercalator may add additional hopping sites at energies close
to the fermi energy of gold. If this were the case, then we could expect an increase in the rate of
hopping as the energy alignment of the new sites make the transitions more favorable. This

system is depicted in Figure 5.6.
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Figure 5.6: Energy sites after intercalation.

A possible reason for the increased conductance is a newly introduced energy state very close to the gold fermi
energy allowing for an easier transition to this site instead of the first site since the energy barrier to this site is less
than the first few bridge sites required energy..

Transitions directly from one gold electrode to the energy site introduced by the
anthraquinone and then to the other electrode may become the dominant transport method,
ignoring many of the intermediate bridge sites that were previously used for transport and instead
‘skipping over them’ to the newly introduced site which is close in energy. Mott variable range
hopping is a model which can describe this system as it abandons the nearest neighbor
assumption of the hopping model previously introduced and allows for carriers to hop to sites

which are not only close by, but energetically favorable. In this manner, a carrier will jump to a

further bridge site if the closer ones would require too much additional energy.
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6 Redox Properties of Intercalated DNA:RNA Hybrid

As mentioned in section 3, anthraquinone is a redox active molecule containing two
oxygens. It has already been shown that gating an anthraquinone based molecule is possible to
achieve switching-like behavior, though none have combined anthraquinones switching behavior
with its intercalating effect to produce a DNA-based device.

To further explore the properties of the intercalator on the duplex a series of
electrochemical experiments were performed using a Gamry Intruments Reference 600
potentiostat. A sample of the duplex was incubated with the intercalator and immobilized onto a
gold substrate in the same type of phosphate buffer as used for the STM Break Junction
experiments for 24 hours. Both cyclic voltagrams as well as square wave voltagrams were used
to measure the redox potential of the intercalated duplex molecule.

The cyclic voltagram (Figure 6.1) shows a clear reduction peak around -500 mV but no
obvious oxidation. The downward slope around zero suggests a possible, although very weak,
oxidation signal that is hard to detect. In addition the fact that the signal shows a ‘dip’ during the
positive direction voltage sweep (the higher current feature near -500 mV) suggests that it is
difficult to fully reduce many of the molecules on the surface which may be indicative of an
irreversible or difficult-to-reverse reduction process; thus one might need to apply potentially

large gate voltages to get switching behavior from the intercalated DNA:RNA.
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Figure 6.1: Cyclic Voltagram of DPA5S55 intercalated DNA:RNA duplex.

Square wave voltammetry was performed as an additional way to probe the reduction and
oxidation potentials of the subject molecule. The results of the square wave voltammetry show a

very large peak near -500 mV (Figure 6.2) which confirms that the redox properties of the

intercalated duplex are dominated by reduction.
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Figure 6.2: Square Wave Voltagram of DPA555 intercalated DNA:RNA duplex

These results suggest that it is possible to alter the reduction and oxidation states of the

anthraquinone while it is intercalated in between the base pairs of the DNA:RNA duplex but also

indicate gating between the two states may be difficult.

A control was performed to understand how intercalation in the duplex affected the redox

potentials of the anthraquinone by allowing just a sample of the intercalator in buffer to bind to a

gold substrate and then performing a cyclic voltagram. The resulting plot (Figure 6.3) shows

clear oxidation and reduction potentials that are shifted from what is seen in the intercalated

duplex; the reduction peak is located at -200mV and the oxidation peak is located around OmV.

This indicates that the effect of the intercalator binding to the DNA:RNA not only cause a

significant shift in the reduction peak from -500mV to -200mV but also stifles the oxidation

peaks signal significantly. In addition, the lack of secondary ‘dip’ in the reduction region
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indicates that the binding to the DNA:RNA hybrid causes some of the difficulties fully reducing

and oxidizing the anthraquinone.
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Figure 6.3: Cyclic Voltagram of DPA555 alone

These redox states are promising for their potential to manipulate the energy of the states via
electrochemical gating and alter the hopping pathway for carriers through the system. By altering
hopping pathways one could poetntially see a change in the conductance depending on whether

the states are reduced or oxidized, this possibility is discussed in the next section.
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7 Conclusion and Outlook

In conclusion, this study explored the effect of the anthraquinone-neomycin conjugate
intercalator on the conductance of a DNA:RNA duplex. Using the robust and well established
Scanning Tunneling Microscope Break Junction technique to probe the conductance of single
molecule junctions current traces were collected and analyzed. The results show a significant
increase in the conductance due to the effect of the intercalating agents interaction with the
DNA:RNA hybrid duplex n-stack. In addition, possible transport models were discussed as likely
candidates to explain the large increase in conductance. The redox potentials of the intercalated
structure were explored via electrochemical experiments which revealed a possibility for
electrochemical gating of the system.

Looking forward there are many recommendations for future study of this intercalators
interaction with DNA:RNA duplexes. To further understand which model is most appropriate to
describe the transport of the intercalated duplex one can perform length-dependence experiments
where DNA:RNA sequences of varying numbers of base pairs are tested with the same
intercalator to determine which transport model describes the system most accurately.

Moreover, much can be done to explore the structural effects of the intercalator on the
duplex. Circular Dichroism (CD) Spectroscopy experiments can be performed to understand how
the intercalator changes the structure of the duplex by unwinding it to create room or the
intercalator to bind, and Molecular Dynamics simulations can be performed to identify how the
intercalator causes preferential binding to specific base pairs.

In addition, by using a bipotentiostat one can apply a gate voltage to perform STM Break
Junction experiments whilst actively forcing the intercalator into either a reduced or oxidized

state to further study the effect that the redox-active anthraquinone has on the conductance. It is
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possible that using a gate electrode one can modulate the conductance through the n-stack by
changing the energy level of the additional anthraquinone site. For instance, consider a scenario
wherein the energy level of the anthraquinone is significantly lowered while it is in the reduced
state (depicted in Figure 7.1), in such a system the carrier may preferentially hop over the site
entirely thus returning to the original hopping transport it had before the introduction of the
intercalator.
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Figure 7.1: Possible state resulting from gating intercalated duplex.
Gating to force anthraquinone into reduced state may change the energy of the additional site to return the duplex
to its original conductance.

Doing so could potentially allow for powerful transistor-like switching behavior if the gating
returns the DNA:RNA duplex to near its original low-conductance state.

Lastly, many novel applications of these intercalators can be applied to future experiments
in biosensing and molecular electronics. Being able to reliably gate a molecular device has long
been a goal of this still-emerging field of molecular electronics and will lead us towards new
devices in both computing applications and healthcare. DNA and RNA structures have been
identified for their unique ability to self-assemble as well as their vital importance in biological
processes and by further exploring how these intercalator structures interact with single strand,

duplex, and even higher order systems such as those made via DNA origami we may soon

achieve reliable molecular devices that can be incorporated into a variety of systems.
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