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Abstract
In this work, the electrostatic denaturation of 18-bp DNA duplexes was investigated via
Square Wave Voltammetry (SWV) to determine the extent of melting (∆) and rate of melting (𝝉).
Electrostatic denaturation was observed over the temperature range of 20-50 °C, and purely
electrostatic melting was defined from 27.5°C. In contrast, electrostatic denaturation for 30 °C
was defined as a mixture of thermal melting thiol desorption + electrostatic melting.
Electrostatic denaturation is a temperature-dependent process, and the amount of melting
of the dsDNA increased with temperature. It was also observed that the ∆ and 𝝉 values increase
with temperature further supporting the claim that electrostatic denaturation is a temperature
dependent process. Therefore, the melting rate is a temperature-dependent process, while the
extent of melting is a temperature-independent process for temperatures below the melting point
of the dsDNA. Since the melting rate is a temperature-dependent process, the data collected
followed Arrhenius's behavior but did not follow Van't Hoff's behavior.
Additionally, the activation energies calculated were significantly lower than the
activation energy for free DNA in solution. These lower than expected activation energies are
most likely due to the crowding of negatively charged phosphates on the electrode surface, the
application of an applied potential to induce DNA melting, and the potential of not having free
DNA in solution.
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Chapter 1: Background on Electrochemistry and Electrochemical Techniques
1: Defining Electrochemistry
Electrochemistry is the study of electricity and how it is related to chemical reactions. It
involves the transfer of electrons from one species to another species in an electrochemical cell. The
transfer of electrons causes electricity to be generated. The electricity generated can be extracted from
chemical reactions using a Galvanic cell or an analytical cycle such as in a voltametric cell. In either
case, an external power supply is used to push a redox reaction forward in the electrochemical cell.
Electrochemistry can help developing fuel cells, batteries, glucose meters, electrode
deionization, and many other life-changing applications. The primary application of electrochemistry in
this thesis is developing an electrochemical DNA biosensor by utilizing thiol tethered DNA on a gold
electrode surface.
1.1: Brief History of Electrochemistry
Electrochemistry has a long history intertwined with the history of chemistry and electricity.
One of its earliest scientists was Luigi Galvani, who in 1791 discovered “animal electricity” when
trying to stimulate nerves in frog legs. He proved that electricity could stimulate nerves in frog legs
using a divalent metal, an electrolytic solution, and two conductive pieces of metal, as shown in Figure
1 (2).

Figure 1: Galvani’s 1794 experiment where the surface section of nerves touches frog
legs (a); Galvani’s 1797 experiment where the local stimulation causing movement was
due to the potential difference between the intact and injured tissue (b) (3).
1

In the 1800s, Alessandro Volta developed upon Galvani’s previous work and created a crude
battery pile. The battery pile is a metal disc in an electrolyte solution immobilized by an adsorbing
layer (1). This concept is also called the Voltaic pile, and besides its importance in the development of
battery technology, it was used to discover boron, calcium, strontium, magnesium, and barium (3).
In 1833 Michael Faraday discovered his Law of Electrolysis. Through his experiments, he
observed the evolution of H2 gas in solution, which was huge at the time. From this observation, he
discovered two main concepts: 1) The quantity of a chemical substance electrolyzed is proportional to
the amount of charge (number of Coulombs) passed, and 2) The weights of different elements
electrolyzed when a given amount of charge is passed are in the ratio of the equivalent weights of those
elements. This law helped illuminate something about fundamental units of Chemistry - the mole (4).
Faraday’s Law of Electrolysis can be summed up in the following equation,
𝒎=

−𝑸
𝑴
𝒏𝑭 𝒓

(1)

where m is the reaction mass in kg, Q is the charged passed in Coulombs (C), n is an integer constant, F is
Faraday’s constant 96,485.332 C/mol, 𝑴𝒓 is the molar mass of the reaction in kg/mol.
In 1836, John Frederic Daniell revolutionized electrochemistry with the discovery of the Daniell Cell. This
cell demonstrated that the movement of electrons from zinc to copper produced a measurable current related to the
balanced equation shown in Equation 2.

𝒁𝒏(𝒔) + 𝑪𝒖𝟐# (𝒂𝒒) ⇋ 𝒁𝒏𝟐# (𝒂𝒒) + 𝑪𝒖(𝒔)
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(2)

The reaction in the cell involves a two-electron transfer. It was found that the potential
generated in the Daniell Cell is +1.1 V. The positive potential means that this electrochemical process
is spontaneous as written. This work showed that specific potentials could be applied to make certain
reactions occur that seemed impossible to do at the point in time (5). The experiments outlined above
set the stage for developing electrochemistry as a technologically relevant field of science and a
powerful analytical tool.
1.2: Equilibrium in terms of Electrochemistry
A chemical reaction is when chemical bonds are broken and new chemical bonds are made.
Chemical equilibrium is reached when the forward reaction (reactants to products) coincides with the
reverse reaction (products to reactants). For a general reaction A and B are the reactants and C and D
are the products, a, b, c, d are the stoichiometric coefficients in the chemical equation, indicating the
number (or moles) of each species reacting and each species formed.
𝒂𝑨𝒈 + 𝒃𝑩𝒈 ⇌ 𝒄𝑪𝒈 + 𝒅𝑫𝒈

(3)

The chemical equilibrium constant, Kc, provides the concentrations of each species in the
reaction at equilibrium:

𝑲𝒄 =

[𝑪]𝒄 [𝑫]𝒅
[𝑨]𝒂 [𝑩]𝒃

(4)

If the numerator is larger than denominator, then the reaction is product favored. If the
denominator is larger than the numerator, then the reaction is reactant favored. Chemical equilibrium is
dependent on the standard reaction Gibbs-free energy through the following equation:
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∆𝑮𝒐 = −𝑹𝑻𝒍𝒏(𝑲)

(5)

Where ∆𝐺 , is change in Gibbs free energy of the reaction under standard conditions (all gases at 1 bar and
all solutes at 1 M), R is the universal gas constant (8.314 kJ/mol), and T is the temperature in Kelvin. If the sign of
∆𝑮 is negative then the reaction is spontaneous, and if the sign of ∆𝑮 is positive is then the reaction is nonspontaneous.
.
The Gibbs free energy must be calculated using Equation 6 for non-standard conditions:

∆𝑮 = ∆𝑮° + 𝑹𝑻𝒍𝒏(𝑸)

(8)

In this equation ∆𝐺 is the Gibbs free energy of the reaction, ∆𝐺°is the standard Gibbs free
energy of the reaction, and Q is the reaction quotient of the reaction. The reaction quotient has the same
form as the equilibrium constant except with non-equilibrium concentrations.
Chemical equilibrium applies to a reaction occurring in an electrochemical cell, where
electrochemical equilibrium is determined by both the reduction-oxidation reaction and the electrostatic
potentials formed at the electrodes. The following chemical equation defines a simple redox reaction,

𝑶 + 𝑹 → 𝑶# + 𝑹-

(6)

where O is the species being oxidized (losing electrons) and increasing in positive charge, and
R is the species being reduced (gaining electrons) and decreasing in positive charge. The oxidized and
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reduced species (O and R) are separated into two half-cells that force electrons to flow through an
external circuit. For every oxidation reaction, there is a reduction reaction occurring at the same time.
In Galvanic cells, electrolytic cells, or any other electrochemical cell, electrons flow from one electrode
to another electrode via an external circuit. The thermodynamics of an electrochemical cell is defined
by Equation 8.
∆𝑮 = −𝒏𝑭𝑬

(7)

where ∆𝐺 is the Gibbs free energy of the cell, n is the number of electrons transferred, F is
Faraday’s constant, and 𝐸 is the potential of the cell.
1.2.1: Cathode vs. Anode
As previously stated, an electrochemical cell requires at least two electrodes where the two half
reactions occur. Electrons are transferred from an oxidized species through an external circuit to the
other electrode when an electrochemical reaction occurs. The electrochemical reaction causes species
in the solution to be either oxidized or reduced in the solution. The electrode where oxidization occurs
is called the anode, while reduction occurs at the cathode.

Figure 2: A diagram of the difference between a Galvanic cell and an Electrolytic cell (7).

5

The Galvanic cell generates current spontaneously from the redox reaction of the species in the
cell. The cathode in this cell is positively charged, and the anode is negatively charged, resulting in the
flow of electrons from the anode to the cathode through the external circuit. The electrolytic and
voltametric cells allow for control of the electrochemical reaction and allow for many electrochemical
techniques to be achieved. While oxidation occurs in the anode and reduction always occurs in the
cathode, the electrode charges are opposite for an electrolytic cell: the anode positive, and the cathode
is negative.

1.2.2: Two Electrode Versus Three Electrode Cells
Galvanic cells only require two electrodes for an experiment, while electrolysis and voltametric
cells typically require three electrodes (see Figure 3). The electrodes in the cell are the working
(indicator), counter (auxiliary), and reference electrodes. The working electrode is where the reaction of
interest occurs and can function as the cathode or anode depending on the applied potential. The
counter electrode completes the circuit by allowing current to flow through the electrochemical cell. If
oxidation is occurring at the working electrode, the reduction is occurring at the counter electrode. The
reference electrode provides a constant, stable, and reproducible half-cell potential against which the
working electrode's potential is measured or applied. There is no net current flow through the reference
electrode. Electrolysis would occur at the reference electrode if the currents were flowing through it,
and its half-cell potential would not be constant.

6

Figure 3: The electrode setup for a two versus three electrode system (8).

The difference between the two electrodes and the three-electrode system is that one electrode
acts as both the reference and counter in the two-electrode system. In this work, the working electrode
is gold, the counter electrode is platinum, and the reference electrode is silver/silver chloride in 1 M
KCl (Ag/AgCl(s)).

1.3: Nernst Equation
The main equation that relates the potential of a cell and electrochemical equilibrium is the
Nernst equation:
𝑹𝑻

𝑬𝒄𝒆𝒍𝒍 = 𝑬° 𝒄𝒆𝒍𝒍 − 𝒏𝑭 𝐥𝐧 (𝑸𝒓 )

(9)

In this equation, 𝑬° 𝒄𝒆𝒍𝒍 is the standard cell potential, n is the number of electrons transferred per mol
(#electrons/mol), T is the temperature in Kelvin, F is Faraday’s constant (96,485.3321 C/mol), 𝑸𝒓 is the reaction
quotient for the redox reaction in the cell, and R is the universal gas constant. The Nernst potential provides the
potential difference between two electrode potentials, the working and reference electrodes, at equilibrium.
7

However, it is impossible to measure the absolute or single potential at a working electrode - only a potential
relative to another electrode, in this instance, the reference electrode. Therefore, using a stable reference electrode
is crucial to have a stable and reproducible reference electrode to compare experimental results.

1.4: The Butler-Volmer Equation
The Nernst equation is helpful to determine the thermodynamics of an electrochemical reaction,
but it yields no information about the kinetics of the electrochemical reaction in the cell. For example,
the Nernst equation cannot determine how fast the reaction occurs in the cell or how an applied
potential will affect the rate and current. On the other hand, the Butler-Volmer equation provides a
relationship between the current and applied potential for an electrochemical cell close to equilibrium.

-𝜶𝑭

-𝜷𝑭

𝑰 = 𝑭𝑨𝒌° (𝐞𝐱𝐩 L 𝑹𝑻 M𝑬 − 𝑬𝒇 ° NO [𝑨]𝟎 − 𝒆𝒙𝒑 L 𝑹𝑻 M𝑬 − 𝑬𝒇 ° NO [𝑩]𝟎

(10)

Where I is the current at uniformly accessible macroelectrode, F is Faraday’s constant, A is the area of the
electrode, 𝒌° is the standard electrochemical rate constant, R is the universal gas constant, T is the temperature in
Kelvin, a is the Butler-Volmer transfer coefficient for reduction, b is the Butler-Volmer transfer coefficient for
oxidation, E is the cell potential, 𝑬𝒇 ° is the formal reduction potential, [𝑨]𝟎 is the concertation of species A at the
electrode surface, and [𝑩]𝟎 is the concertation of species B at the electrode surface. This expression shows that the
current will increase exponentially when the cell potential changes from the equilibrium potential. Other trends are
that current increases with electrode area and temperature (note: The Butler-Volmer does not consider diffusion,
which becomes vital at potential much larger or smaller than the equilibrium potential).
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1.5: The Electrochemical Double Layer
When an electrode is submerged in the solution, the metal interface and solution behave
similarly to a capacitor, where charges can separate, resulting in electrical potential across the interface.
This potential is the result of the solution composition and any redox reaction that occurs at the
electrode. The charge on the metal surface in or of the solution also depends on the potential applied
(4).

Figure 4: A schematic of metal-solution interface (7).

The charge of the metal is based on the excess or deficit of electrons, while the charge of
the solution is based on the accumulation of cations or anions. This charge separation
between the metal interface and solution leads to the creation of the electrochemical
double layer. The electrochemical double layer is comprised of many layers that are
shown in Figure 5 (4).
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Figure 5: A in-depth schematic of the electrochemical double layer. Where 1 is the IHP, 2
is the OHP, 3 is the diffusion layer, 4 is solvated ions (cations), 5. Specifically, adsorbed
ions (redox ion, which contributes to the pseudocapacitance), and 6. is molecules of the
electrolyte solvent (7).

The first layer beyond the metal electrode surface is the Inner Helmholtz Plane (IHP). This is
defined as the distance from the electrode surface to the charged particles directly in contact with the
electrode surface. Since the ions are so close to the electrode surface, they are tightly adsorbed. After
the IHP, the ions in the solution are solvated by water molecules and are not strongly adsorbed on the
electrode surface (8). The Outer Helmholtz Plane (OHP) is the center of these solvated ions to the
electrode surface. The region beyond is called the diffuse layer, where there is an excess of ions. They
are not bound to the electrode. Beyond the diffusion layer is the bulk of the solution. There are no
excess ions in the bulk of the solution, and the charge overall is neutral. All the ionic species in the
electrochemical double layer help control the overall capacitance and affect electrochemical reactions
(8).
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When electrochemical reactions happen at the working electrode, Faradaic and non-Faradaic
currents are generated simultaneously. Faradaic current arises from redox reactions, where electrons are
transferred from one molecule to the electrode, and vice versa, in solution. At the same time, a nonFaradaic charge is built up as ions redistribute to compensate for the electrode charge.

1.6: Electrochemical Techniques
In electrochemistry, there are many ways to investigate and analyze species in solution. These
methods function by varying the current or applied potential of the working electrode in the cell and
measuring corresponding changes in potential or current, respectively (note: potential and current
cannot be controlled simultaneously – one is measured while the other is controlled). The many ways
that the current or potential can be manipulated have led to the creation of many electrochemical
techniques. However, all the techniques have their strengths and weaknesses, which can study specific
electrochemical systems and redox reactions. In this thesis, square wave voltammetry,
chronoamperometry, and cyclic voltammetry are the primary methods used, and these methods will be
introduced below.

1.6.1: Chronoamperometry
Chronoamperometry is an electrochemical technique applied to an initial potential, then stepped
to another potential, and current is measured versus time. Chronoamperometry helps analyze redox
reactions because the experiment can be started at a potential where no reaction is occurring then
stepped to another potential where the reaction occurs. The current provides a measure of the rate of the
chemical reaction. The experiment is commonly carried out such that all of the reactants at the
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electrode surface are immediately reacted when the potential is stepped, leading to a diffusion-limited
current. Under these conditions, the current as a function of time is described by the Cottrell equation,

𝑫

𝑰 = 𝒏𝑭𝑨𝒄∗ 2𝝅𝒕

(12)

where I is the current, n is the number of electrons transferred, F is Faraday’s constant, A is the area of the
electrode in cm2, c* is the bulk concentration of reactant, D is the diffusion coefficient of the reactant, and t is time
in seconds. This equation can be used to determine the concentration of reactant in solution, as well as physical
quantities, such as diffusion coefficient.

1.6.2: Cyclic Voltammetry
Cyclic Voltammetry (CV) is an electrochemical technique that allows for the observation of
oxidation and reduction of a specific species as the potential is scanned linearly back and forth (11,15).
Figure 6 shows the linear waveform and an example of a typical CV.

Figure 6: Example of [a] an input waveform (1 cycle) and [b] the example resulting
output CV plot (10).
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Figure 7:CV scan rate study of 0.1 M ferricyanide in 0.1 M KCl (10).

In Figure 7, the CVs of ferricyanide at various scan rates are shown. The CV starts at a positive
potential of the standard reduction potential of the ferricyanide (on the left). As the potential scans in
the negative direction, eventually, the electron energy of the electrode is enough to begin reducing
ferricyanide into ferrocyanide, and an increase in current is observed. As the potential scan is more
negative, the reaction rate (and current) increases until the ferricyanide is depleted at the electrode
surface. Further reduction is limited by the diffusion of ferricyanide from the bulk of the solution; thus,
the current decreases until a diffusion-limited plateau is reached. At -0.1 V, the direction of the
scanning potential reverses, and the same process occurs for the ferrocyanide now accumulated at the
electrode surface. CV can provide information about redox potential, reaction reversibility, diffusion
coefficient, and quantitative data regarding concentrations through the Randles-Sevcik equation:

𝟑

𝟏

𝟏

𝑰𝒑𝒇 = (𝟐. 𝟔𝟗 𝒙 𝟏𝟎𝟓 )𝒏𝟐 𝑨𝒄∗ 𝑫𝟐 𝝊𝟐

(13)

Here, 𝑰𝒑𝒇 is the peak current for the forward scan, n is the number of electrons transferred, A is the area of
the electrode, c* is the bulk concentration of the species, D is the diffusion constant of species, n is the scan rate.
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Furthermore, scan rate can be used to effectively increase the sensitivity of the technique as shown in the RandlesSevcik equation and illustrated in Figure 9.

1.6.3: Square-Wave Voltammetry
Square Wave Voltammetry (SWV) is a sensitive and rapid pulse voltammetry technique. Square
Wave Voltammograms are created from superimposing a square wave on a staircase waveform, as
shown in Figure 8.

Figure 8: Example of SWV pulse (5 cycles) (8).

SWV is defined by a pulse size (the distance from the dotted line to the top of the square wave).
The pulse width is the width of each square wave. The forward current is recorded after the end of the
first pulse width time (14). Next, the potential drops twice the pulse size second scans the pulse width.
The current value taken now is known as the reverse current. The true current is defined by the
difference current, which is defined in Equation 13,

∆𝒊 = 𝒊𝒇 − 𝒊𝒓

(14)
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where ∆𝒊 is the difference current and in this case the true current, 𝒊𝒇 is the forward current, and 𝒊𝒓 is the
reverse current. Figure 9 demonstrates the resulting square wave voltammogram.

Figure 9: A SWV of 6 ppm Cd2+ in aqueous acetate buffer (9).

The frequency, or pulse time, of the SWV, can be used to optimize and improve the overall
quality of the SWV. The main reason why SWV is used in this thesis is that it is highly sensitive and
very fast. In SWV, the non-Faradic current is essentially canceled out. The SWV occurs in two steps.
This allows the non-Faradaic current to exponentially approach zero quicker and not yield a higher
current value than expected (14). This allows for accurate measurement of the current, which is why
SWV is used in this thesis. The rest of this work will outline why DNA-biosensors are critical to
measure DNA melting, why use DNA-biosensors over quantitative polymerase chain reaction (qPCR).
It will also define the specific DNA-monolayer used a standard in this to drawn conclusion about the
electrochemical melting observed. Lastly, tentative conclusions can be drawn about the rate and extent
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of melting of double-stranded (ds) DNA on the electrode surface and how this relates to the activation
energy to yield insight into ds-DNA on the electrode surface.
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Chapter 2: Introduction to Biosensors
2.1: Defining A Chemical Sensor
A chemical sensor is a measurement device that ideally has the following characteristics: it
provides sufficiently accurate quantitation of one or more analytes; ruggedness and possibly portability;
ease-of-use; and just yields rapid results. A chemical sensor also allows for specific detection and/or
quantification of the chemical species of interest (1,2). The sensor takes a chemical event, like a
chemical reaction or interaction, and transduces it into a measurable signal. The signal obtained comes
from a chemical recognition element coupled to a transducer, which is coupled to a signal processor.
The chemical recognition element is a material designed to interact or react specifically with the
analyte of interest (2). A primary example of a chemical sensor is the blood alcohol breathalyzer. The
potassium dichromate (K2Cr2O7) turns reddish-orange to green depending on the amount of alcohol
present. The chemical interaction between the K2Cr2O7 and the ethanol in exhaled breathe creates a
detectable color change, quantified via an optical method. Calibration of the color change associated
with the % ethanol allows the signal to be processed into the final result. Chemical sensors can be
handy alternatives to benchtop instruments where speedy and robust testing is needed in the lab, field,
home, or point of care.
2.2: Defining A Biosensor

Figure 10: A diagram outlining how a biosensor works (2).
Biosensors are a subclass of chemical sensors that either utilizes a biologically-derived
recognition element (biorecognition element) and/or detect biologically relevant analytes. A schematic
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of a generalized biosensor is shown in Figure 10. When the chemical interaction or reaction occurs
between the analyte and biorecognition element, the signal generated is transmitted to the transducer.
The signal created is most often electrical, and it is then transferred to the signal processor. The signal
processor amplifies the resulting signal and processes it to provide the final result. Common biological
sensing elements include ions, small molecules, polymers, inorganic solids, proteins, antibodies, and
nucleic acids. The specificity of the biorecognition element provides selectivity of the biosensor.
2.3: Defining an Electrochemical Biosensor
Electrochemical biosensors are a specific subclass of biosensors that utilize an electrochemical
transducer, i.e., measurement of current, potential, charge, or impedance at an electrode.
Electrochemical sensors have been used to detect specific biological materials such as enzymes,
specific ligands, and even whole cells (3). Though there are many types of electrochemical biosensors,
the one that will be discussed in length in this work is the affinity sensor. An affinity sensor is
dependent upon the analyte of interest binding to a biological component. The analyte of interest could
be an ion, small molecule, protein, RNA, antibody, or DNA. The binding event produces a signal either a change in potential or current. Another important biosensor is the biocatalytic sensor. It uses
enzymes or cellular components to initiate the reaction with the analyte of interest and generates
electroactive species as a product (2). The glucose meter is an example of a biocatalytic sensor. In this
work, a DNA affinity sensor will be used to measure DNA hybridization and monitor electrostatic
melting.
2.4: Defining A Biocatalytic and Affinity Sensor
The biocatalytic sensor requires an enzyme to initiate the reaction with the analyte and generate
electroactive species that can be detected. One of the more famous and commercially successful
biocatalytic sensors is the blood glucose meter. This is a device that measures how much glucose is in
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someone’s blood at a given time. A glucose meter works by measuring the amount of glucose in
someone’s blood via a strip that contains glucose oxidase absorbed on an electrode. This reaction leads
to the creation of gluconic acid and hydrogen peroxide. The reaction of glucose and oxygen is defined
by Equation 14.

(15)

The hydrogen peroxide in this reaction is an electrochemically active agent, and in the simplest
designs, it is the measured substance. Detection is achieved via oxidation of hydrogen peroxide at the
electrode surface, generating current proportional to the concentration of glucose. The oxidation of
hydrogen peroxide is given in Equation 15.

𝐻"𝑂" → 𝑂" + 2𝐻# + 2𝑒+

(15)

The biocatalytic sensors were a huge leap in sensor development leading to the creation of
affinity sensors. Affinity sensors are based on biomolecular interactions that occur at the surface
interface. This could be an antibody and antigen coming together to form an immunocomplex. When an
affinity sensor is used, the recognition element is a biomacromolecule such as an antibody or an
antigen. The binding event of the analyte generates a measurable electrical signal. The recognition of
the analyte is based on specific interactions between the analyte and the recognition element; this
means that affinity sensors are highly selective and have high sensitivity. The most common affinity
sensor is an immunosensor (2). The advantages of using an immunosensor are that they are highly
selective, sensitive, and allow for real-time detection of immunoreactions (3). A commonly used
utilized immunosensor is ELISA or enzyme-linked immunosorbent assay.
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ELISA is of high interest due to its high specificity of the antigen/antibody binding event. While
there are many variants of ELISA, there are four main basic components required for the assay. The
first step is coating/capture, where the antigen is directly or indirectly bound to the microwell plate.
Then, plate-blocking is done by adding random protein or other molecules to ensure the microwell
surface is saturated. Next, probing/ detection occurs where the antigen of interest is incubated in the
microwell plate such that relevant binding of specific antigen and antibody can occur. The final step is
a signal measurement where a tag or secondary tag is attached to the specific antibody to determine
how much binding has occurred in the microwell plate (4,6). Though there are many formats of
ELISA, they fall into three categories: indirect, direct, and sandwich ELISA. The main step that
distinguishes these methods is the immobilization of the antigen. The antigen-binding can be direct
with the plate or indirectly via antibody capture of the antigen. The antigen is then detected as
described earlier. The most commonly used ELISA assay is the sandwich ELISA because it has
antigens indirectly immobilized and indirectly detected. The sandwich ELISA leads to high sensitivity
and specificity in the assay, as shown in Figure 11 (4,6).

Figure 11: A diagram outlining the common ELISA formats (from left to right): direct,
indirect, sandwich ELISA (4).
ELISA is a useful detection technique; one issue is that it is an optical technique that requires
detectors, could yield false positives from color samples, and all measurements are constrained to the
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limitations of the Beer-Lambert Law (3). Given these potential issues in detection, electrochemical
methods offer an alternative to the optical approach. Furthermore, the electrochemical approach allows
for miniaturization of electronics, cheap production, still retains the sensitivity that an optical approach.
Electrochemical immunosensing combines the main concepts of ELISA and uses an electrode surface
for immobilization. This approach is similar to our work, where we are using an electrochemical
approach to detect thiolated-DNA tethered to an electrode surface. Furthermore, instead of using an
electrochemical immunosensor, we will utilize an electrochemical biosensor, specifically a DNA
biosensor.
DNA biosensors are specific electrochemical sensors used to detect the amount of DNA on an
electrode surface in solution. In a review by Plaxco et al., three DNA biosensors are described. These
are the linear, stem-loop, and the electrochemical-DNA (E-DNA) scaffold, which can either be double
stranded (ds) or single-stranded (ss) DNA on the surface (7). Each of these sensors utilizes thiolatedDNA modified with an methylene blue (MB) reporter tethered to a gold electrode surface. The amount
of DNA on the surface is measured by modulation of frequency via SWV, as described in Figure 12.

Figure 12: A figure describing different electrochemical biosensors utilizing DNA (left to
right: linear, stem-loop, E-DNA Scaffold (ds), and E-DNA Scaffold (ss) (5).
The function of these electrochemical biosensors in this review was to measure the presence of
a signal similar to an on/off switch (7). The overall foundation of this work is the working basis of this
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thesis, where we used electrochemical biosensors to detect the rate of DNA hybridization on the
electrode surface by utilizing a DNA hybridization sensor.
DNA hybridization biosensors use short sequences of DNA immobilized on the electrode
surface. The signal is observed when the two DNA strands interact, one of which having a redox-active
molecule. Though there are many methods to create a DNA biosensor, they usually consist of an
immobilized DNA sequence on the surface, a complementary strand called the target, and a passivation
layer to inhibit non-specific binding to the electrode surface. In addition, the redox molecule is either
specifically bound to the DNA at a certain position or covalently linked to the double-stranded DNA
(8). Our approach to building a DNA-hybridization is simpler than Plaxco et al., in this work, we take
cleaned bare gold, attach MB tagged probe DNA then add a spacer.
Then, the electrode is incubated in a probe- solution, and SWV is utilized to measure the
amount of DNA dehybridization or DNA melting occurring at the surface.
While the application and usage of DNA-based biosensors are vast, the main advantage is that
they allow for potentially cheap and rapid results compared to traditional benchtop instruments. With
continued development, DNA-based biosensors can play a key role in the future of at-home and point
of-care medical diagnoses. The next section in this work will explain the structure and biological
function of DNA.
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Chapter 3: The Structure, Function and Purpose of DNA
3.1: Introductory Background on DNA Discovery and Technology
In 1962, the Nobel Prize in Physiology or Medicine was awarded jointly to Francis Harry
Compton Crick, James Dewey Watson, and Maurice Hugh Frederick Wilkins to discover the molecular
structure of nucleic acids and elucidate how information transfers in biological life. This work was
based upon the x-ray diffraction patterns of the late Rosalind Franklin, helping to revolutionize the field
of Biology. While the structure of deoxyribonucleic acid (DNA) was credited in 1962, in 1951,
Rosalind Franklin used x-ray diffraction to discover two prevailing forms of DNA: the A and B forms.
Then two years later, in 1953, Watson and Crick used the foundational research of Miescher and
Franklin and others to deduce, via x-ray diffraction patterns, that DNA forms a double helix in nature
(2). This groundbreaking discovery linked the role of DNA in cells with its structure.
In the late '90s and early 2000s, the Human Genome Project sequenced the entire human
genome. The genome, in the simplest terms, is an organism's complete genetic code. In doing so, it was
proved that DNA encodes the genetic information for all biological organisms. DNA-based technology
currently plays a vital role in many fields, from forensics to pharmacology, to solve a range of
problems. Since DNA is the basis of biological life, it is crucial to understand how DNA is replicated
and how analytical methods and biosensing techniques can be used in diagnoses.
3.2: The Structure of DNA
The structure of DNA comes from two polynucleotide chains intertwining to form a double
helix. An nucleotide monomers, shown in Figure 13, in each chain contains a phosphate group at the 5'
carbon of deoxyribose (3,4). Watson and Crick discovered the four nucleobases: adenine (A), guanine
(G), cytosine (C), and thymine (T). The bases attach to the hydroxide group (OH) group on the 1'
carbon via a condensation reaction in the deoxyribose. In DNA, a nucleotide is composed of a
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monomer formed from a phosphate group, deoxyribose sugar, and the nucleobase. The polynucleotide
chain is built up from a condensation reaction between the 3'OH and a prior phosphate group. In order
for DNA to create copies of itself, it must undergo a process called DNA replication, where DNA is
replicated from the 5' to 3' end, where the 5' and 3' refer to the fifth and third carbon in the deoxyribose
sugar ring.

Figure 13: A furanose (sugar-ring) molecule with the carbon atoms labeled using
standard notation.
When DNA is at a neutral pH, the phosphate backbone carries a negative charge. The double
helix (dsDNA) is formed by two antiparallel single strands of DNA (ssDNA): hydrogen bonding and
pp stacking happen between the nucleotides overpowering the electrostatic repulsion between the
phosphate backbones. The nucleotides on opposing strands come together via Watson-Crick base
pairing, where A binds with T (A-T) and C bind with G (C-G) through hydrogen bonding. For the
bases to interreact, one strand must run antiparallel. A C-G bond is also known to be stronger than A-T
bonds, partly because C-G pairs have one more hydrogen bond than A-T pairs (4). The combination of
two single strands leads to complementary base pairing from the complementary strands, as shown in
Figure 14.
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Figure 14: Example of a complete double helix following Watson-Crick base pairing. The
double helix shows A base pairing with T and C bonding with G. The figure also
demonstrates that the C-G bond is stronger than A-T because the C-G bond is made of 3
hydrogen bonds, and an A-T bond is made of 2 hydrogen bonds. It is also seen that the
strand runs antiparallel (6).

Figure 15: The structure of the double helix is demonstrated. The sugar-phosphate
backbone and base pairs are present. As the base-pairs matchup, hybridization of the
strands occurs, and the double helix is created (8).
In Figure 15, the structure of DNA and the forces that keep the double helix stable are show.
Furthermore, Figure 15 denotes the major groove and the minor groove of the DNA strand. The major
groove is where the backbone is further apart, while the minor groove occurs where the backbone is
25

close together. The different grooves of DNA serve a function to allow certain molecules and proteins
to bind to the DNA. For example, Figure 16 shows that when Cu2+ binds in the minor groove of
dsDNA, it causes it to wind or unwinding (7).

Figure 16: The binding of Cu2+modulates the winding and unwinding by interacting with the
C-G bonds (7).
DNA comes in three primary forms: A, B, and Z-form. The most common form of DNA
discussed thus far is the B-form (shown in Figure 14). Under physiological conditions and at neutral
pH, it adopts a right-handed helical structure in nature. It has a rise of 0.33 nm per base pair resulting in
10.5 base pairs (bp) per turn. It is 2 nm in diameter, as shown in Figure 14 (7). Another, less common,
form of DNA is A-DNA, which is found in DNA-RNA helixes. A-DNA is right-handed like B-DNA,
but with a slightly larger diameter of 2.3 nm and a rise of 0.23 nm per base pair, resulting in 11-bp per
turn. The last form of DNA is Z-DNA. Unlike the A and B forms, Z-DNA is a left-handed helix and is
observed as a zigzag. It is mainly found for sequences of alternating pyrimidines and purines such as A
and T repetitions (7). Due to this unique structure, Z-DNA has a rise of 0.38 nm per base pair and 12
base pairs per turn. Its diameter is 1.8 nm. Figure 17 shows the three DNA forms for comparison.
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Figure 17: The three forms of DNA, A-form (left), B-form (center), Z-form (right) (9).

3.3: DNA Replication and Translation
DNA is necessary to generate proteins, which are necessary for cells to maintain their function.
The Central Dogma states that DNA is translated to RNA, then RNA is transcribed into proteins. This
section will briefly outline some functions of proteins and how DNA is transcribed into RNA. The role
of proteins in cells varies from catalysis to regulating the expression of sequences of RNA or DNA to
structural functions. Misfunction of proteins in a cell can lead to many effects, including apoptosis or
programmed cell death. For this reason, it is imperative to detect mutations in a DNA sequence. This
section will detail DNA replication, starting with initiation, leading to elongation, and ending with
termination.
DNA replication is the process a cell undergoes to divide. This requires copying a double strand
of DNA into two identical copies of the original strand. This process requires many proteins working in
tandem, as shown in Figure 18. The first step in DNA replication is the unwinding of the double
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stranded DNA (dsDNA) through the enzymes helicase and DNA gyrase (topoisomerase II). Helicase
breaks down the hydrogen bonds between the base pairs, while DNA gyrase attaches at the replication
fork to inhibit the reformation of the starting DNA template. As helicase and gyrase start working,
single-stranded binding protein (SSB) attaches to one of the strands to inhibit the reannealing of the
two strands. This leads to the creation of a leading strand and a lagging strand.
Next, primase, another enzyme attaches to the strand and adds a short stretch of nucleotides
called primer to the leading strand (11). Primase lays down the foundation such that the enzyme DNA
polymerase I (DNA-Pol I) starts creating the secondary strand. DNA polymerase III (DNA-Pol III)
adds to the leading and lagging strands to replicate the initial double strand of DNA. The leading strand
of DNA runs from the 5’ to 3- direction, and the lagging runs from 3’ to 5’. Since DNA is synthesized
away from the replication fork, the DNA polymerases that bind depend on the strand being observed.
DNA-Pol I will bind to the leading strand and read the sequences all the way through without stopping.
While DNA has to be synthesized in reverse for the laggings strand, DNA-Pol I has to stop generating
nucleotides, generating Okazaki fragments (11). As the leading and lagging strands are replicated to
completion, the enzyme exonuclease comes in and removes the RNA primers laid down by primase.
Afterward, DNA ligase starts to seal the Okazaki fragments from the lagging strand, as shown in Figure
18.
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Figure 18: This is an illustration of DNA replication. The enzyme helicase starts
unzipping the DNA strand, and then primase adds primers to aid DNA Pol I to construct
the leading and lagging strands (12).

DNA replication sometimes leads to errors occurring when the wrong base pair is added to the
sequence. This leads to mutations that can sometimes have a major impact on the function of a protein
encoded by the sequence. The three types of mutations are insertions, deletions (Indels), and nonsense
mutations. An indel is the insertion or deletion of a nucleotide during DNA replication. These
mutations shift a sequence's open reading frame, leading to the gain or loss of amino acids. Nonsense
mutations change a single base pair, leading to a stop codon being translated from the sequence (13).
As the DNA strands are replicating, errors in the strand can occur. The estimated rate of
mutations in DNA replication is one mistake per 100 million (10-8) to 1 billion (10-9) (13). This is due
to-the high fidelity of the DNA Polymerases in eukaryotic cells. The errors that can arise from DNA
replication errors are nonsense or insertions and deletions (Indels) mutations. These mutations can lead
to errors in a protein sequence, misfolding of proteins, or biologically ineffective proteins in a cell.
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Since misfunction proteins are detrimental to a cell's health, it is imperative to detect errors in DNA,
such as mismatches, to prevent these negative consequences and lethality.

3.3.1: Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction, or PCR, is the most prevalent way to detect DNA in real samples.
PCR has many applications, one of which can be overcome as a DNA biosensor, such as the work
presented in this thesis. DNA biosensors can provide rapid results, be portable, and requires less
equipment than traditional PCR. PCR and qPCR will be discussed in this section to provide a
background on the traditional approaches taken for the detection and quantitation of DNA.
In 1985, Kary B. Mullis discovered a way to make millions of copies of DNA or RNA from a
small sample. As a result, polymerase Chain Reaction (PCR) has been used to identify criminals via
hair or blood, diagnose specific diseases, and detect the AIDS virus in human cells (12). PCR is carried
out in 3 steps: denaturation, annealing, and elongation, as described in Figure 19.
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Figure 19: PCR can be broken down into three steps: denaturation, annealing, and
elongation. Denaturation allows the DNA to all melt, while annealing attaches the
primers. Then Taq polymerase generates the complementary strand of DNA. As PCR goes
on, there are 2n copies of DNA each time (15).
This sequence occurs 20-40 times, yielding 2n copies of DNA where n is the number of cycles
in the reaction (13). PCR reactions occur in a PCR tube containing deoxyribose nucleotide triphosphate
(dNTP), Taq (DNA) polymerase, DNA primers, and the DNA strand of interest. First, the mixture is
heated at 95 °C for 5 minutes to activate Taq polymerase and break down the cells to make the dsDNA
available (13). In the next step, denaturation, the PCR tube is heated at 95 °C for 8 minutes. This
temperature is high enough to break the dsDNA into ssDNA. Then annealing occurs between 50-65 °C,
and primers add to ssDNA, laying the foundation for the complementary strand. This temperature range
is ideal to allow the primer to attach and avoid errors in DNA replication. Finally, in elongation, Taq
polymerase binds to the primers and synthesizes the complementary strand with the help of dNTPs.
This step runs at 72-75 °C in order to avoid degradation of the Taq polymerase. The time scale for
elongation depends on the original DNA strand's length and the Taq polymerase's efficiency.
Elongation is typically done at 72-75 °C for 10 minutes to ensure all DNA has been replicated. The
PCR tubes are stored at 4-15 °C after the reaction is over, shown in Figure 19.
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Once the PCR reactions are completed, other measurements must be done to verify that DNA is
present and has been duplicated. The main method of testing is gel electrophoresis (17). These extra
steps of validation and processing after PCR can make it a laborious and time-consuming method,
where quantitative PCR (qPCR) comes into play. It is more efficient and less error-prone than
traditional PCR, as will be explained in the next section.

3.3.2: Quantitative Polymerase Chain Reaction (qPCR)
Quantitative Polymerase Chain Reaction (qPCR), also known as a real-time polymerase chain
reaction, quantifies how much DNA is present and requires minimal processing after the qPCR reaction
is completed. qPCR follows the same conventional setup as PCR, except a fluorophore is added to the
mixture. This fluorophore (typically a dye) intercalates with dsDNA, and when excited at a specific
wavelength, it generates a measurable signal with each PCR cycle. The fluorescence intensity observed
is based upon how much dye is bound to the dsDNA. A common dye in the detection of DNA in qPCR
is SYBR Green I (16). SYBR Green I has a strong affinity to bind to dsDNA and has an emission at
520 nm. The emission observed is amplified 1000 times when SYBR Green I is bound to dsDNA
versus in free solution, as shown in Figure 20.
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Figure 20: This figure demonstrates the high binding affinity of SYBR Green I in a qPCR
reaction. SYBR Green I does not bind to ssDNA (A). When SYBR Green I binds to dsDNA,
it fluoresces and is measured in real-time (B) (18).

3.1.3: qPCR and DNA Biosensors
PCR has many variations and is still the “gold standard” for DNA detection in complex
matrices. For instance, it is the most common method used to detect SARS-CoV-2, i.e., COVID-19.
(19) DNA biosensors are not necessarily aimed at replacing PCR but supplementing it in situations that
require rapid point-of-care or in-home diagnosis. Biosensors are ideally cheap, portable, allow rapid
analysis time, and are robust in signal compared to PCR.
Biosensors rely on the interaction between the recognition element and the analyte. This is
followed by transduction to an electrical signal that can be detected. This detection can be gravimetric,
optical, or electrochemical. Electrochemical detection is the most promising because it allows fast
measurements, can be easily multiplexed and miniaturized, and involves minimal electronics.
PCR and qPCR are useful methods to amplify and detect DNA. However, if RNA, antibodies,
or immunocomplexes need to be detected, PCR does not work. This is a limitation of PCR and qPCR
that is an advantage of biosensors. A recent application that is relevant is the usage of biosensors to
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detect harmful algal blooms. Algal blooms are not only toxic to aquatic life, and climate change has
caused an increase in ciguatoxins (CTX) and palytoxins (PTX) that produce dinoflagellates such as
Gambierdiscus sp., Ostreopsis, and Trichodesmium, which are harmful to human and aquatic life. The
detection of CTX and PTX can be achieved by constructing rRNA probes on biosensing electrodes
(22). This work provides a practical use of biosensors and a prime advantage of PCR.
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Chapter 4-Biosensing Based on Electrostatic Denaturation of DNA
4.1: Understanding Electrostatic Denaturation
Electrochemical denaturation is another newer technique being developed by our lab and others
to investigate DNA. Electrochemical denaturation data obtained from DNA tethered to an electrode and
applied to the electrode surface. Since the DNA-backbone is negatively charged, the surface-bound
DNA begins to unwind or denature by applying a negative potential. It is important to note that
electrostatic melting experiments take place at a constant temperature, ideally below the melting point
of the tethered dsDNA. The surface-bound DNA is tethered through a strong thiol bond to inhibit DNA
from desorbing during the application of the negative potential. Furthermore, the DNA is attached to
the surface by one end, which allows a perpendicular orientation of the DNA relative to the surface.
While the Au-thiol bond help keeps the DNA on the surface, two other main components are
crucial: the length of the DNA and the choice of the passivation layer. The choice of the passivation
layer is critical for the electrode surface. The spacer is typically an alkanethiol or, most commonly,
6mercapto-1-hexanol (MCH). These are chemisorbed to “fill in” the bare gold electrode not covered by
the DNA. These layers help control DNA spacing and surface coverage (1) and prevent non-specific
adsorption of DNA to the gold electrode (1).
4.1.1: Electrostatic Denaturation Applied to Better Understand DNA on an Electrode
In this work, electrochemical denaturation is used to interrogate the behavior of thiolated DNA
bound to an electrode in hopes of developing a biosensor. A gold electrode is used and modified with
probe DNA and MCH. First, the probe DNA is modified with a thiol to be chemically adsorbed to the
gold electrode surface. Next, the complementary sequence, or target strand, is added to hybridize with
the probe on the surface. The target strand is tagged with the redox-active molecule methylene blue to
provide a measurable signal during the experiment. See Figure 21 for typical SWV's during an
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experiment. After the probe and target hybridization, a negative potential is applied to the electrode
surface to induce melting. While the exact mechanism of electrochemical melting is unknown (2),
melting at the electrode surface is often attributed to repulsion between the surface of the negatively
charged DNA-backbone. By applying a negative potential, the repulsive forces unwind the dsDNA
strands on the electrode surface. As a result, the probe sequences are tethered to the surface and won’t
leave, while non-covalent bonds only hold the target strand. Throughout the experiment, SWV is used
to measure the signal loss through the reduction of methylene blue. This work examines the effects of
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Figure 21: A schematic diagram of electrostatic denaturation is outlined in this work. A)
The initial SWV take at the start of the experiment. B) A SWV took after 8 minutes of -500
mV being applied to cause a signal decrease. C) Another SWV was taken after eight
additional minutes of -500 mV being applied, causing the signal to decrease with time.
The work in this thesis builds upon the work of previous researchers in our lab and elsewhere.
For example, experiments in the past from our lab have demonstrated that this method can detect single
mismatches (3), differentiate length (3), and detect the binding of cisplatin to DNA (4).
To detect DNA in this work, first, the disulfide bonds in the DNA were broken using TCEP.
The DNA purchased contains a disulfide bond that must be reduced to adhere to the Au electrode
surface. Then, the DNA (either 18 or 34-bp sequences) were diluted with PBS buffer, and the cleaned
gold electrodes were incubated in this solution overnight. The electrodes were then backfilled with
mercaptohexanol to inhibit the nonspecific binding of DNA (4). To monitor melting, SWV was used to
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measure the amount of DNA denaturation. The potential used in electrochemical denaturation was -500
mV to -750 mV. The data showed that applying potentials higher than -500 mV caused the probe to
desorb for the surface faster. This means the potential applied was strong enough to break the thiol
bounds off the electrode surface. This led to the notion that more melting was observed than what was
occurring at the time (4). The results from these experiments also showed that a mismatch could be
detected, but also having a mismatch changes how fast electrochemical denaturation occurs, as shown
in Figure 22 (4).

Figure 22: Constant potential melting curves of three different DNA duplexes: 34-bp fully
matched DNA (blue circles), 34-bp DNA with a single mismatch (red diamond), and 18bp
fully matched DNA (green square). The potential used in melting where either -500 mV
(open symbols) or -750 mV (closed symbols) (4).
The results from these experiments show an upper limit of potential that can be applied to
induce electrostatic denaturation and detect a single mismatch in a DNA sequence (4). Electrostatic
denaturation also showed that detection of 18-bp and 34-bp DNA sequences can be discriminated and
detected. This work led to a more efficient and reproducible method to put DNA on electrodes and still
detect DNA in solution.
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4.2: Using SWV to Detect Cisplatin in Solution
In 2020, our lab investigated the binding of cisplatin to DNA monolayers using electrostatic
melting (e-melting) for the first time (3). It is known that that cisplatin binds N7 of purines and causes
apoptosis in cells. This known fact was taken advantage of, and a DNA sequence was designed to bind
cisplatin in solution as shown in Figure 23 (5).

Figure 23: A picture illustrating the bind mechanism of cisplatin (5).
To better understand how the binding of cisplatin affects the e-melting of DNA, a similar
method was used to detect 34-bp DNA. However, instead of putting the electrodes in a DNA solution
overnight and waiting, there was a switch to using pulse potential to put DNA on the electrode surface
(3). The DNA in this study was 18-bp and designed to cross-link cisplatin on the N7 purines. Thus,
while the detection of cisplatin in solution was important, there were different methods of monolayer
preparation studied.
The co-deposition, insertion, and pulse-assisted methods were tested, and it was found that the
pulse-assisted method yielded the highest results. In addition, the pulse-assisted method had the
smallest error bar compared to the rest of the monolayer preparation methods and had the highest initial
signal, as shown in Figure 24.
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Figure 24: A comparison of different monolayer preparations and different probe
concentrations: (A), (B), (C) Pulse-assisted probe immobilization followed by MCH
backfill for probe concentration of 0.0625 μM, 0.125 μM, and 0.5 μM, respectively; (D)
insertion method
using passive chemisorption of MCH for 1 hr followed by passive chemisorption of probe
(10 μM) overnight; (E) pulse-assisted co-deposition of probe (0.5 μM) and MCH. MCH
concentration was 9 μM in all cases (4).
4.3: Conclusions
The pulse-assisted method overall demonstrated a way to control surface coverage and obtain
reproducible tau values as shown in Figure 25. This led to the pulse-assisted method being the default
monolayer in the West laboratory.

Figure 25: A plot (a) of time versus initial signal for electrostatic denaturation of dsDNA
using various methods and concentrations: (A–C, blue squares) backfill method for probe
concentrations of 0.0625 μM, 0.125 μM, and 0.5 μM; (D, orange diamond) insertion
method; and (E, green circle) co-deposition method (5).
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After DNA is pulsed on to the electrode surface the electrode, the electrode is submerged in
mercaptohexanol (MCH) overnight. SWV was still the method to measure electrostatic denaturation in
this study. Before the electrode was run, cisplatin was added to the buffer. The purines in the strand
bound cisplatin and affected the melting curves obtain, as shown in Figure 26.

Figure 26: Kinetic melting curves with exponential fits for dsDNA with cisplatin (data:
orange squares; fit: dashed line) and without cisplatin (data: blue circles; fit: dotted line)
for the three preparation methods: (a) backfill method with 0.5 μM probe DNA, (b)
insertion method, and (c) co-deposition method (5).
The data showed striking differences in the DNA melting behavior upon binding of cisplatin.
Additionally, it showed that the effect of cisplatin varied depending on how the monolayer was
prepared (see Figure 26). Depending on the surface's homogeneity, the amount of bound cisplatin
affected how much DNA melting was observed. The overall amount of DNA that melted the electrode
surface was less with cisplatin than without cisplatin in solution.
The DNA biosensors described above showed that varying lengths of DNA could be detected
(3), single mismatches in a sequence can be detected (3), and the binding of cisplatin can be detected in
solution (4).
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Chapter 5- Material & Methods
5.1: Materials and Methods
All products were purchased from Sigma-Aldrich. All oligonucleotides used in this work were
purified by dual high-performance liquid chromatography (LGC Biosearch Technologies, Petaluma,
CA). All experiments were ran using Ag/AgCl (1M KCl) reference, platinum counter electrode. The
DNA sequences used are listed in Table 1.
18-bp
Duplex
Full
Match
(FM) (MB
on target)

Probe: 5’HS-C6-TTG ATC GGC GTT TTA TTC 3’
Target: 3’ (MB)-AAC TAG CCG CAA AAT AAG 5’

18-bp Duplex
Mismatch
(MM) (MB
on target)

Probe: 5’HS-C6-TAG ATC GGC GTT TTA TTC 3’
Target: 3’ (MB)-AAC TAG CCG CAA AAT AAG 5’

Table 1: List of DNA sequences utilized in this work.
Five Buffers were used in this work: (1) MCH and probe were made with PBS Buffer, 10 mM
phosphate buffer, 2.7 mM KCl, and 1.14 M NaCl pH 7.4. (2) Experiments were run in E-Buffer, 10
mM Tris Base pH 7.2. (3) Electrodes were rinsed in R- Buffer, 5 mM Tris and 10 mM NaCl pH 7.2. (4)
Hybridization occurred in H-Buffer, 10 mM Tris Base, 1 M NaCl, and 1 mM EDTA pH 7.2. (5) DNA
was stored in DNA Buffer, 10 mM Tris, 1 mM EDTA at pH 8. The buffer's pH was adjusted with 2M
HCl and 2M NaOH, respectively.
5.2 Electrode Cleaning
1. Mechanical Cleaning: Gold electrodes were prepared by polishing electrodes with a microcloth
coated with a suspension of 0.05 µm alumina slurry. The electrodes were sonicated with ethanol
then water to remove any remaining alumina powder. It is important to have a smooth clean
electrode to have efficient binding of DNA and to obtain a strong initial signal (6).
41

2. Electrochemical Cleaning: Gold electrodes were cleaned further via CV of oxidation and
reduction of 0.5 M H2SO4/ 10 mM KCl solution (sweep rate: 100 mV s-1) over the potential
range +240 to + 1540 mV (versus an Ag/AgCl reference electrode saturated with 1 M NaCl).
The scans are repeated until there is no further change in shape or peak height. After no change
is observed, the electrodes are rinsed with a copious amount of deionized water and stored in a
96-well plate until ready to use. Electrochemical cleaning is to further ensure that the working
gold electrode is clean and has a strong signal and DNA can bind efficiently (6).
3. Chemical Cleaning: Gold electrodes have also been cleaned with piranha solution (3:1 sulfuric
acid to hydrogen peroxide). The electrodes are submerged in the piranha solution for 1 minute,
then copiously rinsed with deionized water. This is done because piranha is highly acidic, and
the gold surface has been neutralized. After the electrodes are initially rinsed, they are then
submerged in a beaker of deionized water for 5 minutes. After the 5 minutes, the electrodes are
dried and stored in a 96-well plate until needed. Piranha solution causes chemical etching of the
gold surface. This doesn’t only clean the electrode surface well; it removes any previous layers
of organic matter by etching the surface. Piranha cleaning ensures a smooth clean gold electrode
surface that is ready to be modified.
5.3 Electrode Monolayer Preparation
1. DNA monolayers can be prepared in three different ways: insertion, co-deposition
and the pulse-assisted method. The main method of monolayer used in this work is
the pulse-assisted method. The other methods of monolayer with also be outlined
in this section. In all the monolayer preparation methods, the DNA (20 µL, 0.5 or
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10 µM) is mixed with tris-2-carboxyethyl (TCEP) (40 µL) to reduce the disulfide
in the probe DNA. This reduce of the thiol bond allows the DNA to adsorb to the
electrode surface.
2. Insertion Method: The clean gold electrodes are first submerged in solution of
MCH (9 mM) for 45 minutes to 1 hour. The electrodes are then rinsed with Rbuffer for 1 minute and submerged (10 μM ,340 μL of PBS) probe overnight (340
μL of PBS) overnight for 15-17 hours. The next day, the electrodes were rinsed in
R-buffer for a minute, and then placed in MCH (9 mM) for 1 hour. The electrodes
were again rinsed in R-buffer for 1 minute then placed in target solution (5 μM)
for 40 minutes to 1 hour in a dark cabinet. Finally, the electrodes were rinsed in Rbuffer for 1-minute and the sides were wiped and stored dry. This method of
building up monolayers is done passively. There is no application of potential
done to put DNA on the surface.
3. Co-deposition Method: After the reduction of the disulfide bond on the probe
DNA TCEP, the electrode is submerged in a solution the final concentration of 0.5
µM Probe and mixed MCH (9 µM) in a solution of PBS Buffer. This mixture was
pulsed via a fast potential pulse (FPP) routine using a VersaStat 4 potentiostat with
VersaStudio software (Ametek Scientific Instruments, Berwyn, PA) from a range
of +500mV to -200mV at 10 ms intervals for 15 mins. This process was carried
out at a temperature of 30 °C. In this monolayer preparation, potential is used to
create the mix monolayers at the same time, and this method is quicker than the
insertion method.
4. Pulse-Assisted Method: The disulfide bond on the probe was reduced using TCEP
for 1. hour. The probe solution was then diluted to 0.5 μM and pulsed at 30 °C
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from 0.5 to -0.2 V at 10 ms intervals for 15 minutes. After DNA is pulsed on the
electrode, it is rinse in R-buffer for 1 minute. The electrode is then submerged in a
solution of MCH (9 mM) overnight (15-17 hours). The electrode is then rinsed in
R-buffer for a minute and then submerged in target solution (5 μM) for 2 hours.
After the electrode is rinsed in R-buffer for minute and the sides were wiped and
stored dry. This method is the main method used in this work and is outlined in
Figure 27.

Figure 27: Cleaned gold electrode that is pulsed with probe, incubated with MCH
overnight, and hybridized with tagged target DNA (8).
5.4 Electrostatic Denaturation
In this work, electrostatic denaturation of DNA is monitored by SWV. SWV measures the
reduction of methylene blue in this work. In SWV, the pulse potentials are kept constant. After each
pulse, but before the voltammogram, the electrode was equilibrated at −0.1 V for 10 s. The
equilibration step was found to provide better quality voltammograms. The SWV parameters were as
follows: initial potential = −0.1 V, final potential = −0.5 V, amplitude = 25 mV, frequency = 250 Hz,
and increment = 6 mV. All data in this work was performed in triplicate. The baseline subtracted SWV
peak currents were normalized to the initial (pre-melt) peak current and plotted versus time and pulse
potential. Melts in this work were also done at the potentials of initial potential = -0.1 V, final potential
= -0.4 V and initial potential = -0.1 V, and final potential= -0.3 V.
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After a melt is finished, the SWV's are analyzed to investigate melting. First, the peak heights
caused by the reduction of the methylene blue labels are baseline-subtracted and normalized to obtain a
kinetic melting curve. An example SWV obtained from a melt is seen in Figure 28.

Figure 28: A schematic of how electrostatic denaturation happens in our lab. A) the SWV
obtained after a melt. B) The kinetic melting curve obtained after processing the SWV
data.
Once the experiment is over the kinetic curves are extracted from the SWV. The kinetic melting
curves are fit using the following Equation 16:

𝒊𝒑 (𝒕) = D𝒆/𝒕/𝝉 + (𝟏 − D)

(18)

Where D is the extent of melting, τ is the time constant, t is time in seconds, and ip (t) is the peak current.
These fitting parameters give potential insight into the thermodynamics and kinetics of the melting process, and
ultimately the behavior of the dsDNA.
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5.5: The Effect of Temperature on Electrochemical Denaturation
To better understand how temperature has an effect on electrochemical denaturation, analyzing
the kinetic melting curve allows for the determination of D and τ respectively, as shown in Figure 29.

Figure 29: An example kinetic melting curve extracted after SWV overlay, where t is the
time constant of melting, and D is the extent of melting.
The time constant of the exponential fit is related to the rate constant of the following process
for Equation 17:
dsDNA ⇌ ssDNA + ssDNA

(17)

here, we assume that under the conditions used in this work (i.e., zero concentration of target in
solution initially), the rate of the reverse reaction is essentially zero, this is because the reverse reaction
on the electrode surface is thermodynamically and kinetically unfavorable under these conditions. If the
rate constant for the forward reaction is given by kD then the time constant is given by Equation 18:

𝝉 = 𝟏/𝒌𝑫

(18)

The overall loss in signal is expected to follow exponential kinetics, as observed (see Figure 33). The 𝝉
values provide information about the kinetics, i.e. how fast the dissociation reaction is occurring at the electrode
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surface. If the D value is small the dissociation is occurring fast. This means that electrochemical denaturation is
happening rapidly.
The kinetic melting curve can also provide insight into the thermodynamics of electrostatic melting via the
extent of melting, D. The extent is interpreted as the percent of dsDNA that melts during the experiment. As the
reaction progresses with time the amount of dsDNA decreases. D values are bound between 0 and 1, where 0
suggests that no dsDNA melted off the electrode and 1 suggests all the dsDNA melted off the electrode. The values
generally observed in this work were between 0.3 and 0.8 depending on the parameters. These values provide
information about the electrostatic equilibrium occurring at the electrode surface.
In this work, we first investigate whether temperature affects the electrostatic melting of
dsDNA. Once the temperature dependence is established, we use this temperature dependence to
investigate kinetic and thermodynamics quantities, specifically the activation energies and enthalpy
changes. Furthermore, we attempt to use temperature as an experimental parameter for the optimization
of DNA characterization.

Chapter 6: Analysis of Varying Applied Potential and Temperature with 18-bp DNA Duplexes
6.1: Background and Introduction on DNA Monolayer Preparation and Design
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In this work, the effects of temperature, probe density, and applied potential were studied to
determine how these parameters affect the extent and rate of electrostatic melting. For these studies, 18bp double-stranded DNA (dsDNA) thiolated at the distal end (5’-end) was utilized, using a fully
matched (FM) sequence and a single mismatch (MM) sequence. The pulse-assisted backfill method to
prepare the DNA-modified Au electrode was used for both sequences. This method involves using 900
s (time of the pulses) potential pulses to facilitate controlled and reproducible chemisorption of the
DNA on the electrode, and then “backfilling” the electrode with MCH overnight (1) The MCH is used
to prevent non-specific adsorption of DNA on the gold. Finally, the surface-bound probe DNA is
hybridized. Once the electrodes are fully modified, then electrochemical denaturation can be monitored
utilizing SWV.
SWV allows for the monitoring of the amount of surface-bound duplex over time. In
electrostatic denaturation experiments using FM, melts were carried out at various temperatures
ranging from 20 °C to 35 °C, and using applied potentials of -500, -400, and -300 mV vs Ag/AgCl,
respectively. The DNA densities were also varied by using either 0.5 μM or 0.0625 μM probe during
the pulse-assisted probe chemisorption. For electrochemical denaturation experiments using MM, were
ran under the same conditions as the FM except using a different temperature range of study.
The baseline-subtracted peak currents in the resulting SWVs were normalized to the initial peak
current and plotted versus time. These time traces were fit using Equation 18 (see Chapter 5) to
determine the time constant (τ) and extent of melting (Δ). These two fit parameters provide kinetic and
thermodynamic information, respectively as shown in Figure 30.

48

Normalized Peak Current

1

0.8

0.6

0.4

0.2

0
0

1000

2000

Time (s)

3000

4000

5000

Figure 30: A typical melt curve for 0.5 uM probe at 25C using -500 mV. The curve is fit
the best fit line (Eq. 18) to help identify t and D.
In general, the temperature data suggest that as the temperature increases, the tau values
observed got smaller, while the delta values observed got larger. The data suggest that as the applied
potential decreased, the overall 𝛕 values are larger and Δ values are smaller, indicating less
electrochemical denaturation was observed. In looking at the probe density layer data, it suggests that
less electrochemical denaturation was observed due to having less probe molecules on the surface. Indepth discussion of the results will be provided below.
6.2: Determining a Viable Temperature Range for Electrostatic Melting
All previous work in our laboratory was done at room temperature (~20 °C) for electrostatic
denaturation. This led to the question, does electrochemical denaturation occur at different
temperatures, and if this is the case, how are the extent of melting and time constant affected?
Furthermore, most previous experiments in our laboratory were carried out at -500 mV vs. Ag/AgCl
reference electrode. This potential is sufficient to induce electrochemical melting at room temperature
without significant desorption of the probe DNA. Is electrostatic melting possible at less negative
melting potentials?
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Before investigating the effect of temperature of electrostatic melting, alternate mechanisms of
signal loss were investigated; namely, the onset of thermal melting was investigated, in the absence of
an applied potential and high enough temperatures, the destabilization of the surface-bound dsDNA
should be sufficient to induce thermal melting. Furthermore, reducing the thiol bond becomes the
dominant melting mechanism at high temperatures and sufficiently negative potentials. Therefore, to
study electrostatic denaturation, the temperature should be low enough to inhibit spontaneous thermal
melting and minimize thiol desorption.
Experiments were carried out without applying the -500 mV melting potential to better explore
the extent of thermal melting. Instead, the electrode was allowed to rest at open cell potential (OCP) for
8 minutes between the acquisition of each SWV. These “OCP melts” were carried out at various
temperatures. Therefore, if melting is observed, it could only be due to temperature and not the electric
field at the electrode. In other words, the melting observed from OCP melts would be purely thermal
melting. Therefore, our experiments must be performed at temperatures where only electrostatic
melting occurs.
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Figure 31: Thermal melting observed by applying OCP at 25 and 35 °C. The melting at
35 °C observed is due to thermal melting and or desorption.
Figure 31 compares the OCP melt data at 25 °C and 35 °C for fully complementary dsDNA
deposited from 0.5 uM probe. Figure 31 also shows that at 25 °C, little to no melting occurs without
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applied external potential. This means that in our previous work done at room temperature, the melting
observed is purely electrostatic. This can’t be said for OCP melting at 35 °C. At 35 °C, there is a
significant amount of melting observed. This result was somewhat expected with using this strand at 35
°C. In analyzing the melting temperature, Tm, of the 18-bp sequence with an oligonucleotide calculator
(2, (18-bp, using 10 mM Na+) Tm was found to be 37.7 °C.
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Figure 32: Desorption study using tagged probe (MB is on the probe) to measure signal
loss using -500 mV at 25 ℃ and 35 ℃.
Figure 32 demonstrates experiments using a tagged probe (MB is on the probe strand instead of
the target strand) to assess the amount of desorption due to temperature and applied potential. These
experiments were carried out at various temperatures and an applied potential of -500 mV. Figure 32
shows that the extent of desorption at room temperature and -500 mV is negligible. However,
increasing the temperature to 35 °C and applying -500 mV causes significant signal loss. This is
attributed to thiol desorption.
In melts at high temperatures (35 °C), the dsDNA becomes unstable, and more of it melts off
the electrode. At the same time, the thiol bond is reduced on the electrode surface, causing more DNA
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to melt away, giving the illusion of a greater extent of melting. The data obtained from these results
suggest that purely electrostatic melting can only be studied below a threshold temperature. Therefore,
the data collected should be reframed in the context of purely electrostatic melting and a mixture of
thermal melting + electrostatic melting to better understand the results.
Next, the temperature was varied more finely to determine the upper temperature at which
electrostatic denaturation is the dominant source of signal loss. Figure 33 shows the extent of melting
with and without applied potential. The orange bars are the OCP data and show drastically reduced
melting below 27.5 °C without applying the -500 mV. However, even above 27.5 °C, where there is
significant thermal melting, the application of -500 mV increases the extent of melting. The data from
Figure 33 also illustrates that D increases as the temperature are increased.
comp duplex (0.5 uM) OCP vs -500 mV

Figure 33: The extent of melting using 0.5 µM probe, comparing -500 mV (blue) versus
OCP (orange) over the temperature range of 25 ℃ to 35 ℃.
The data from Figure 33 also show that as temperature increases beyond 27.5 °C, the D values
observed are smaller. This melting is due to a mixture of thermal melting and thiol desorption and is
not purely electrostatic melting.
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comp duplex (0.5 uM) OCP vs -500 mV

Figure 34: The rate of melting using 0.5 µM probe, comparing -500 mV (blue) versus
OCP (orange) over the temperature range of 25 ℃ to 35 ℃.
Figure 34 compares the times' constants with and without applied potential in the same
temperature range. A similar trend is observed in Figure 34, where applying applied potential allows
for melting to occur faster, i.e., smaller time constants. At 27.5 °C and below, the time constant is very
large due to essentially no melting occurring. The data suggest that purely electrostatic melting occurs
at 27.5 °C and below, confirming the results from the extent of melting.
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6.3: The Effect of Temperature on E-Melting Utilizing 0.5 µM Probe with -500 mV
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Figure 35: Representative melts of purely electrostatic (20 ℃ to 27.5 ℃) melting using
0.5 µM probe .
In this work, pure electrostatic melting was observed over the temperature range of 20 °C to
27.5 °C using a 0.5 mM probe and applying -500 mV. Figure 35 shows the representative melting
curves for each of the temperatures. The parameters held constant in these experiments were the probe
concentration (0.5 mM) and applied potential (-500 mV). Thus, the data suggest as the temperature
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Figure 36: (Left, A) The extent of purely electrostatic (20 ℃ to 27.5 ℃) melting using 0.5
µM and -500 mV. (Right, B) The rate of purely electrostatic (20 ℃ to 27.5 ℃) melting
using 0.5 µM and -500 mV. The error bars are from data done in triplicate.
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Figure 36A and 36B shows the extent of melting and rate of melting, respectively, using the
conditions previously listed. Figure 36B the melting rate gets smaller as the temperature increases,
meaning melting was happening faster. These data points seems to be in line with previously collected
data. We thought that the extent of melting would increase with temperature, but it roughly stayed the
same. This was a surprising fact, and we looked back into the literature for an answer. Bartlett et al. (7)
did similar research and found conclusions similar to the data collected. He found that as the
temperature increased, up until a point, the extent of melting was unchanging, as shown in Figure 37.
The melting below the Tm is purely electrostatic and is temperature independent. This helps to show
that temperature will not have an effect on DNA melting is T < Tm.

Figure 37: Electrostatic melting curves using 2 different DNA strands at different
temperatures (3). Where DNA-1 (left, A) is 22 ssDNA with a hexaethyleneglycol spacer
and a dithiol monomer, and DNA-2 (right, B) is a 21 ssDNA with the same modifications
as DNA-1 (7).
Figure 37A and 37B shows that while he used melting curves, his data shows that after 18 °C
there is no change in the extent of melting. This might be the case for this work, or we don’t see a
change due to the narrow temperature range studied. The range studied is based on the stability of the
18-bp DNA duplexes. As stated, before the data at higher temperatures is not purely electrostatic, and
at colder temperatures the DNA duplexes are more stable due to colder temperatures. Nevertheless, the
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rate of melting observed is a temperature dependent process while the extent of melting is a
temperature independent process.
6.4: The Temperature Dependence of dsDNA as a function of Applied Potential & Varying Probe
Density
In the previous section, we showed that the rate of electrostatic denaturation is a temperature
dependent process: when the temperature has increased, the melting rate increases. This is manifested
as a smaller 𝜏 value. The application of applied potential causes the DNA to melt faster in the
temperature range studied. The data also shows that the extent of melting in the temperature range
studied is independent of temperature. The observed D values are constant over the temperature range
of purely electrostatic melting. This might be due to the range of temperature investigated, the length of
DNA utilized, or a lot of noise in the measurements.
All data shown in the previous section involved relatively high DNA surface densities
(deposited from 0.5 uM probe) and using a melting potential of -500 mV. The next step in this work
was to use the same experimental design and see how applying less negative potentials affected 𝜏 and 𝛥
values. Then we wanted to know how t and D values would be affected by using a smaller probe
density while keeping -500 mV and the same temperature range constant. The assumptions were that
the observed t value would increase in applying less negative potential, and the D values would
decrease. It was hypothesized that in using the smallest probe density, the 𝜏 and 𝛥 values would be
smaller due to having less dsDNA on the electrode surface.
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Figure 38: Representative melt curves (25℃ ,0.5 µM probe) at different potentials (light
blue= -300 mV, gray = -400 mV, blue= -500 mV).
Figure 38 shows the kinetic melting curves at different applied potentials. At -300 mV (light
blue) the observed melting occurs slower which was expected. The applied potential is less negative
than -500 mV (blue) but still sufficient enough to induce electrostatic melting. As the potential goes
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Figure 39: (Left, A) The extent of melting (25 ℃, 0.5 µM probe) at different potentials
(blue = -500 mV, orange = -400 mV, gray = -300 mV). (Right, B) The rate of melting (25
℃, 0.5 µM probe) at different potentials (blue = -500 mV, orange = -400 mV, gray = 300
mV). The error bars shown are for data collected in triplicate.
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Figure 39A compares the different extents of melting as different applied potentials. As
discussed in section 3 (Figure 36A), the D values are constant over the temperature range studied.
When applying less negative potentials there is a clear distinction at 25 °C in the D values, where -500
mV (blue) has the greatest, -400 mV (orange) is in the middle, and -300 mV (gray) has the smallest
extent of melting. Surprisingly, at lower applied potentials, there was more of a dependence on the
temperature: as the temperature increases, the extent of melting increases. The -500 mV data had no
trend, while the -300 mV does follow the initial assumption that D values are essentially the same for
300 and -400 mV. This suggests that if melting was done using the conditions described earlier at -300
and -400 mV, the dsDNA would be hard to distinguish between the two potentials.
Figure 39B is a comparison of the time constant at the different applied potentials. It was
discussed earlier that with the application of -500 mV and ramping up the temperature, the observed t
values got smaller. The data collected seems to follow the trend that less negative potentials led to an
increase in melting rate. While the data collected was noisy, in looking at 27.5 °C, the rate of melting at
-300 mV (gray) and -500 mV (blue) roughly overlapped. The data collected follows a trend similar to
the extent of melting, where the application of less negative potentials results in larger extents of
melting. The data collected at different potentials suggest some trends about the extent and rate of
melting, but more data must be collected to account for the noisiness. Then, definitive conclusions
could be drawn about the applications of different potentials.
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Figure 40: Representative melt curves (25 ℃, -500 mV) at different probe concentrations
(green = 0.0625 µM, blue= 0.5 µM probe).
Figure 40 shows the different melting curves using two different probe concentrations. The top
curve (green) was collected by pulse-assisted probe deposition from a 0.0625 mM electrode. The melt
is slower and to a lower extent compared to the bottom curve (blue), which was deposited from a 0.5
mM probe (our lab’s “standard method”). These results indicate that lower probe densities show the
result in slower melting and less melting. This can be understood by considering the increased stability
of the lower density DNA resulting from the decreased electrostatic repulsion.
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Figure 41: (Left, A) The extent of melting (25 ℃, -500 mV) at different probe
concentrations (blue = 0. 5µM probe, green = 0.0625 µM probe). (Right, B) The rate of
melting (25 ℃, -500 mV) at different probe concentrations (blue = 0.5 µM probe, green =
0.0625 µM probe). The error bars for the data were collected in triplicate.
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Figure 41A shows the extent of melting at varying probes using different probe concentrations.
Since there was less probe on the electrode, we thought the extent would be smaller due to less DNA
on the surface, but the rate observed was about the same or higher. This may be because there is less
dsDNA on the surface; it is easier to melt, which leads to a higher melting rate.
Figure 41B is a plot comparing the rate of melting using varying probe concentrations. The data
shows that the two electrode densities behave similarly given the large error associated with the
measurements. At 25 and 27.5 °C, it is hard to distinguish between 0.5 mM and 0.0625mM probe
concentrations with the application of -500 mV. While the data points are not as noisy as at varying
potentials, there is not much noticeable trend. Thus, the initial hypothesis was wrong, and to better
conclusions about the effect of varying probe concentrations, other concentrations must be explored,
and more data must be collected.

6.5: The Temperature Dependence of Single Mismatch dsDNA
In the previous sections, we have shown the temperature dependence of fully matched 18-bp
DNA duplexes, where the temperature has a significant effect on the extent and rate of melting. Then,
we looked at how changing the probe density and applied potential affected the t and D values. The
application of lower potentials led to smaller D values and larger t values, which was experimentally
expected. The effect of density on the melting characteristics is less clear and requires additional
studies.
This section looks at a single mismatch in an 18-bp sequence to see how the rate and extent of
melting change. Previous work done in the West lab (4) showed in using 34-bp with a single mismatch,
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the melting rate was faster, and the extents observed were greater than using fully matched DNA. The
working assumption was that we would see similar results utilizing a shorter DNA sequence.
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Figure 42: (Left, A) The extent of melting using 0.5 µM mismatch probe (orange= -500
mV, blue =OCP) over the temperature range of 25 ℃ to 35 ℃. (Right, B) The rate of
melting using 0.5 µM mismatch probe (blue = -500 mV, orange = OCP) over the
temperature range of 25 ℃ to 35 ℃.
Figure 42A is comparison of the extent of melting using 0.5 µM mismatch probe with and
without applied potential. The data shows that the application of applied potential increases the extent
of melting at some temperatures but not by a significant amount. More importantly, melting is observed
even in the absence of applied potential. This was surprising as compared to previous results. The
extent of melting data suggests that the mismatched 18-bp duplex is not thermally stable under these
conditions, spontaneously melting even in the absence of the electric field. Figure 42B is a comparison
of the time constants with single mismatch DNA. A similar trend is seen as with the extent data:
spontaneous melting is observed. At temperatures above 25 °C and below 35 °C, the application of
potential helps the melting occur faster. At 25 °C, the melt occurs very fast and at the same rate with or
without the application of -500 mV. Overall, the data suggest that a single mismatch using this 18-bp
DNA is not stable enough to drawn definitive conclusions about the rate and extent of electrostatic
melting. This is due to the spontaneous melting of the dsDNA duplexes at all temperature and with and
without the application of applied potential.
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6.6: Arrhenius Analysis of 18-bp DNA Duplexes
The kinetics of DNA melting can be determined by measuring the change in free energy of base
stacking and base pairing to form a double helix. For the two strands to interact and remain stable, the
DNA strands have to overcome electrostatic repulsion, reduced via ion shielding and condensation on
the phosphate backbone. The DNA backbone is built up with many anionic phosphates, which make
the overall charge of DNA negative. Depending on the ionic strength in the solution, the phosphates are
shielded by cations, which help stabilize the DNA. If there were no cations in the solution, the
negatively charged phosphate groups would favor the separated strands instead of the duplex. (5). The
other primary factor that stabilizes the DNA backbone and favors the formation of the DNA double
helix is ion condensation. This is where roughly 50% of the DNA backbone is shielded allow for
favorable interactions between DNA molecules. The cations in the solution are directly binding to the
phosphate groups in an ionic manner—electrostatic shielding and ion condensation help explain how
DNA duplex formation in solution.
One way to measure experimentally base stacking is to label the nucleotides with flavin and
measure the fluorescence induced by flavin molecules attached to the nucleotides. The data show that
for single base-pair interactions, this process occurred on the order of 106 to 108 sec-1, which is quite
fast (5). While when the solution is more dilute using micromolar concentrations, the observed reaction
rate was slower, occurring at 103 sec-1, showing that using a more dilute solution has consequences on
the observed rate. In analyzing DNA duplex of DNA sequences greater than four base pairs long, the
process gets more complicated, but assuming that model is simpler allows for the same conclusions to
be drawn. It turns out the simplest way to explain DNA duplex formation is a two-state model, which is
observed where a few base-pairs interact, then the rest follow, and the duplex is formed. This overall
reaction can be modeled using the linear form of the Arrhenius equation.
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Where t is the time constant in units of 1/sec, A is the pre-exponential factor, 𝐸’ is the activation
energy in kJ/mol, R is the universal gas constant, and T is the temperature in Kelvin.
While the behavior of DNA tethered to an electrode may be more complicated, this work uses
the assumption it behaves similarly to DNA in solution. The kinetic behavior observed seems to follow
Arrhenius behavior at different applied potentials and probe densities.

Figure 43: The Arrhenius Plot of 0.5 µM probe with the application of -500 mV over a
variety of temperatures. The orange squares are the lower temperature (20 °C and
below), and the blue circles are the higher temperature (30 °C and above).
Figure 43 is an Arrhenius plot using a 0.5 mM probe and keeping a constant potential of -500
mV. The data covers the full range of purely electrostatic and desorption/ thermal melting +
electrostatic melting, and two different activation energies were calculated from the data. The
activation energy for purely electrostatic melting (20 – 27.5 °C, orange squares) is 64.4 kJ/mol, while
the activation energy for free DNA in a solution of similar size is 586 kJ/mol (5). The activation energy
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for purely electrostatic melting (20 – 27.5 °C, 0.5 mM probe, -500 mV) is one order of magnitude
lower than the activation for free DNA in solution. This might be due to having DNA tethered to an
electrode surface, the application of applied potential, and overall, the increased electrostatic repulsion
in the monolayer. These variables might explain why the calculated activation energy for purely
electrostatic melting is lower than expected. Table 2 shows the activation energies for all different
applied potentials and probe densities.
Table 2: Comparison of Activation Energies at Different Parameters
Applied Potential

Ea
(kJ/mol)

-500 mV (0.5 µM probe, 20- 27.5 °C)

64.4

-500 mV (0.5 µM probe, ³ 30 °C)

57.2

-500 mV (0.0625 µM probe)

33.2

-400 mV (0.5 µM probe)

42.8

-300 mV (0.5 µM probe)

50.8

Free DNA in Solution*

586*

Table 2 compares the activation energies of -500 mV (0.5 mM probe), -400 mV, -300 mV (0.5
mM probe), -500 mV (0.0625 mM probe), and free DNA in solution. Mention here that all experiments
were carried out in the range where only electrostatic melting occurs. One trend that emerged is that
using a smaller probe density and leaving the applied potential the same lead to activation energy being
about half in comparing 0.5 mM to 0.0625 mM. As stated earlier, there is some error in the
measurements for -400 mV and -300 mV, but the calculated activation energies are lower than -500
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mV, speculated. The main takeaway is that the melting of DNA tethered to a negatively charged
electrode has lower activation energy than in solution. While the mechanism of electrostatic melting is
still debated, this work helps to show that electrostatic denaturation is a temperature dependent process
and follows Arrhenius behavior.
The activation energies calculated are lower than the activation energies for free DNA in
solution, which isn’t surprising but is harder to explain due to the complex nature of electrostatic
denaturation. Nevertheless, using the experimental setup in this work, the Arrhenius behavior due to
electrostatic denaturation was determined.

Conclusions & Future Directions
In this work, electrostatic denaturation was used to interrogate the melting of 18-bp DNA
duplexes. It was found that DNA melting is a temperature-dependent process, and the application of
applied potentials aided in the melting observed. Also, in this work, the activation energy of purely
electrostatic melting was calculated; this was done using different parameters such as different applied
potentials and different DNA monolayer densities. All the activation energies calculated were lower
than that for free DNA in solution. This could be due to electrostatic repulsion on the electrode surface,
applying an applied potential to cause electrostatic melting, and possibly not having less DNA around
in the solution. The data collected doesn't follow Van't Hoff's behavior. This could be due to noise in
the measurements, or the temperature range studied is too narrow to see any detectable differences with
18-bp DNA duplexes. These results also follow prior research done by other groups. Electrostatic
denaturation was also seen with the application of -400 mV and -300 mV. The observed 𝛥 values were
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smaller, and the 𝜏 values were larger, which was expected with less negative potentials. The use of less
dense DNA monolayers didn't seem to have much of an effect on the 𝛥 values were 𝜏 values. Lastly, a
single mismatch was investigated via electrostatic denaturation, but it was determined that 18-bp DNA
with a single mismatch was unstable with or without applied potential and all temperatures studied.
The next steps following this work would be generating longer probe/target strands to look at
lower and higher temperatures and still observe purely electrostatic melting. In addition, using a longer
probe/target strand might help with the instability observed with the 18-bp single mismatch DNA
sequence. Finally, SWV is used to investigate electrostatic melting, but there is much variability in the
data collected propagating error through the measurement. Using pulsing, where alternating potentials
are applied, bouncing between positive and negative yields more reproducible data, which helps to
minimize error in measurements. The other alternative would be running SWV for longer to better fit
the kinetic curve and minimize errors in the data collected.
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