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Abstract

In this thesis, we demonstrate an electrochemical approach for monitoring the electric-field
induced melting of surface-bound double-stranded DNA. The electrochemical routine involves repeated
chronoamperometry pulses to melt the duplex and square wave voltammetry to monitor the extent of
melting. We utilize a scanning potential and constant potential technique to generate melting curves and
access the stability and kinetics of the DNA duplexes. Our method uses a mixed monolayer of thiol-
modified DNA oligomers and mercaptohexanol on gold electrodes, are subsequently incubated with
target DNA covalently modified with electroactive methylene blue. Under room temperature, 10 mM
Tris, and optimized electrochemical parameters, DNA duplexes are discriminated based on factors such
as base pairs, hairpins, and mismatches. As a proof of concept, this method was extended towards a label-
free DNA melting method.



Chapter 1: General Electrochemical Concepts

Electrochemistry is the study of chemical changes caused by the passage of an electric current
and the production of electrical energy by chemical reaction. This passage of current, or electron transfer,
is typically depicted as the following;

k. (Rxn.1)
O(aq) +ne = R(aq)

a
where O represents the oxidized species, n is the number of electrons transferred and R represents the
reduced species. The rates of the cathodic (forward) and anodic (reverse) reactions are kcand Ka,
respectively. Electron transfer reactions are critical in the natural and technological world. For example,
biochemical cycles, such as the Krebs cycle, involves electron transfer to produce 34 ATP from carbon
dioxide and water.? Furthermore, electron transfer allows the chemicals in batteries (or any voltaic cell) to
produce electrical energy.® In this thesis, we utilize the oxidation and reduction of an electroactive

species, methylene blue, to monitor the denaturation of electrode-bound DNA duplexes.
1.1. Electrode Kinetics

The rate of an electrochemical reaction not only depends on the concentrations of O and R, but
also the electrode potential. In Rxn.1 above the rate constants k. and ks are proportional to the

concentrations of their respective species and change exponentially with applied potential:

Eq.1l
ke = ke(e e/ Fe0) o

kg = KO (e E-Fe) (Ea.2)
where C, and C; are the concentrations of the oxidized and reduced species, respectively, and kg and ko
are the standard cathodic and anodic rate constants, i.e. the rate constants in the absence of an electrode
potential.# The last term introduces the electrical portion of electrochemistry, where a is a symmetry
coefficient (typically close to 0.5), f is a constant equal to nF/RT (where n is electrons transferred, F is
Faraday’s constant, R is the gas constant, and T is temperature), E¢q is the equilibrium electrode potential,
and E is the applied potential. The difference, E — Eeq, is known as the overpotential, . By applying an
overpotential, the current can flow across the interface. Equation 3 represents the current density (current

divided by electrode area);

Jj = nF[Cokl(e=M) — Crkl(e1~2/m)] (Eq.3)



where j is the net current density (A/cm?). Note that in this thesis we will use the convention that anodic
current has a positive sign, while cathodic current has a negative sign. This is a form of the Butler-Volmer
equation of electrode kinetics. The current-potential curve in Figure 1visually represents Equation 3. The
net current density is shown as a solid line, while the anodic and cathodic contributions are shown as
dashed lines. For large negative overpotentials, the anodic current is negligible; therefore, the total current
is the dominated by cathodic current. At large positive overpotentials, the inverse occurs. Furthermore,
when deviating from the equilibrium potential (Eeq), the magnitude increases exponentially. At very large
deviations from the equilibrium potential, the current density saturates as diffusion limits the flow of
reactants to the electrode surface.! This behavior is not predicted by the Butler-Volmer equation, which is

only strictly valid for kinetically-controlled electrode reactions.
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Figure 1. Current-potential curve where the overpotential, #, is simply the difference between the applied potential
and the equilibrium potential.

At equilibrium, the Butler-Volmer equation simplifies to the well-known Nernst equation for the

equilibrium potential across an electrode-electrolyte interface:

RT Cr (Eq.4)

where E°, R, T, n, F, Cg, and Co are the standard cell potential (V), universal gas constant (8.314
J/IK*mol), temperature (K), number of electrons exchanged, Faraday’s constant (96,485.3 C/mol), bulk
concentration of the cathodic species, and bulk concentration of the anodic species at equilibrium,
respectively. Because equilibrium implies the net current is zero, the electrode potential is dependent on

the bulk concentrations of the redox species.



1.2. Electrode Reactions

An electrochemical cell is a device where electrochemical measurements can be measured.
Electroanalytical techniques typically use a three-electrode system that consists of a working, counter,
and reference electrode as seen in Figure 2.

O

H W
C

Figure 2. Schematic of a three-electrode cell. V, C, R, and W represent the potentiometer, counter electrode,
reference electrode, and working electrode, respectively.

The working electrode is where the reaction of interest occurs - electrons are transferred between
the analyte and electrode.! The size and material of the working electrode is dependent on the type of
application. For example, platinum electrodes can be used for electrodeposition of polyaniline® and gold
electrodes for biomolecular detection.®’” These are examples of inert electrodes in which the electrode
material itself does not take part in the electrochemical reactions. The counter electrode closes the circuit,
allowing current to pass between itself and the working electrode. A counter electrode must have a higher
surface area than the working electrode and be inert. This ensures that the reaction on the counter
electrode will not dominate the electrochemical behavior.! The potential at the working electrode is
monitored or applied in relation to the reference electrode, which has a fixed electrode potential. To keep
the potential fixed, the reference electrode must include a fast, stable redox reaction, at equilibrium. This
electrode, including the solution containing the reference redox species, is isolated from the rest of the
cell by a liquid junction.® A liquid junction is a nonselective interface which allows species from the
reference electrode compartment and the rest of the cell to freely mix, albeit at a very small rate to avoid
contamination. Silver—silver chloride and the saturated calomel reference electrodes are commonly
adopted in the three-electrode system. In this work, the Ag/AgClI reference is used. The redox reaction

occurring at the Ag/AgCl electrode is:



AgCl; + e” = Ags + Cl g (Rxn.2)

By placing this electrode in a KCI solution of constant CI- concentration, the potential is kept constant.
Utilizing the three-electrode setup allows the experimenter to effectively monitor any electrochemical
responses during measurements.

When performing an electrochemical experiment, the types of electrodes and choice of
electrochemical technique must be suitable to the analyte of interest because of the two types of
electrochemical responses that occur at the electrode: faradaic and non-faradaic processes. Faradaic
current is the current transferred across the electrified interface because of the oxidation and reduction of
a species in an electrochemical reaction, as described by the Butler-Volmer equation. Faradaic current
obeys Faraday’s Law:

Q=nFz (Eq.5)

where n is the amount in moles, Q is the total charge, and z is the number of electrons transferred per
reaction. Non-Faradaic current is caused by the transient motion of ions in solution as an interface is
charged, much like transient current observed across a capacitor.® In electrochemical measurements, both
types of current exist; however, non-faradaic current should be minimized as it does not report on the
nature of the analyte.

As the electrode becomes charged, the ions in the electrolyte are redistributed to balance out the
charge on the electrode, forming the electrical double-layer. Both sides of the interface must have equal
and opposite charges. While the charges on the electrodes are typically found on the surface, the charges
in the solution are distributed away from the interface due to thermal motion of the ions. As shown in
Figure 3, the double layer is comprised of several layers. The first is the inner Helmholtz plane where
solvent, ions, and molecules are not fully solvated but specifically adsorbed to the electrode surface. The
second is the outer Helmholtz plane where ions are nonspecifically bound to the electrode. Further away
from the electrodes, the ions are distributed about into the diffuse layer, with decreasing concentration,
until the homogenous bulk solution where there is no net charge or chemical/electrical gradients. The
structure of the double layer can affect the rate of electrode processes and the non-faradaic current. For
example, in reactions with very low concentrations of electroactive species, the non-faradaic current can
be much larger than the faradaic current, causing large background currents in voltammetric

experiments.’
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Figure 3. Pictorial representation of the electrical double layer. M, IHP, and OHP represent metal, inner
Helmholtz plane, and outer Helmholtz plane, respectively.

The overall electrochemical behavior is a complex mix of the electrical double-layer effects,
electrode kinetics, and mass transport, as shown in Figure 4. The rate of the electrode reaction is
dependent on the rate of these processes. It starts with the mass transfer of the oxidative or reductive
species from the bulk of the solution to the double layer. Once within the double layer, primarily electron
transfer occurs at the electrode surface to reduce or oxidize the species. Other surface chemistries and
reactions can occur such as protonation, dimerization, adsorption, crystallization, etc. The various
electroanalytical techniques that will be described take advantage of the ease with which electrical
parameters (such as potential and current) can be controlled and measured to investigate electroactive

molecules by perturbing one or more of the behaviors displayed in Figure 4.
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Figure 4. Pictorial representation of general pathway of an electrode reaction.



Chapter 2: Electroanalytical Techniques

2.1. Chronoamperometry

Chronoamperometry is an electrochemical technique where the potential of the working electrode
is stepped from one potential to another and the current is measured as a function of time. The waveform,
shown in Figure 5A, shows the initial potential (E;), which is held for a chosen amount of time then

instantaneously stepped to the final potential (Es). The response curve displays current as a function of
time, shown in Figure 5B.
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Figure 5. Chronoamperometry input waveform (A) and measured response curve (B)

Typically, no faradaic processes occur at the initial potential. Then the potential is stepped to a final value
where the redox reaction occurs and is diffusion limited. The switch to the final potential is where time is

defined at zero, and where current measurement begins. The transient current can be defined as;
lpet = lg + icap (Eq.6)

where the net current (ine:) is the sum of the diffusion limiting current (ig) and the capacitive current (icap).
The Cottrell equation describes the diffusion limited current as a function of time after the step for semi-

infinite planar diffusion, as is expected at a macroscopic electrode like those used in this work;

. nFAD'2cC (Eq.7)
ig=———

(mt) /2
where n is the number of electrons transferred, F is Faraday's constant, A is the electrode area (cm?), D is

the diffusion coefficient (cm?s), C is the concentration (mol/cm?) and t is time (s).! The diffusion limiting

current is a faradaic current resulting from the maximum transfer rate of the species.



The capacitive current is given by;

-t
Ee /Ry C4

i (Eq.8)
cap Ru

where E is the potential, Ry is the uncompensated resistance, Cq is the double layer capacitance, and t is
time. At short times, (t < 0.1 s), the capacitive current is a considerable contribution to the net current
while at times greater than ~0.1 s, the effect is almost negligible. This equation suggests that the
involvement of the capacitive current exponentially decays over time. Moreover, at greater time intervals,

the measurement of the diffusion limiting current will be more reliable.

2.2. Chronocoulometry

In chronocoulometry, a potential step is applied to the electrode, like in chronoamperometry,
however the charge is measured rather than current. Chronocoulometry offers some advantages over
chronoamperometry, such as a signal that increases with time, better signal-to-noise ratio, and ease of
differentiating contributions from Faradaic and non-Faradaic reactions.

Generally, a chronocoulometric experiment is plotted as the total charge (Q) versus the square-

root of time (t2) as shown in Figure 6.
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Figure 6. Chronocoulometry input waveform (A) and measured response curve (B)

The charge, Q, of a chronocoulometry experiment is given by the integrated Cottrell expression

along with terms representing the non-Faradaic current and surface-bound species;

1/2
2nFAD, “C (Eq.9)
= T/(Z)Otl/z + le + nFAFO



where n is the number of electrons per molecule for reduction, F the Faraday constant (C/mol), A the
electrode area (cm?), Do the diffusion coefficient (cm?/s), Co the bulk concentration (mol/cm?®), Qq the
double-layer charge (C), and nFAIY is the charge from the reduction of the surface excess (1o is the
surface coverage in mol/cm?) of the redox species. The surface excess refers to redox-active species at the
electrode surface at the initial instant of the potential step, thus they undergo a Faradaic reaction
immediately. A common application of chronocoulometry is to evaluate surface excesses of electroactive

species. An example of this application is the quantification of DNA immobilized on a gold surface.®

2.2.1. Quantification of Surface-Bound DNA using Ruthenium Hexamine

Steel et al. developed an electrochemical technique now commonly employed to quantify the
amount of DNA immobilized on a gold surface using chronocoulometry.® This technique utilizes the
electrostatic attraction between the negatively charged backbone of DNA and the trivalently charged
ruthenium (111) hexamine, [Ru(NHs)s]** (RuHex). The RuHex binds to every three nucleotide base pairs
of the DNA strand. The amount of RuHex bound is determined using chronocoulometry, where the
Faradaic charge due to the bound RuHex is used to approximate the amount of surface-bound DNA. A

Electric

scheme of this process is in Figure 7.

Potential
=L) =

Figure 7. General Scheme of utilizing RuHex to measure surface coverage. (1) The DNA-modified electrode is
incubated in a solution of RuHex and (2) then an electric potential from a chronocoulometry experiment measures
the amount the bound RuHex and the RuHex diffuses from the surface.

To begin our quantification surface-bound DNA, solutions of 10 mM Tris and 50 uM RuHex in
10 mM Tris are degassed and blanketed using nitrogen. The DNA modified electrode is first immersed in
the Tris solution. The potential is stepped from +100 mV to -400 mV versus Ag/AgCl and the resulting
charge is measured versus the square root of time, Figure 6B. This method is then repeated in the solution
of RuHex. To calculate the DNA density on the surface, we must refer to Eq. 14. At time equal zero

seconds, the first term is also zero (no species have had an opportunity to diffuse to the surface) and the



chronocoulometric intercept at t=0 s is the sum of the double layer and surface excess charge. The charge
from the surface excess (1) is determined by the difference in the chronocoulometric intercept from the
Tris and RuHex measurements. The DNA probe surface density is then determined by a modified form of

Faraday’s Law;
Tpnva = To(3/m)(N4) (Ea.10)

where I'ona is the probe surface density (molecules/cm?), Z is the charge of the redox molecule (+3), m is
the number of base pairs in the DNA strand, and Na is Avogadro’s number.

As a control experiment, this method is repeated using an electrode modified with only 6-
mercaptohexanol (MCH), Figure 8A. Since there is no electrostatic attraction between RuHex and MCH

the difference of the chronocoulometric intercept is zero.
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Figure 8. Chronocoulometric response curves for (A) MCH (square) and (B) probe/MCH (circle). Open shapes
represent measurements done in 10 mM Tris while closed shapes represent the presence of 50 uM RuHex. The
difference in intercepts represents the charge of surface excess of RuHex.

2.3. Cyclic Voltammetry

Cyclic voltammetry is a well-established voltammetric technique and is often the first experiment
performed in an electrochemical study of a compound, a biological material, or an electrode surface due
to its capability for rapidly observing the redox behavior over a wide potential range.™ It is a technique in
which the applied potential is linearly scanned to a switching potential, then reversed and linearly scanned

back to a second switching potential where the cycle is repeated, as shown in Figure 9.
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Figure 9. Cyclic voltammetry input waveform (A) and measured response curve (B)

The current is measured and plotted versus the applied potential to give a voltammogram. The
switching potentials are chosen based on the electrochemical window of electrolyte and electrode and the
potential at which the analyte is oxidized and reduced. Other than the switching potential, another
controllable parameter is the scan rate, which allows elucidation of kinetic information.

Consider the reaction of potassium ferrocyanide in Figure 9B. As the scan begins, at -0.2 V (vs.
Ag/AgCI), the potential is well negative of the formal potential (E”), thus only the non-faradaic current
(ferricyanide is the fully reduced form of the analyte). As the scan approaches the formal potential, the
oxidation of the ferrocyanide to ferricyanide begins and anodic current starts to flow. As the potential gets
more positive, the current continues to increase as the ferrocyanide at the surface is oxidized at a higher
rate (see the discussion of Butler-Volmer kinetics above). Then, the current will reach a maximum and
begin to decrease to a steady diffusion-limited current due to the ferrocyanide being depleted at the
surface. At this point, the rate of ferrocyanide oxidation, and therefore the current, is determined by the
rate at which it can diffuse to the surface from the bulk of solution.

A cyclic voltammogram provides the experimenter with the peak potentials and peak currents of
both the forward and backward scans to characterize the redox couple using peak separation and peak
ratio. A redox couple is considered reversible when the reaction is fast enough to maintain the
concentrations of the oxidized and reduced forms in equilibrium with each other at the electrode surface.!
One method to determine if a redox couple is reversible is to compare the peak separation of the cyclic

voltammogram with the following equation:*°
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AEp = Eps—Epc = &:9 v (Ea-11)
A redox couple where both species rapidly exchange electrons exhibits a AEp of about 0.059/n V. A slow
electron transfer at the electrode surface causes the peak separation to increase. This increase can be
caused by an irreversible (or quasi-reversible) redox couple. Moreover, an increase in peak separation
also occurs if the quality of the electrode surface is poor or if there is a passivation layer blocking
efficient electron transfer. It’s important to note that the apparent reversibility of the redox couple also
depends on the scan rate chosen. The peak separation increases if the scan rate is too fast. The cathodic

and anodic peak current of a simple, reversible, and fast redox couple should also be identical:

(Eq.12)

Factors that affect peak separation also affect the peak ratio.

The peak current of a cyclic voltammogram can be determined by fitting the baselines of the
cathodic and anodic peak and calculating the distance from the peak to the baselines to acquire the peak
currents. The peak current for a reversible reaction dependent on scan rate and concentration by the

Randles-Sevcik equation;

Eq.13
i, = 268,600n 24D "/2¢v'/2 (Eq-13)

where iy is peak current (A), n is the number of electrons transferred, A is electrode area (cm?), D is
diffusion coefficient (cm?s), C is concentration (mol/cm?®) and v is scan rate (V/s) at 25 "C. The peak
current is related to the concentration and scan rate as illustrated in Figure 10. The concentration and
square root of scan rate can be plotted versus the peak current, as shown in Figure 10BD. A linear
relationship between the variables shows that the redox reaction between ferrocyanide and the electrode is

diffusion-limited, as it correlates to the Randles-Sevcik equation.
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2.3.1. Characterization of Gold Surfaces using Cyclic Voltammetry

Cyclic voltammetry can be used as a tool to assess the condition of the electrode surface. For the
experiments in this thesis, it is important for the polycrystalline gold surface to be polished and free of
contamination for the formation of a uniform DNA monolayer. The routine consists of a mechanical
polishing using alumina slurry, chemical treatment using piranha solution, and electrochemical polishing

with sulfuric acid as summarized later in this thesis. Figures 11 and 12 shows typical cyclic
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voltammograms of clean gold surfaces in 0.5 M sulfuric acid (Figure 11) and 2.5 mM potassium
ferricyanide/ferrocyanide (Figure 12).

As the potential is swept is the positive direction in sulfuric acid, gold oxide is formed on the
surface. It is then reduced as the potential is swept back.!? The reduction of gold oxide results in a single,
clear peak. Repeated scans in sulfuric acid result in a rearrangement of surface Au atoms. A clean,
uniform surface will display characteristic, sharp peaks in the voltammogram, as shown in Figure 11. Any
secondary peaks, broadening, or shouldering of the peaks may be a result of contamination on the surface
or in the solution.
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Figure 11. Cyclic voltammogram of 0.5 M H,SO4 using a gold working electrode

The peak separation and peak ratio of cyclic voltammograms in ferrocyanide/ferricyanide are also
used to determine the cleanliness of the electrode surface calculate. Figure 12 illustrates how the electrode
surface can affect a cyclic voltammogram. Visually, the peak currents of the polished surface (blue) are
higher and the peak separation is smaller than the contaminated surface (red). Table 1 compares peak
separation, peak ratio, and surface area of the two different surfaces. The peak ratio between the two is
similar. However, the peak separation of the dirty electrode is outside the acceptable range. The
geometrical surface area of the polycrystalline gold electrode is 0.0314 cm? calculated using the known
radius of the gold disc electrode. The peak current of the CV determines the surface area. The surface area

of a clean and smooth electrode should be close to the geometrical area.
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Figure 12. Cyclic voltammogram of 2.5 mM Ferricyanide using a gold electrode before (red) and after (blue)

surface polishing

Table 1. Characterization of Gold Surface Before and After Electrochemical Polishing

Before After
Peak
Separation (V) 0.3095 — 0.1442 = 0.1653 V # 0.059V 0.2564 — 0.1984 = 0.0579V = 0.059V
Peak Ratio
271E—6 o o 11426 -6 _ o,
298E—-6 11.72E—6 '~
Surface Area
(cm?) 2.98E — 6 11.72E - 6

2.69E5(1)15(6.7E — 6)°5(1.0E — 6)(0.05)05

= 0.0076 cm? # 0.0314 cm?

2.69E5(1)15(6.7E — 6)°5(1.0E — 6)(0.05)°

= 0.0300 cm? = 0.0314 cm?

2.4. Square Wave Voltammetry

Square wave voltammetry (SWV) is a more recent electrochemical technique developed by

Ramaley and Krause in 1969.2 The SWV waveform is a bipolar square wave that is superimposed on a

staircase wave. Various parameters, shown in Figure 13A, characterizes the waveform. The amplitude

(4E,, mV) is the height of the pulse. The period (z, s), or frequency (f = 1/ 7, Hz), is the length of time

required to complete an up and down pulse. The increment (4Es, mV) is the rise or fall in the potential

after each period. Current samples are taken twice per cycle, at the end of each pulse. The forward

current, if, arises from the first pulse per cycle, which is in the direction of the staircase scan. The reverse

current, ir, is taken at the end of the second pulse, which is in the opposite direction. A difference current,
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Ai, is calculated as ir— ir. The result of a single SWV run are three voltammograms showing forward,
reverse, and difference currents vs. the potential as shown in Figure 13B. The following equation depicts
the difference in peak current;

nFADl/ZCA (Eq.14)

Ai
(Tttp)l/z 14

P
where t, is the pulse width (S) and Ay, is the dimensionless peak current. The Ay, gauges the peak height
in SWV relative to the limiting response in normal pulse voltammetry.! Like CV, the concentration is
proportional to the difference current of a SWV voltammogram. This difference of current is one of the
advantages of SWV because the effects of non-faradaic current and the large unstable background are
subtracted out.* This also gives SWV higher sensitivity, being able to detect down to 10 nM. The general

rule when determining the parameters are as follows:

50 Eq.15
AE,(mV) = — (Ea-19)

AE (mV) = 1n_0 (Eq.16)
where n is the number of electrons transferred. For the redox reaction of methylene blue, the net electrons
transferred is 2; therefore, our SWV parameters are AE, = 25 mV and 4Es =5 mV.

Another advantage to using SWV is its high effective scan rate. Typically, with voltammetric
techniques, like CV, a high scan rate could distort the current-voltage curve by introducing
uncompensated resistance.! Unlike cyclic voltammetry, SWV can reach a reach scan rate to about 1 Vs
giving the user a shorter analysis time. The high speeds also lower the consumption of electroactive

compounds and fouling of the electrode surface.
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Figure 13. Square Wave Voltammetry input waveform (A) and measured response curve (B) (purple — forward
current, orange — reverse current, and green — difference)

2.4.1. Square Wave Voltammetry of Methylene Blue

Intercalators, inserters, and covalently-tethered electrochemically active molecules are species
reported for the electrochemical detection of DNA. **2Among these redox species, methylene blue (MB)
has been intensively studied. Methylene blue is an aromatic heterocycle that forms leucomethylene blue

when reduced with the addition of two electrons and one proton, as shown in Figure 14.%

H
N
- Na =
| . +2a"+ H' -
stC}zN% = M{CH3)2 (HaClzM 5 M{CH2 )z

5

Methylane blue Leucomethvlens blue

Figure 14. Redox Reaction of Methylene Blue

As an intercalator, MB can insert itself into the stacked, planar bases of DNA. The electronic
coupling between the MB intercalator and the = stack of DNA is important for DNA-mediated charge
transport.?% CV and SWV voltammograms were taken of MB-tethered DNA duplexes (Figure 15). Poor
peak definition and large peak separation in the CV voltammogram indicates slow-electron-transfer
kinetics and prevents confident analysis of MB-DNA complexes. However, using SWV offers clear
resolution of peaks due to its ability to lower non-faradaic current. The data shows that MB reduction is
reversible and detectable at low concentrations. Not only is MB a reversible redox couple, it is also a

strong intercalator with a binding constant of ~ 10° M.20-21 In Chapter 3, we explore the use of the
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covalently tethered MB to provide insight into the electrochemical melting of DNA for kinetic studies and
biosensing applications.
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Figure 15. Cyclic voltammogram (A) and Square Wave Voltammogram (B) of MB-tethered DNA
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Chapter 3: Review of DNA Biosensors
3.1. General DNA Concepts

DNA is an organic molecule, consisting of a chain of nucleotides, which create the genetic
makeup and functionality of life. Each nucleotide contains three covalently bonded components: a
phosphate group, deoxyribose sugar, and a nitrogenous base, as shown in Figure 16A. These bases are
adenine (A), guanine (G), cytosine (C), and thymine (T). Adenine and guanine have a purine ring while
thymine and cytosine have pyrimidine rings. Through phosphodiester bonding, these nucleotides form a
long chain, commonly known as single-stranded DNA (ssDNA). Hydrogen bonding between
complementary bases (adenine with thymine, guanine with cytosine), antiparallel to one another, forms
double-stranded DNA (dsDNA), through a process called hybridization. When the duplex is formed,
major and minor grooves form, alternating throughout the length of the dSDNA. The grooves play a rolein
the binding of proteins and small molecules. The backbone bases of a major groove are typically deeper
and farther apart compared to the minor groove. The major groove usually binds to specific sequences,
via the insertion of the alpha helix of a protein, while protein can bind nonspecifically to the minor groove
through interactions with the beta strand.” The deoxyribose sugar ring also plays an important role in the
DNA duplex. Figure 17 shows a furanose ring and torsion of the bonds. The flexible ring can adopt
different puckering conformations based on the twisting of the bonds, altering the orientation of the
phosphate backbone and nitrogenous bases.'® The C2’ and C3’ carbons are displaced above (endo-) the
plane of the C1°, C4” and O’ atoms. The typical DNA duplex has a sugar pucker conformation of

C2’endo. This section will provide an in-depth discussion on the different forms of DNA.
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Figure 16. A) Schematic diagram of the structure of the four nucleotide bases hydrogen bonded to their respective
pairs (blue dotted line). B) Typical hybridized DNA duplex with the major and minor grooves labeled.?
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Figure 17. Furanose ring system of the deoxyribose sugar group. vy represents the possible areas of bond torsion
that cause the sugar puckering around the ring.°

There are four levels of DNA structure: primary, secondary, tertiary, and quaternary. The primary
structure of DNA refers to the base pair sequence of a linear chain of nitrogenous bases, sugars, and
phosphate groups (i.e. single stranded DNA). The secondary structure refers to the bases interacting with
one another along the same chain or different chains. Besides formation of the double helix, base-pairing
within the same chain can lead to structures such as stem-loops (or hairpins) and pseudoknots, as shown
in Figure 18. Hairpins are formed when ssDNA self-hybridizes due to the sequence itself, temperature, or
mismatches. These hairpins adds instability in a DNA helix but can be essential for biological functions,
such as RNA hairpins regulating gene expression in cis or trans, serving as binding cites for various
proteins, or act as substrates for enzymatic reactions.?° Pseudoknots are formed when the bases in a loop
of a hairpin form intramolecular pairs with the bases outside of the stem, causing a second loop. These
pseudoknots have a diverse set of biological roles such as forming the catalytic core of various ribosomes,
self-splicing introns and telomerase, and altering gene expression by inducing ribosomal frameshifting in

many viruses.?
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Figure 18. Pictorial representation of a) self-dimer stem loop/hairpin, b) psuedoknot secondary DNA structures.
The red represents non-hybridized ssDNA involved in the loop.

Tertiary structures are the three-dimensional conformation of DNA, which includes the hairpons
and psuedoknots discussed above, as well as the various forms of the double-stranded DNA helix. DNA
helices exist in different configurations such as, B-DNA, A-DNA, and Z-DNA, as shown in Figure 19. B-
DNA is the most common form of the dsDNA found by Watson and Crick, which is formed under typical
physiological conditions. This duplex is a right-handed helix that contains 10.5 base pairs per turn, 3.4 A
between each base pair, and a diameter of 20 A.22 A-DNA is a high-energy conformation that occurs
under dehydrated conditions i.e. reduced water or high solvent/salt concentrations.?® Similar to B-DNA,
A-DNA is right-handed but has 11 base pairs per turn, 2.55 A between each base pair, a diameter of 23 A
and the sugar puck has a C3’ endo conformation.?> A-DNA is common in DNA-RNA duplexes as it is
more stable in transcription than B-DNA. Furthermore, the changes to the major and minor grooves allow
certain proteins, such as TATA-box binding protein (TBP) and Escherichia coli cyclic AMP receptor
protein (CAP), to bind better.1’?2 Z-DNA is a left-handed conformation that has a zigzag backbone
pattern which is caused by alternating purine—pyrimidine bases, (GC),, and the sugar ring conformation is
C2’ endo — C3’ endo.2 The duplex of Z-DNA has 12 base pairs per turn, 3.8 A between each base pair,
and a diameter of 18 A.2° The differences in structure allows for certain proteins to be enhanced more
when bound to Z-DNA than B-DNA, for example proteins in mRNA editing.'’
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Figure 19. A side view (upper portion) and top view (low portion) of A-, B-, and Z-DNA helix.*

Table 2. Summary of the DNA confirmations and their differences

B - DNA A —-DNA Z-DNA
Helix Rotation Right Handed Right Handed Left Handed
Base Pairs per Turn 10.5 11 12
Helix Diameter (4) 20 23 18
Distance between Bases (A‘) 3.4 2.55 3.7
Glycosidic Bond anti anti anti and syn
Major Groove Wide/Deep Narrow/Very Deep  Flat
Minor Groove Narrow/Deep Shallow/Very Broad Very Narrow/Deep
Sugar Pucker C2" endo C3’ endo C2’ endo and C3’ endo

Other tertiary structures of DNA include the cruciform, Holliday junction, triplex, and G-

guadruplex. Cruciforms (Figure 20a) are likely to form when DNA sequences contain palindromes, or an

inverted repeat, and after DNA recombination creates a four-way junction which two hairpins. Cruciform

structures are targets for architectural and regulatory proteins such as junction-resolving enzymes, DNA

repair proteins, transcription factors, proteins involved in replication, and chromatin-associated proteins.?

The Holliday junction is type of cruciform; however, its four-way junction is caused by four individual

strands (Figure 20b). They also target architectural and regulatory proteins and they exist in two
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conformations; folded and unfolded. In the unfolded conformation (Figure 20c), the junctions are
perpendicular to one another (occurring at low ionic strength). When folded, the junctions take on a more
X-shape and can be modeled with two duplexes exchanging strands at the junction point in high ion
concentrations.?” The triplex (H-DNA, triple helix) occurs when ssDNA binds to the major groove of a
purine-rich B-DNA helix through Hoogsteen hydrogen bonding. Hoogsteen hydrogen bonding refers to
the base pairing between the Watson-Crick base pairs (A-T, G-C) and a base (thymine or a protonated
cytosine) under acidic pH values in the absence of Mg?* or in a high degree of negative supercoiling.?®
Figures 21a and 21b depict the Hoogsteen hydrogen bonding of DNA bases and the triplex that it forms.
Introducing a third strand into the duplex allows for multiple applications such as targeting gene for
therapeutics,? modulating gene expression by promotion of transcription inhibition,***! and stimulating
DNA repair in breast cancer.®? G-quadruplexes form from sequences that are guanine-rich. The guanines
form a planar tetrad though a cyclic Hoogsteen hydrogen bonding in which each guanine makes two
hydrogen bonds with its neighbor (Figure 22). These planar tetrads stack on top of each other, forming a
guadruplex, helical structure that is dependent on monovalent cations, such as K* or Na*. Moreover, it can
form intramolecularly or intermolecularly, as shown in Figure 22.3° The G-quadruplex structure has been
shown to be an inhibitor of telomerase activity. Telomerase is upregulated in most cancer cells and can
promote the lifespan of malignant cells. 333

a) b) )

Figure 20. Pictorial representation of a) typical cruciform b) unfolded Holliday junction and c) folded Holliday
junction tertiary DNA structures. The various colors represent different strands of DNA.
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Figure 21. a) Schematic illustration of A-T/G-C Watson-Crick base pairing (blue dashes) and Hoogsteen base
pairing (red dashes). R groups represent the phosphate and deoxyribose sugar groups. Bases are denoted in
orange, note that the cytosine involved in the Hoogsteen base pairing is protonated. b) Schematic illustration of the

formation of a triplex.?
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Figure 22. Schematic illustration of G-quadruplex. a) Four guanine forms the tetrad through Hoogsteen hydrogen
bonding b) the stacking of the tetrads form the G-quadruplex.®*

Quaternary structures refer to complexes formed between DNA molecules and proteins or other

molecules. A well-known quaternary structure is the interaction between DNA and histone. Histone is

shown to interact with DNA through non-specific electrostatic binding sites and to have little binding
energy associated with it. Together, they form chromatin which serves as the primary substrate for all

DNA-related processes.**%

3.2. DNA Melting

The hydrogen bonding along with the n-stacking effect of the base pairs stabilizes the DNA
duplex. 1% A measurement of dsDNA stability is defined by melting temperature of the duplex. The
temperature at which the concentration of ssDNA and dsDNA are equal. The determination of melting
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temperature is typically carried out using UV absorbance. The temperature of a cell containing a solution
of dsDNA is increased incrementally. Meanwhile, a detector measures the UV absorbance of the solution
at 260 nm (ssDNA absorbs more strongly at 260 nm than while dsDNA does).*” The resulting curve is
sigmoidal as shown in Figure 23. The midpoint of the sigmoid, or the peak of its first derivative, indicates
the melting temperature of the DNA duplex.
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Figure 23. Orange — Melting curve displaying the change in Absorbance at 260 nm as a function of temperature
and the transition from dsDNA to ssDNA. The plot is overlaid with the first derivative of the melting curve (Gray)
where the peak represents the melting temperature (Tm).

The stability and melting temperature of DNA can be affected by GC content, sequence length,
ionic strength, and the presence of mismatches or other base pair mutations. Increased GC content in the
sequence increases the melting temperature of the duplex. This is because the GC base pair shares 3
hydrogen bonds while the AT base pair shares two. The melting temperature also increases as the length
increases due to more hydrogen bonds. The melting temperature of DNA increases by 2 °C for every A:T
pair and 4 °C for every G:C pair.®® As ionic strength decreases, the melting temperature decreases due to
the increased electrostatic repulsion between the negative phosphate backbones of the two DNA strands.
Conversely, an increase in ions will screen the negative charge of the backbone, reducing the electrostatic
repulsion and increasing the stability of the duplex. Finally, DNA mutations, such as sequence mismatch,
deletion, or insertion, disrupts the hydrogen bonding and =-stacking, which lowers the stability and affects
the shape and melting temperature of the curves. These mutations can cause diseases and cancers by
inhibiting or disrupting normal functions of a cell. In this work, a method of discriminating between
complementary and mismatched DNA will be described that relies on the melting of duplex DNA at room

temperature via electrostatic repulsion at a charged interface.
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3.3. Standard Methods for Detecting DNA

Before an in-depth conversation about surface-based DNA sensors, we shall discuss two well-
known standard solution-based techniques of DNA detection; polymerase chain reaction (PCR) and high-
resolution melting (HRM). PCR is a biological technique capable of amplifying DNA and RNA
sequences. The mechanism of PCR consists of three steps; (1) denaturation of dSDNA to sSDNA, (2)
annealing of a primer, short DNA molecules, to the single stranded target DNA, and (3) the extension of
the primer by using DNA polymerase to attach nucleotides. This step is then repeated 25-35 times to
produce exact copies of the target DNA (Figure 24).4

e [ I
I primer
[
double-stranded
DNA I E— I
Denaturing Annealing Extending
stage stage stage
94-95°C 50-56°C 72°C

Figure 24. Three steps of PCR: denaturation, annealing, and extension.*

PCR can also be used to detect, characterize, and quantify nucleic acids in a technique called
guantitative PCR (gPCR). This technique utilizes dye-based and/or probe-based labeling to quantify DNA
hybridization for mismatch detection and forensics. In dye-based PCR, a dye is used to measure the
fluorescence after each PCR cycle. As the amount of DNA increases, the fluorescence increases as well.*2
This method can be applied to forensics by detecting trace amounts of male DNA in a vast excess of
female DNA* and quantifying human blood samples.** However, insufficient concentrations of the PCR
product may yield false sex reports. DNA fluorescent gPCR Kits such as Quantifiler® and Quadruplex®
are sensitive enough to detect 32 — 44 picograms of DNA. However, the dye may bind to any dSDNA
present.”® The results may include false positives and will not report on the degradation of the PCR
products. In probe-based PCR, a type of probe is the hydrolysis probe®, which incorporates a fluorophore
and quencher. During annealing, the hydrolysis probe binds to the target sequence. The fluorescence of
the probe is quenched. During extension, the probe is hydrolyzed the signal from fluorescence increases
as the proximately of the fluorophore and quencher increases (Figure 25).# The probe-based PCR is

much more specific than the dye-based method. According to Ziola’s group, the use of a hydrolysis probe
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allows for a detection limit of 2.5 — 10 CFU (or Colony Forming Unit) of Firmicutes, beer spoiling
bacteria, per packaged 341 ml bottle or can of beer. However, they reported that the hydrolysis probe was
not sensitive enough to differentiate between the wild type and 2-bp mismatch strands.

. 99 FrR o T

Figure 25. Hydrolysis probe during the annealing and extension process of PCR.*6

High resolution melting (HRM) utilizes improved instrumentation and software to analyze PCR
products for variant scanning and genotyping. HRM analysis is a faster, simpler, and less expensive
method compared to the classical melt curve analysis.*” HRM analysis eliminates the need for
oligonucleotide probe modifications on the PCR products. In lieu of probes, dsSDNA binding dyes are
used which exhibit high fluorescence signal when bound to dsDNA and low fluorescence when unbound
(ssDNA present). Furthermore, HRM curves provide the user with two observations. As stated in the
previous section, changes in the melting temperature or curve shape is due to variation in the sequence
and base pairing mismatches of the PCR products.*® A study was done using HRM to differentiate
between eight poxviruses. Although the classical melting curve analysis was sufficient enough to detect
and differentiate the eight poxviruses, HRM analysis resulted in a clearer view of separation; showing the
advantage HRM has over the classical method.*® The disadvantages of PCR and qPCR are the
nonspecificity of the dye/probe. The use of HRM allows for mutation detection, such as cancer causing
the KRAS gene, with a detection limit of 3% for KRAS for a 114 bp sequence.5°% However, the cost is
relatively high, due to the need for highly effective instrumentation and dyes.*” Therefore, it does not

offer the potential for portable application that surface-based DNA sensors could provide.

3.4. Surface-Based DNA Sensors

DNA sequences are manufactured using techniques and instruments such as the 454Genome
Sequencer FLX. This allows experimenters to fabricate sequences specific to an organism, function, or
disease. Detailed descriptions of these instruments and techniques can be found in literature.52® Once
sequenced and purified, DNA can then be quantified and detected. This section will discuss the
methodology and fabrication of surface-bound DNA biosensors as a potentially complementary suite of
techniques to the laboratory-based techniques described in the last section.

DNA biosensors report on the hybridization and/or denaturation of dSDNA. These sensors offer
sensitive and selective sensing for DNA, proteins, and small molecules. The development of DNA

biosensors has various applications such as medical diagnostics/screenings and forensics. Surface-bound
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detection offers the ability to produce simple, portable biosensors.>*5¢ A general schematic of a DNA
biosensor is show in Figure 26. The biosensor consists of an analyte (target DNA) being detected by the
molecular recognition element (probe DNA). The hybridization of the analyte causes a physical/chemical
change which is then converted into a measurable output signal using a mode of signal transduction.

Signal Transduction

— @) (Optical, Gravimetric,
Target Electrochemical)
(Analyte)

Probe Immobilization
(Adsorption, Biotin-Avidin,
Covalent Immobilization)

Figure 26. Schematic of basic DNA biosensor
3.4.1. Probe Immobilization

The immobilization of the probe (molecular recognition) layer is essential to the development of a
DNA biosensor. For a successful sensor, the probe monolayer must be stable in its immobilization and

minimize the amount of non-specifically bound molecules.

3.4.1.1. Physisorption

The physisorption, or non-specific adsorption, of DNA probe onto a surface is considered the
simplest method because no modification to the probe is needed - physisorption relies on van der Waals
and/or electrostatic interactions between the electrode and the DNA. The earliest instance of DNA
immobilization by physisorption was in 1969 by Palecek in which polynucleotides were adsorbed onto
the surface of a hanging mercury drop electrode via hydrophobic base interactions.>”*® The detection of
DNA oligos using a hanging mercury drop electrode has been studied by Pale¢ek’s group. The
concentration of pseudouridine has been detected to be as low as 10® M using cathodic stripping
voltammetry on these electrodes.®

Physisorption has also been carried on both glassy carbon® and pyrolytic graphite®® electrodes
Similar to the mercury electrodes; the hydrophobicity of the bases plays a key role in the adsorption on
carbon electrodes. Absorption on carbon electrodes can be enhanced using positive potential pulses.®! The
hydrophobicity of the electrode, surface roughness, and applied potential during adsorption increase the

stability of the probe-surface interaction through the electrostatic attraction between the negatively
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charged probe and the positively charged carbon. This technique has been used to immobilize both single-
stranded probe DNA as well has double-stranded DNA.52 Palecek also found that loosely bound native
DNA molecules from the electrode during washing affected the peak heights of the experiments,
suggesting a relatively weak adsorption.®®

Charged polymers and polyelectrolytes have also been used to control the surface charge of the
electrode and enhanced DNA adsorption (Figure 27). For instance, nonporous glass beads,®* graphene,®®
and gold® electrodes can be modified with a thin film of chitosan, a natural polysaccharide. The Chitosan
forms an anime (-NH>) layer that is positively charged at neutral pH. The negatively charged DNA
backbone is then electrostatically adsorbed onto the chitosan-modified graphene or gold surface. Other
positively charged films, such as poly(allylamine)-hydrochloride (PAAH)® and octadecylamine,®” have
also been reported to adsorb probe through electrostatic interactions.

Although physisorption provides a simple means of immobilizing DNA on surfaces, the non-
specific nature of the DNA-surface interactions cause issues with non-specific absorption and electrode
fouling. Furthermore, the adsorbed DNA can interact with the electrode along its entire length resulting in

poor hybridization efficiency because most of the probe is not accessible for the target to hybridize

with, 6869
/\/\/\ €—— Negative Charged Probe
z z : : : : : z z <€— Charged Polymer Layer

Figure 27. Schematic of probe immobilization via adsorption of charged polymers

3.4.1.2. Biotin-Avidin Interaction

Biotin-avidin complexes provide a non-covalent method of probe immobilization on surfaces.
Avidin is a tetrameric protein that is composed of four identical binding sites for biotin. Biotin is small
molecule that has a strong binding affinity for avidin. Figure 28a depicts the general setup. For this
immobilization method, first the avidin must be immobilized either covalently via thiol bonds or
electrostatically adsorbed on polyelectrolytes (PAAH/PSS).% The probe strand can then be biotinylated to
bind with the avidin. This method has been reported to be effective on gold” or glass™ substrates.
Streptavidin is one of the analogues of avidin, with a similar structure and function. The major structural

difference is between the L3, L4 loops which is shown in Figure 28b. For avidin, it is more disordered
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than the closed, ordered conformation of the streptavidin loop. This difference in the loop allows biotin-
modified molecules to bind stronger to streptavidin than avidin.”

a) b) Avidin Streptavidin

Figure 28. a) Schematic of avidin (blue) and biotinylated (green) probe immobilization on glass and b)
crystallography to show structural differences of avidin and streptavidin™

3.4.1.3. Covalent Modifications

The surface of the electrode can be functionalized to allow for covalent bonding. For example, 1-
ethyl-3(3-dimethylaminopropyl)carboiimide (EDC) is an activation coupling reagent that turns a
carboxylic acid (-COOH) into an intermediate that readily reacts with the amide group of DNA strands, as
in Figure 29. The OH group of the carboxylic acid becomes a leaving group as EDC forms an unstable O-
acylisourea intermediate. There is then a nucleophilic substitution with an amino-modified probe strand,
resulting in a covalent bond between the probe and the surface (Figure 29).”? This modification has been
applied to carbon paste, " and carbon nanotube™ electrodes. Polymers not only provide a charged surface
for adsorption, but also a platform where covalent bonds can occur. An example is conductive polyaniline
nanowires on graphene. The graphene electrode was oxidized then coated with polyaniline (PANi)
nanowires through an electrochemical deposition procedure.” The immobilization is possible through the
formation of phosphoramidate bonds between the amino group of the polyaniline and the phosphate group
of the probe using EDC-coupling (Figure 30).”® PANi nanotubes have been reported to measure the
hybridization efficiencies of complementary and single mismatch DNA duplexes using differential pulse
voltammetry. The duplexes with a mismatch showed a lower signal and hybridization efficiency
compared to duplexes of complementary DNA. Furthermore, they reported a detection limit of 1 fM of
target DNA.”’
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Figure 29. EDC - coupling mechanism for probe immobilization
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Figure 30. Polyaniline-DNA reaction mechanism using EDC — coupling
3.4.1.4. Covalent Immobilization via Thiol-Au Bonds

In this work, we use the method of probe immobilization via thiol-Au bonds. The probe (or
molecular recognition layer) is modified with a thiol or disulfide moiety which covalently binds to the
gold, forming a self-assembled monolayer on the surface. Thiol-Au monolayers have been studied for the
last two decades, with the first reported
study in 1983 by the Nuzzo group.’ Early studies have shown that thiol groups can be modified and
attached to macromolecules, such as streptavidin™ and DNA oligonucleotides.®’ Thiol modifications on
the probe allow the experimenter to control the orientation of the probe on gold surfaces, a factor that
physisorption does not offer.®® This monolayer is typically followed up with a layer of an alkanethiol to
pacify the gold surface and limit nonspecifically bound probe.8t Moreover, there are multiple forms of
surface-active thiols, such as those in Figure 31. Alkanethiols can assemble uniform monolayers on the
surfaces of metals. However, surface impurities or defects, like those in Figure 32, affects the uniformity
and bonding of the monolayer.8? Using a thermal desorption study, Nuzzo’s group also found the strength
of the thiol-Au bond to be approximately 45 kcal/mol.2% The general reaction scheme of this bond can be

seen in Rxn. 3.8
R—S—H+Aud > R—S Au*-Aud + 1/, H, (Rxn.3)

An applied potential has been shown to disrupt the monolayers due to the reduction and oxidation
of the thiol bonds. Porter et al. conducted a study on reductive and oxidative desorption. The reaction
schemes of the reductive (Rxn. 4) and oxidative (Rxn. 5 and 6) desorption of thiol are shown in the

following;
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RS —Aul + e~ » RS~ + Aud (Rxn.4)
RS — Aul + 2H,0 - Au® + RSO,H + 3e~ + 3H" (Rxn.5)

RS — Aul + 2H,0 - Aul + RSO; +3e™ + 4H" (Rxn.6)

The reductive and oxidation desorption of n-alkanethiol on Au increases negatively as the number of
carbon increases and the pH decreases. In a solution of 0.5 M KCI at pH 7, the reductive and oxidative
desorption potentials were -0.95 and -1.2 V vs. Ag/AgCI for a 6-carbon thiol; similar to the thiol in this

work.2® A disadvantage to thiol-gold immobilization is that thermal stability above 75 °C is limited.*®

5H §—5
alkaneathiol dialkyl disuftide dialkyl suifhide
O N;
% g 5"”1“ s
alkyl nanthata dialkylthiccarbamabe

Figure 31. Surface-active organosulfur compounds from Ulman et al. 8
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Figure 32. Schematic illustration of some intrinsic and extrinsic defects in monolayers of thiols on gold.®?
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3.5. Transduction Methods for Hybridization Detection

Ultimately, the method of probe immobilization depends on the electrode material being used,
which in turn depends on the detection modality employed. As is often the case, there is a trade-off
between stability, ease-of-modification, and reproducibility. In the end, the best immobilization strategy
will be the one that gives consistent results for the chosen transduction mechanism. Here, various
transduction techniques are outlined. These methods include optical, gravimetric, and electrochemical
techniques. These techniques can be used to obtain a measurable signal which can determine

immobilization of probe, hybridization of target, or binding of proteins/small molecules.

3.5.1. Optical — Fluorescence

For fluorescence-based detection, typically the target strand is labeled with a fluorophore. Upon
hybridization to the surface-bound probe, the fluorescence is detected. For example, Mehnaaz et al used
fluorophores to detect DNA hybridization and mismatch discrimination on a microbead array.
Biotinylated probe DNA was immobilized on a microbead array using avidin. Target strands were tagged
with fluorescein isothiocyanate, Texas Red, or Pacific Blue. Once hybridized, the signal from fully the
complementary strands gave a higher fluorescent signal than non-complementary .

Molecular beacons have been reported to detect DNA hybridization. Molecular beacons are
sequences that contain a hairpin (Figure 33) with a fluorophore and fluorescence quencher on opposite
ends of the sequence. In the hairpin conformation, the fluorescence of the fluorophore is quenched.
However, once the strand hybridizes with target DNA, the hairpin breaks apart and a rigid duplex forms.
This increases the distance between the fluorophore and quencher, which increases the fluorescence of the
sensor.87 This setup allows for label-free sensing of DNA hybridization and mismatch discrimination.®
Reports have shown that gold surfaces have the ability to quench the fluorescence of fluorophores such as
rhodamine red or Cy-5. In both case, the molecular beacon is either covalently bound to a gold surface via
a thiol bond® or in solution with negatively charged gold nanoparticles.®* The fluorescence signal is
guenched as the fluorophore is in close proximity of the gold. However once hybridized, the signal
increases due to the distance of the fluorophore and surface increases or the gold nanoparticles no longer
being attracted to the dsDNA. These studies were able to report on DNA hybridization down to a

concentration of 1 10 nM.
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Figure 33. Generic setup of a molecular beacon. 4°
3.5.2. Optical — Surface-Enhanced Raman Spectroscopy Detection

Surface-enhanced Raman spectroscopy is a sensitive surface technique. When incident light
interacts with the analyte, an electric field induces a polarization of the electron cloud. This electric field
is amplified by the resonant field given off when the light also hits the surface. The metal acts similarly to
an antenna amplifying the electromagnetic field form the incident light source. Like fluorescence,
surface-enhanced Raman spectroscopy (SERS) detection utilizes labeled target strands to detect DNA
hybridization or mismatches. Raman dyes can be fluorescent or non-fluorescent. Furthermore, minor
modification to a Raman-active dye molecule can lead to different Raman spectra even if they exhibit
indistinguishable fluorescence spectra.?% Studies by Bartlett’s group utilize SERS to detect DNA
hybridization, mismatch discrimination, and melting. In these studies, a mixed monolayer of probe and
alkanethiols are immobilized on functionalized gold nanostructures. These gold nanostructures are
optimized to enhance SERS signal. Target tagged with a SERS-active label, such as Texas Red,
hybridizes with the probe; this produces a SERS signal.®* As temperature or potential is ramped, the
signal decreases due to the target melting and diffusing to the bulk of the solution.

Instead of a functionalized, structured surface, other works use a smooth surface in conjunction
with nanoparticles for the SERS detection of DNA. A monolayer of probe, alkanethiols, and 5-((2-(and-
3)-S-(acetylmercapto)succinoyl)amino) (SAMSA) fluorescein is immobilized on a smooth gold surface,
while the target is tagged with a silver nanoparticle. When hit with incident light, the gold surface and
silver nanoparticle creates an intense electromagnetic hotspot which strongly enhances the SERS signal.®

This technique is also reported to work with DNA “sandwich” structure (Figure 34) on gold nanowires.*
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SERS allow for detection limits of 1 uM to 10 pM.** A drawback of SERS detection is that is relies on the
fabrication of specialized nanostructured surfaces to obtain its low detection limits.

'F\U,ﬂ\;}’ Reporter DNA with Raman dye
MM Target DNA
AN Probe DNA

R —_
Au NW Target hybridization SERS signal

Figure 34. Example of a DNA sandwich assay on gold nanowires tagged with a Raman dye and a gold
nanoparticle®

3.5.3. Optical — Surface Plasmon Resonance

Surface Plasmon Resonance (SPR), like SERS, is an optical technique relying on the interactions
between light and the electrons on metal surfaces. As shown in Figure 35, a laser shines on a metal
surface through a prism. The laser is refracted off the surface and the refractive index is calculated with
the detector. Any changes to the refractive index are due to changes on the surface of the substrate. SPR
allows for real-time monitoring of DNA hybridization/melting as the refractive index changes. SPR has
been reported to detect DNA hybridization.®® The biotinylated probe is immobilized on a surface of avidin
on gold. As the target molecule hybridizes, the refractive index increases until it reaches a point of
saturation. It is at this point where the probe is fully hybridized with the target. This technique works well
with label-free hybridization monitoring — no fluorescence or SERS label is necessary. However, if low-
molecular weight molecules, such as short-chain DNA, are involved in the binding or if the packing
density of the film is very low, the resonance angle shifts are very slight and SPR is no longer sensitive
enough to monitor these binding events or interactions. Non-specific absorption, i.e. not via hybridization,
also results in false positives. SPR detection discriminates between mismatches. On a gold substrate with
a mixed monolayer of probe and alkanethiols, Heaton et al. studied the effects of low negative and
positive potentials on the hybridization and melting of DNA duplexes. Based on the SPR data,
hybridization rates were calculated and plotted as a function of time. They found that an applied positive
potential facilitates hybridization for mismatch DNA and a negative potential lowers both complementary
and mismatch duplex; however, the rate of the mismatch duplex is lower.**® The limit of detection for
SPR biosensing of DNA hybridization is 2 nM for 37-bp DNA.X° However, SPR is not sensitive enough
for short-chain DNA molecules or low molecular weight molecules because the resonance angle shift is

very slight.1%
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Figure 35. The basic set up of a surface plasmon resonance (SPR) experiment.
3.5.4. Gravimetric — Quartz Crystal Microbalance

A quartz crystal microbalance is a mass-sensitive sensor that can detect changes in mass on the
nanogram scale. It consists of a quartz disc between two electrodes. The crystal vibrates at a specific
resonance frequency that is dependent on the mass deposited on the electrode. When the mass of the
crystal changes, the resonance frequency changes according to the Sauerbrey equation:

—2.3+10°5f2Am (Eq.17)
A

Af =

where Af'is the change in frequency, f is the fundamental frequency of the quartz, A is the surface area,
Am is the deposited mass.1® QCM provides the opportunity to characterize the immobilization of probe
on the surface and the hybridization of target by observing the change in frequency of the QCM and
calculating the mass change. QCM-based methods have also been reported to detect mismatches. For
instance, peptide nucleic acids (PNA) probes were immobilized on QCM electrodes, then subjected to a
solution of complementary target and mismatch DNA. The frequency of the crystal changed when
hybridized with a complimentary strand, while the mismatch had no effect.1® QCM offers an effective,
label-free method to monitor DNA hybridization and mismatches. This sensitive technique allows for a
detection limit of 5 x 1072 M.8 However, in aqueous solutions, the use of QCM is can be challenging and

unreliable.105106

3.5.5. Gravimetric — Microcantilever

The working principle of microcantilevers relies on surface stress induced by mass loading.

Figure 36 show a cantilever as a DNA biosensor. The cantilever deflection signal (4z), is given by

3(1 - v)L? (Eq.18)
2= 7"

Etz (AO'I - Aﬂz)
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where E is the Young’s modulus, Vv is Poisson ratio, t and L are thickness and length of the beam and 46
— Ao, accounts for the differential surface stress.’” For a given experiment, a baseline of the deflection
signal is taken. Once established, changes to the deflective signal are monitored over time, which
represents changes in the mass on the cantilever. The use of gold-plated cantilevers was first introduced
by Fritz et al. The cantilevers are coated with a thin layer of gold and then immobilized with probe DNA.
A baseline of the deflection signal is measured over time. When introduced to complementary target, the
stress from the mass loading causes a shift in the deflection signal. The shift in signal represents
successful hybridization of DNA. The detection limit of the microcantilever was 10 nM of 12 base pairs
oligos.1%® Further studies show that the use of cantilever detection is sensitive enough to differentiate
between mismatches and target length. Microcantilevers, like QCM, offer a label-free detection method
for DNA hybridization and mismatch detection.'®® The main disadvantage of microcantilever devices are

the high costs and technical skills needed to fabricate them.%

:Z ofigonucleotide A s hybridization a7 B
‘

Figure 36. Scheme of oligo-functionalized cantilevers for hybridization detection.®
3.5.6. Electrochemical — Charge Transport

The n-stacking of the nitrogenous bases suggests that DNA has special electrical properties and
can act as a charge mediator analogous to a molecular wire due to its high conductivity and electronic
coupling of donor and acceptors.t® Two theories that arose to the mechanism behind charge transport are
super exchange and charge hopping. In the super exchange mechanism, the charge tunnels though high
energy bases without formally occupying them; however, the rate decreases exponentially with distance
between the charge donor and acceptor.!'! This model does not satisfy DNA-mediated charge transfer
over long distances. In the hopping mechanism, charge occupies the low energy sites of the base pairs,
hopping one to the next.!*112 This model does not take into account the dynamic structure of DNA since
DNA strands are not rigid “bridges.” The Barton group has proposed a domain-hopping mechanism
where charge passes through the DNA using delocalized domains.*'*'* A domain is a sequence-
dependent feature of DNA that exists in the absence of a charge. This transient nature of DNA, coupled

with the n-stacking of DNA allows charge to hop into these empty, delocalized domains along the DNA
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bridge. The electrical properties and charge transport of DNA allow for the electrochemical transduction

of some DNA Biosensors.

3.5.7. Electrochemical — Electroactivity of Nitrogenous Bases

The purine bases, guanine and adenine are electrochemically reduced at extremely low potentials
and readily adsorb onto mercury, gold, copper, and carbon.!®® Pale¢ek first demonstrated the
electrochemical oxidation of DNA adsorbed on mercury electrodes using oscillographic.5"63116
Polynucleotides were absorbed onto the surface at a potential of -0.1 V. By running adsorption stripping
voltammetry, they found that DNA denatured at -1.5 V, allowing them to differentiate between ssDNA
and dsDNA. The electrode current was measured as a function of time and a function of potential as the
analyte is stripped. Further studies by Wang et al. have improved this methodology, resulting in a
detection limit of 40 femtomoles.*'” Utilization of electrochemical techniques, such as differential pulse
voltammetry, can distinguish between single stranded and double stranded. Kerman et. al reported that the
oxidation signal of guanine on carbon electrodes decreases as the duplex form, because the guanine bases
are no longer accessible. They also saw that this signal decreases as the concentration of the target strand
increases.!!8

Another electrochemical method utilizes mediators to indirectly oxidize target DNA through an
electrocatalytic reaction. A well-known system is adopted from Thorp where a redox molecule, like
Ru(bpy)s?* (ruthenium 2,2’-bipyridine), oxidizes guanine in an electrocatalytic cycle. The electrode first
oxidizes Ru(bpy)s?* to Ru(bpy)s**, which then removes an electron from guanine to form a radical cation
which in turn, deprotonates and undergoes the cycle again (Rxn. 7 and 8).1° The signal from this
technique can differentiate between ssDNA and dsDNA where ssDNA has a higher signal because
ssDNA has more accessible guanine bases than dsDNA.

Ru(bpy)3* — Ru(bpy)3* + e~ (Rxn.7)
Ru(bpy)3* + guanine - Ru(bpy)3* + guanine* (Rxn.8)
3.5.8. Electrochemical — Enzyme-Labeled

This scheme consists of a surface-bound probe strand hybridizing with an enzyme-tagged target
strand. The redox-active enzyme typically undergoes an electrocatalytic reaction with the DNA and
surface which amplifies the measured signal. Horseradish peroxidase (HRP) is used to study the signal
amplification from enzymes. A redox polymer, poly(4-vinylpyridine)-coacrylamide-Os(bpy).Cl,, is drop-
casted or electrodeposited on an electrode. A capture probe is covalently bound to the surface. The
hybridization of target is followed up with the enzyme-tagged detection probe to form a DNA duplex

(from three strands) with the distal end tagged with HRP. The electrocatalytic reaction is as follows: the
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electrode oxidizes Os(bpy)2** to Os(bpy).?* which reduces HRP. The result is a reduction of hydrogen
peroxide to water. The resulting amperometric current increases with the concentration of hydrogen
peroxide. Further studies found that mismatches in the sequence disrupt the electrocatalytic reaction of
the enzyme,120-122

Glucose oxidase amplifies the amperometric signal. In a similar sandwich-type assay, a capture
probe is immobilized gold then hybridized with target and the glucose oxidase-tagged detection probe.
The electrode is then incubated in a redox solution of poly(4-vinylpyridine)-coacrylamide-Os(bpy).Cl.
(PVA-Os). The result is an increase in oxidation current due to the electrocatalytic reaction with glucose
when glucose oxidase is activated by the Os(bpy).?* coating. This increase in current is proportional to the

concentration of glucose in the solution and decreases if mismatches are present.'?

3.5.9. Electrochemical — Redox Indicators

Using a redox molecule yields an electrochemical signal which decreases or increases based on
DNA hybridization. This method is similar to fluorescent dyes for optical signals; however, redox
molecules offer more versatility for measurements. The performance of surface-bound DNA sensors is
affected by the following properties of redox molecules: formal potential, affinity for DNA, selectively of
dsDNA versus ssDNA, and nonspecific binding to the electrode surface. The formal potential of redox
molecule should be within a range that does not affect the DNA duplex, i.e. cause dehybridization or
desorption from the electrode. The redox molecule should bind to DNA, specifically to dsSDNA, to detect
hybridization. Figure 37 depicts the three types of redox-active molecules for electrochemical
measurements. The redox molecule should also demonstrate low nonspecific binding to the surface to

reduce background current/noise.*
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Figure 37. Three variations of using redox-active molecules in electrochemical transduction.

38



3.5.9.1. Groove Binding Redox Molecules

Having been the first to report on surface-bound, electrochemical detection of DNA, Hashimoto
et al., used the electroactive molecule Hoechets 3258 to monitor DNA hybridization. Fully hybridized
DNA was immobilized on gold electrodes via Au-thiol bonds. The electrode was then incubated in
Hoechets 3258, which binds to the minor grooves of dsDNA, as shown in Figure 37. Linear sweep
voltammetry was then used to show that the redox signal was much higher in dsDNA than ssDNA
because more of the redox molecule was bound to the DNA.®8 In section 4.5.6., Ru(bpy)s®* is used as a
minor groove binder to facilitate the electrochemical detection of guanine. In a more recent study, a bis-
acetylferrocene ethylenediamine complex ((AFc)2-en) is used as a groove binder as it is less toxic than
Hoechets 3258. As a groove binder, it was used as a novel method for DNA hybridization detection. It
has a binding strength of 3.5 x 10° Lmol and a detection limit of 2.0 x 10-*® M. Although effective,
groove binders can be toxic, such as Hoechets 3258, and have a weak binding strength compared to other

methods.*?*

3.5.9.2. Covalently-Bound Indicators

Methylene blue and ferrocene are common covalently-bound redox indicators used in DNA
biosensors. Ferrocene is a stable organometallic compound which exhibits a fast, electrochemically
reversible redox reaction. The ferrocene molecule is typically covalently bound to the DNA strands
through an aminohexyl-linker. The reaction scheme for this linker is described in detail by lhara et al.??»
Other methods of synthesizing and purifying ferrocene-tagged DNA have also been reported.25-12
Nakayama et al, utilized ferrocenyl, a derivative of ferrocene, and a sandwich-type assay, such as the one
in Figure 34, to monitor DNA hybridization and mismatch discrimination. A capture probe strand is
immobilized onto a gold surface. The ferrocenyl-tagged detection probe is hybridized with the target, then
the complex is hybridized with the immobilized capture probe. Differential pulse voltammetry is then
used to measure the amount of ferrocenyl units, which equates to the number of hybridized duplexes on
the surface. The results show that a redox signal was present for fully complementary target but there was
no signal for non-complementary target.*?® Ferrocene is used a model similar to the molecular beacon in
fluorescence measurements, allowing for label-free detection. The probe is immobilized on gold and can
adopt two different conformations, a hairpin (without target DNA) and the hybridized duplex (with target
DNA). A ferrocene molecule is tagged on the distal end of the probe. In its hairpin form, the ferrocene is
near with the electrode surface; therefore, there is a strong voltammetric signal. After incubation in target
solution, the probe hairpin hybridizes with the target causing the ferrocene to be further away from the

electrode and lowering the redox signal.*?°
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3.5.9.3. Intercalators

Methylene blue (MB) is recognized as a molecule to detect DNA hybridization and discriminate
mismatches in a similar fashion to ferrocene. MB can intercalate from solution or be utilized as a covalent
modification, as mentioned above. A study on methylene blue and its affect as an intercalator was
reported by Kerman.**1* A mixed monolayer of probe DNA and alkanethiol is formed on the surface of
a gold electrode. The electrode is in hybridized with target DNA forming the duplex. Once formed, it is
incubated in a solution of methylene blue. This allows the MB to intercalate in between the base pairs.
Differential pulse voltammetry was used to measure the immobilized probe before and after
hybridization. They found that once hybridized, the MB signal decreases. Further studies found that MB
has a strong affinity towards guanine and by forming the duplex, the guanine are less accessible.'® Barton
et al. reported a new method for DNA detection using methylene blue and ferricyanide. A gold electrode
was modified with a monolayer of thiolated dsSDNA. The duplexes were then incubated in MB.
Electrochemical measurements were done in a solution of ferricyanide. A negative potential reduces the
MB to leucomethylene blue, which readily reduces ferricyanide to ferricyanide. This electrocatalytic
cycle then regenerates the MB.1%? Later studies have shown that mismatches disrupt the electrocatalytic
cycle, diminishing the redox signal.t*® Although both are well studied, methylene blue has some
advantages over ferrocene. The oxidized form of ferrocene is extremely prone to nucleophilic attacks and

its electrochemical signal decreases over time.1?
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Chapter 4: Electrochemical melting of surface-bound DNA
4.1. Introduction

Development of DNA sensors based on electrochemical or optical measurements on gold
electrodes is an area of active research with promising applications in point-of-care detection of
biomarkers for medical diagnostics and forensics. These sensors utilize electrochemical techniques,3+%
spectroscopic detection (particularly SPR and SERS),**%42 DNA-mediated charge-transport,%14 and
gravimetric measurements.’* In many of these sensors the gold substrate is first modified with a mixed
monolayer of probe DNA and an alkyl thiol. Subsequent hybridization of the target DNA results in a
measurable signal via one of the transduction mechanisms mentioned above. In this work, we present a
method for the monitoring and melting surface-bound DNA using a purely electrochemical approach at
room temperature. This method relies on the application of a sufficiently negative potential to the
modified gold electrode, resulting in destabilization of the surface-bound DNA, dehybrization, and
subsequent diffusion of the DNA into the bulk of the solution. This method is distinct from temperature-
based melting of surface-bound DNA, which uses increased temperatures to melt surface bound
DNA 14514 The extent of hybridization is monitored by square wave voltammetry of methylene blue
attached to the proximate end of the target strand.

While surface-based electrochemical approaches have great potential, much work is still required
to fully understand the underlying electrochemistry and bioelectrochemistry of these systems and the
behavior of DNA in the high electric fields generated at these interfaces. The effect of electric fields on
surface-bound DNA is well studied. Relatively small electric fields have been shown to orient single-
stranded DNA on surfaces. Negative potentials orient DNA in an upright position, due to electrostatic
repulsion. In the presence of free target strands in solution, positive potentials can provide enhancement
of hybridization, by decreasing the electrostatic penalty of the approaching negatively charged phosphate
backbones.'¥”**! Theories to explain this enhancement include Pettitt’s thermodynamic theory for the
effect of electric field on the stability of surface-bound DNA duplexes. Hybridization in the presence of a
positive potential results in both greater hybridization efficiency and enhanced hybridization kinetics.
These results suggest electrostatic effects play a key role in the hybridization and orientation of surface-
bound DNA, offering routes to control DNA assembly utilizing the applied potential.

The destabilizing effect of negative applied potentials has also been explored.**”14° In these
reports, negative potentials are found to inhibit hybridization and to initiate melting of previously
hybridized surface-bound DNA. Bartlett et al, have applied this concept towards development of an
electrochemical melting procedure on nanostructured gold electrodes utilizing SERS to detect the extent

of hybridization.®® Most of these “e-melting” studies rely on spectroscopy techniques to monitor the
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extent of melting, focusing on melting at constant potentials, in the presence of free target in
solution.8149 These experiments firmly establish the ability of an electric field to melt surface-bound
DNA. Bartlett’s work introduces the concept of melting potential, analogous to melting temperature, as an
indicator of duplex stability and characterizing surface-bound DNA. Additionally, Bartlett et al. have
utilized peptide nucleic acids (PNA), which are charge neutral, in lieu of DNA in e-melting
experiments.®>? Signal change due to DNA dehybridization still occurred suggesting that the mechanism
behind e-melting is not purely due to the electrostatic repulsion of the phosphate backbone and the
electrode surface. More recently, infrared reflection absorption spectroscopy of surface-bound DNA
duplexes in situ suggests that the base pairs become strained under the application of negative potentials
by destabilizing the hydrogen bonds.*>® There is no evidence that the local temperature of the surface is
increased, due to joule heating or other mechanism, as has been reported in other cases.

Here we present an in-depth study of e-melting using a simple electrochemical approach. Our
approach is carried out in low ionic strength buffers and moderate probe densities, minimizing counterion
screening without introducing steric hindrances to hybridization. We carefully examine potential-
dependence of the melting kinetics and the melting efficiency. In addition to introducing a facile
methodology for DNA analysis and biophysical studies, these results shed some light on the mechanism
of e-melting and the interplay of double-layer charging and duplex stability.

4.2. Experimental Method
4.2.1. Preparations of Materials

The 34- and 18-base pair complimentary probe, 2-mismatch probe, 1-mismatch probe, and target
DNA strands, sequences shown in Table 3, were purified by dual HPLC (LGC Biosearch Technologies,
Petaluma, CA). The probe oligos were labeled with a thiol group through a 6-carbon linker on the 5* end
and was delivered in the form of a disulfide. The strands (either probe or target) were tagged with
methylene blue are labeled with an amine group. The methylene blue was covalently attached according
to procedures by LGC Biosearch Technologies. The amine-modified oligos were diluted and sorted in 0.1
M sodium carbonate buffer (pH 9). Methylene blue, modified with an NHS ester (LGC Biosearch
Technologies, Petaluma, CA), was diluted and stored in DMSO (Aldrich, Wyoming, IL). The MB
solution was added to the oligo in a ratio of 10:1 to react. The reaction was run for 24 hours, in the dark,
at room temperature. After the reaction, the solution was desalted and purified using four 25 g Sephedex
columns (GE Healthcare Life Sciences, Pittsburgh, PA) placed in series on an FPLC (GE AKTApure
(25L) serial number: 29018224).
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Table 3. DNA Sequences

Name Sequence

34-bp Fully Probe: 5’HS-C6-TGG ATC GGC GTT TTA TTC TTG TTC AGA TAT TCA A 3’
Complementary duplex Target: 3 (@)*ACC TAG CCG CAA AAT AAG AAC AAG TCT ATA AGT T 5’
34-bp Single Mismatch ~ Probe: 5’HS-C6-TGG ATC GGC GIT CTA TTC TTG TTC AGA TAT TCA A 3’
duplex Target: 3’ (MB)-ACC TAG CCG CAA AAT AAG AAC AAG TCT ATA AGT T 5’
34-bp Double Mismatch ~Probe: 5’HS-C6-TGG ATC GGC GTT CCA TTC TTG TTC AGA TAT TCA A 3’
duplex Target: 3’ (@)*ACC TAG CCG CAA AAT AAG AAC AAG TCT ATA AGT T 5’
18-bp Duplex (MB on Probe: 5’HS-C6-TTG ATC GGC GTT TTA TTC 3’

target) Target: 3’ (MB)-AAC TAG CCG CAA AAT AAG 5’

18-bp Duplex (MB on Probe: 5/HS-C6-TT(MB)G ATC GGC GTT TTA TTC 3’

probe) Target: 3’ AA----C TAG CCG CAA AAT AAG 5’

34-bp Probe Hairpin Probe: 5’HS-C6-TGG ATC GGC GTT TTA TTC TTG TTC AGA TAT TCA A 3’
34-bp Target Hairpin Target: 3’ (MB)-ACC TAG CCG CAA AAT AAG AAC AAG TCT ATA AGT T 5'

Sulfuric acid (Pharmco-Aaper, 95-98 wt%, ACS grade), hydrogen peroxide (BDH/VWR
Analytical, 30 wt% in H,0), hydrochloric acid (Pharmco-Aaper, 36.5-38 wt%, ACS grade), potassium
ferricyanide (111) (Sigma-Aldrich, >99 wt%), tris(2-carboxyethyl)phosphine-HCI (Sigma-Aldrich, >98
wt%, TCEP), hexamine ruthenium (I11) chloride (Alfa Aesar, 32.1 wt%, RuHex), 1-mercaptohexanol
(Sigma-Aldrich, 97 wt%, MCH), Phosphate Buffered Saline tablets (Sigma-Aldrich, >98 wt%, PBS), Tris
base (JT Baker, 99.9 wt%), NaCl(Sigma Aldrich, >99 wt%), KCI(EM Science, 99 wt%), MgCl, (Johnson
Matthey Electronics, 97.5 wt%), and EDTA (Sigma, >99 wt%) were used as received. Solutions were
made using 18 M€ nanopure water.

Four buffers were prepared and used as follows: (1) Probe incubation was performed using a PBS
solution (10 mM phosphate buffer, 1.0127 M NaCl and 3.7 mM MgCI2 at pH 7.4), (2) Electrodes were
rinsed in 5 mM Tris with 10 mM NaCl at pH 7, (3) DNA hybridization was performed in 10 mM Tris
with 1.0 M NaCl and 1 mM EDTA at pH 7, and (4) Electrochemical measurements were performed in 10
mM Tris buffer at pH 7.

4.2.2. Preparation of Gold Electrodes

A schematic of our DNA electrodes is shown in Figure 38. To start, polycrystalline gold disk
electrodes (2 mm diameter, CH Instruments, Austin, TX) were mechanically polished using 1 and 0.05
pum alumina slurry followed by sonication for 10 min in ethanol and DI water, sequentially. The
electrodes were submerged in piranha solution (3:1 sulfuric acid to 30% hydrogen peroxide) for 30 s to
remove residual organic matter. After thorough rinsing in DI water, the electrodes were electrochemically
polished in 0.5 M H,SO4. The process consisted of (a) pulsing the potential at 1.6 V for 5 s, then stepping
to -1 V for another 5 s for a total of 20 cycles, (b) cycling the potential from -0.2 to 1.6 V for 50 cycles at

43



10 V/s, (c) and cycling the potential from -0.2 to 1.6 V for 10 cycles at 50 mV/s. After cleaning, the
electrodes were then cycled in 2.5 mM KiFe(CN)e/KsFe(CN)gs in 1 M KCI. The final CVs in H.SO.4 and
Ka4Fe(CN)es/KsFe(CN)s were used to verify the cleanliness of the surface.

4.2.3. Preparation of DNA-Modified Electrode

After reduction of the target disulfide bond with TCEP, the probe solution was diluted to a final
concentration of 10 uM using PBS buffer. The polished electrodes were incubated in this solution for 20-
24 hrs in the dark at 4 °C. Afterward, the electrodes were backfilled with 10 mM MCH in PBS buffer for
1 hr to prevent non-specific absorption of DNA. At this stage, the surface density of probe was
determined using the RuHex assay as first reported by Steel et al.° The average probe densities were
found to be 8 x 10> molecules/cm? + 2 x 10'? molecules/cm?. These values agree with previously recorded
values under similar conditions. The electrodes were then incubated in a solution of 5 puM target DNA, in
the dark, for 2 hours at either room temperature (~25 °C) or 55 °C. Room temperature hybridization was
only used for the experiments requiring the hairpin on the 34-bp oligonucleotide.

4.2.4. Electrochemical Instrumentation and Parameters

Electrochemical measurements were carried out using a VersaStat 4 potentiostat with
VersaStudio software (Ametek Scientific Instruments, Berwyn, PA) or a WaveNow potentiostat with
AfterMath software (Pine Research, Durham, NC). A typical three-electrode cell was used, which
consisted of a DNA-modified gold working electrode, a platinum wire auxiliary electrode (CH
Instruments, Part# CHI102), and an Ag/AgCIl/1M KCl(aq) reference electrode (CH Instruments, Part#
CHI111). All electrochemical measurements, including the melting routines described below, were
carried out at room temperature.

The electrochemical melting routines consisted of a programmed sequence of potential pulses,
between which SWV are acquired to monitor the amount of MB-tagged DNA on the electrode surface
after each potential pulse. The pulse potentials were either incrementally decreased (Figure 39ab) or kept
constant (Figure 39cd). After each pulse, but before the SWV, 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 -0.45 V, amplitude 25 mV, period 6 ms, and pulse
width 10 milliseconds. The baseline subtracted SWV peak currents were plotted versus time or pulse

potential. All measurements were carried out in a solution of 10 mM tris.
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Figure 38. Schematic of our DNA-modified electrode procedure. (1) We employ a three-step cleaning/polishing
method to prepare our gold surface. (2) A mixture of thiolated probe DNA and mercaptohexanol (MCH) is
immobilized on the surface. (3) The electrode is then incubated with a methylene blue (MB)-tagged target DNA.
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Figure 39. Schematic of the electrochemical melting routines. Each potential pulse is held for a fixed pulse time, tp.
After each pulse, the potential returns to an equilibration step for 10 s before a square wave voltammogram is
acquired. During an e-melting experiment, the pulse potentials either (a-b) decrease throughout the routine or (c-d)
remain constant for the duration of the melt. Zoomed-in snapshots of the melting routines for (a) and (b) are shown
in (b) and (d), respectively.
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4.3. Results and Discussion
4.3.1. Monitoring of e-Melting

The SWV signal from the MB is used to monitor the amount of target hybridized to the surface-
bound probe. Initial voltammograms, before the application of destabilizing negative potentials, indicate
the successful hybridization of the target DNA with the surface-bound probe DNA. Figure 40 displays the
average peak currents and peak potentials of 34-bp and 18-bp duplexes before the melting routine
(hybridization carried out at 55 °C). These values are representative of initial peak currents observed for
the other sequences used in this work and hybridization at room temperature. The initial voltammograms
are measured after a 5-minute rinse to remove non-specifically absorbed target from the surface. In
absence of surface-bound probe, the MB signal from non-specifically bound target DNA is well below 1
mA (data not shown). This indicates that the mercaptohexanol layer is successfully preventing most non-
specific absorption. Though all electrodes were prepared the same, i.e. incubation times and rinsing
protocols are the same, there is still considerable spread in the initial peak currents and potentials. This
random error indicates that there is variability in the initial density of target bound on the electrode and/or
a difference in the accessibility of the MB indicators. Nonetheless, we have found that peak currents
above of at least 4 A give relatively consistent e-melting results. Furthermore, the performance of the
DNA modified-electrodes was found not to depend on the initial peak potential.
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Figure 40. Bar graph representation of average peak potential (a) and average peak current (b) from square wave
voltammograms of methylene blue tagged duplexes at two different lengths. Each SWV was taken using the
parameters stated earlier in 10 mM Tris solution.

To show the effects of negative potential pulses on the peak current, a collection of the baseline-

subtracted voltammograms obtained during the melt routine is plotted in Figure 41. This experiment
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involved 34-bp complementary duplexes hybridized at 55 °C (to prevent hairpins). The potential was
stepped from -0.1 V to -1.0 V (vs. Ag/AgCl in 1.0 M KCI) with 10 mV increments and a pulse time of
480 s. After each potential pulse, the working electrode was returned to an equilibration potential of -0.1
mV for 10 s before acquiring the voltammogram. As seen in Figure 41, the peak current decreases as a
more negative potential is applied to the electrode. This supports the claim that negative potentials
dehybridize the DNA duplex, causing the target strand to diffuse into the solution.
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Figure 41. Overlay of a subset of MB-tagged DNA SWV voltammograms during e-malting experiment. The
experiment involved 34-bp complementary duplexes hybridized at 55 °C. The potential was stepped from -0.1 V to -
1.0V (vs. Ag/AgCl in 1.0 M KCI) with 10 mV steps and a pulse time of 480 s. After each potential pulse, the working

electrode was returned to an equilibration potential of -0.1 mV for 10 s before acquiring a voltammogram. The
arrow indicates the direction of progressively more negative pulse potentials.

4.3.2. Melting Curves - Scanning Potential

By incrementally decreasing the potential, we acquired potential melting curves at various pulse
times. In these experiments, the potential was decreased from -0.1 V to -1.0 V in 10 mV steps and each
pulse was held for a given pulse time (t,). In between each applied potential pulse, a pulse of -0.1 V
equilibrated the system and SWV was used to monitor the extent of melting. The baseline of each
voltammogram was fit with a linear line and subtracted to determine the peak current (ip). The peak
current of the voltammograms were then normalized with respect to the first SWV peak current and
plotted against the applied potential, resulting in a potential melting curve as seen in Figure 39. The 480 s
pulse time (purple, o), corresponds to the data discussed in the last paragraph. Decreasing towards -400
mV, no loss in MB signal is observed. Instead, a slight increase in peak was often observed. This may be
caused by structural rearrangements of the thiol monolayer, reorientation of the DNA duplexes and/or

reorientation of the MB moieties relative to the electrode surface.'>® Beyond -400 mV, the signal
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decreases as the DNA melts, until around -800 mV. It should be noted that at potentials beyond -600 mV/,
thiol desorption can occur, so that at least some of the signal loss is due to desorption of the entire duplex.
This will be discussed later. These melting curves are analogous to temperature melting curves and allow
us to determine the melting potential. Like the melting temperature, melting potential in our experiments
is the potential at which half of the DNA has dehybridized and diffused away from the surface. The
melting curves were fit with the following stretched sigmoidal function:

o (Eq.19)

$a2-t
1+e ¢3

where ¢ is the peak current maximum (equal to 1 for the normalized peak current data), ¢ is the melting

E(t) =

potential, and ¢3 describes the broadness of the curve. The broadness of the sigmoid provides information
on the electrostatic effects at the surface i.e. the rate that the target strand starts to “unzip” and diffuse into
the solution.*®®

Figure 42 depicts the effect of pulse time on melting curves. The pulse times used were 5 s, 60 s,
and 480 s. As the pulse time increases, the curves shift more to the right as the apparent melting potential
becomes more positive. At 5, 60, and 480 s pulse times, the melting potentials are -750 £ 50 mV, -680 +
50 mV, -570 + 30 mV, respectively. Although it has been reported that the melting potential is dependent
on the stability of the DNA duplex,*®® the oligonucleotide sequence, environment, pH, and ionic strength
are the same for each of these melts; thus the change in the melting potential is presumably caused by
kinetic effects. One hypothesis is that DNA melting starts at the electrode surface, where the electric field
is the highest.!®” But the subsequent SWV signal from loss of MB, requires that the DNA have time to
completely dehybridize and diffuse away from the surface. Therefore, longer pulses allow more time for
the DNA to melt and diffuse away, leading to a lower observed melting potential. It was found that the
observed melting potential did not continue to shift positive beyond a pulse time of 480 s, indicating that
this is enough time for the melted DNA to leave the surface.

The broadness of the sigmoidal fit is less affected by the pulse time. At5s, 60 s, and 480 s ¢3 is
found to be 48 + 5 mV, 58 + 5 mV, and 65 + 1 mV, respectively. As pulse time decreases, the sigmoid
becomes less broad: the signal drops more sharply around the melting potential. This suggests that the
more rapid potential pulsing at shorter pulse times may play a role in facilitating efficient diffusion of
single-stranded DNA away from the surface. Essentially, the rapid influx and efflux of ions at the
electrode surface enhance mixing and diffusion of the free strands into the bulk of the solution resulting in
a steeper decrease in the SWV signal. Similar potential-assisted diffusion effects have been reported for

the enhanced formation of thiol monolayers and DNA hybridization at gold surfaces.%8%
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Figure 42. Normalized peak currents plotted versus the pulse potential of fully complemented 34 — base pair DNA
duplexes. The potential decreases from -0.1 V to -1.0 V at 10 mV steps. Each data point reports on the amount of
MB-tagged target still present at the electrode surface. From left to right, the curves correspond to melting of DNA
at various pulse times: 5 s (green, ¢), 60 s (blue, m), and 480 s (purple, e). The first derivatives of the melting
curves are shown in the inset to depict the change in melting potential. 5 s (green, solid), 60 s (blue, dotted), and
480 s (purple, dashed).

Next, we investigated the effect of hairpins, sequence length, and mismatches on the melting
curves. These experiments were done at potentials of -0.1 V to -1.0 V in 10 mV steps and a pulse time of
480 s. Table 3 displays the sequences for 18-bp duplex, 34-bp duplex with hairpins (presence favored by
hybridizing at room temperature), and 34-bp duplex with single mismatch DNA (no hairpins). The
melting temperatures, calculated with the nearest-neighbor two-state model, of the fully complementary
34-bp sequence, the mismatched 34-bp sequence, and the 18-bp sequence are 59.8 °C, 57.9 °C, and 47.8
°C (Integrated DNA Technologies, https://www.idtdna.com/calc/analyzer, 0.25 uM Oligo and 50 mM
Na*). Although the conditions used in this model do not exactly correspond to the conditions used in our
experiments, they do provide an indication of the relative stabilities of these duplexes. Melting
temperatures for the hairpin-containing duplex were not calculated due to uncertainty about the structure
and extent of hybridization. Nevertheless, the hairpin is expected to destabilize the 34-bp duplex relative
to the hairpin-free duplex. Overall, if melting potential is an indication of stability, the hairpin-containing
duplex, the single mismatch duplex, and the 18-bp duplex are all expected to melt at less negative
potentials than the fully complementary, 34-bp hairpin-free duplex.

Hybridization of the 34-bp sequence at room temperature results in a stable hairpin on both the
probe and target strands, which should disrupt full hybridization. These hairpins have melting
temperatures of 33.4 °C and 44.5 °C on the probe and target, respectively, as shown in Table 3 and Figure

43. To our surprise, the hairpin-containing 34-bp duplex displays a more negative melting potential (-590
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mV) compared to the hairpin-free duplex (-570 mV). Furthermore, there are no significant differences
between the broadness factors. It is also worth mentioning that the initial peak current values are more
reproducible when the electrode is fully annealed without any hairpins. The apparent enhancement of
stability associated with the hairpin cannot be easily rationalized in terms of simple electrostatic repulsion
between phosphate backbone and electrode. Some insight may be gained by closely inspecting the work
of Mahajan et al.®® In that work, the melting temperatures and melting potentials of three 22-mer
duplexes were compared: a wild type target (WT) which was fully complementary to the probe, a single-
mismatch target (1653C/T), and a target containing a triple deletion (AF508). The melting temperatures
are reported to be ~51 °C, ~46.5 °C, and ~39.5 °C for the WT, 1653C/T, and AF508 targets, respectively.
While it was found that the AF508 target (triple deletion) is less stable in the electric field than the single
mismatch and wild type targets, the difference was not as large as anticipated. The secondary structure
and tertiary structure for the AF508 duplex was not discussed in that work, but the triple deletion is
expected to disrupt hybridization on either side of the mutation, potentially leading to a disruption of the
double helical structure itself. Their result, and ours, suggests that deviations from the rigid cylinder-like
structure typical of short DNA duplexes may provide enhanced stability against applied electric fields
despite the thermodynamic instability imparted by these motifs.
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Figure 43. Image showing the location of the hairpin in a) 34 — base pair probe and b) 34 — base pair target, from
IDT Oligo Analyzer

The 18-bp sequence was found to have a melting potential of -570 mV, the same as the hairpin-
free 34-bp sequence. Figure 44 displays the melting curves of the 34- and 18-bp sequences to show that

both the melting potential and broadness factor are similar. Given that this duplex’s melting temperature
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is 10 °C lower than the 34-bp duplex, the results were not expected. Recall that a relatively small
difference of 1.9 °C between the fully complimentary and single mismatch 34-bp sequence resulted in a
20 mV difference in melting potential. Here, a 10 °C difference between the 18-bp sequence and the 34-
bp 100% complimentary sequence does not result in a significant difference in the melting potential. This
suggests that longer sequences may not necessary contribute to enhanced stability in the electric field,

which originates at the electrode surface and is predicted to extend less than 10 nm into the solution.
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Figure 44. Normalized representative melting curves of 34-base pair (purple, ) and 18-base pair (green, ¢) DNA
duplexes. The potential decreases from -0.1 V to -1.0 V at 10 mV step with a pulse time of 480 s.

4.3.3. Time Traces at Constant Pulse Potential

Unlike the melting routine presented in the last section, time traces monitor the SWV signal as a
function of time between applied pulses of constant potential (see Figure 39cd). Much like in the previous
section, the baseline-subtracted peak current reports on the presence of hybridized DNA, via MB, at the
electrode surface. These peaks currents are plotted versus time and normalized to the initial peak current.

In each case, the curves are fit with a sum of exponential functions of the form:
i(t) = A;e~(/) + A6~ (/D) (Eq.20)
Since the data is normalized, A; + A; = 1. Therefore,
i(t) = Aje (/) + (1 — Ap)e (/e (Eq.21)

where A; is the amplitude for the first exponential and z: and 7> are time constants of our melting
experiment. These time traces at constant potential provide a more sensitive approach toward

interrogating duplex stability. Generally, 7> was found to be orders of magnitude larger than 71 and is
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responsible for the slow decay at long times, whereas z: was found to be sensitive to the duplex under
study: a larger value of 71 indicates that the duplex is more stable in the high electric fields and requires
more time to melt. Time traces could not be fit with a single exponential function. However, the time
constant, 71, proves to be sufficient enough to provide us with information about e-melting.

First, we studied the effects of pulse time on the constant potential time traces using 34-bp fully
complementary duplexes. Figure 45 depicts the effect of pulse time on time traces with constant potential
pulses at -750 mV. At 60 s, 240 s, and 480 s pulse times 71 values were 52 £ 9's, 110 £ 10 s, and 170 £ 40
s, respectively. As pulse time increases, so does z1, meaning that the target strand is removed from the
electrode at a lower rate. As previous stated, pulse enhanced stirring occurs as the potential is pulsed

between potentials.'*®1%° At shorter pulse times this stirring effect enhances removal of DNA from the

surface, resulting in a shorter i, as observed.
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Figure 45. Normalized SWV peak current vs. time of fully complementary, 34-bp DNA duplexes. The potential was
held constant at - 750 mV and the pulse time varied at 60 s (blue, @), 240 s (green, ¢), 480 s (purple, m).

Next, we investigated the effects of the pulse potential (using the same duplex as above). Figure
46 depicts time traces at -500 mV, -600 mV, and -750 mV using a pulse time of 480 s. A control is also
shown in which an open cell potential replaces each potential pulse, i.e. no potential was applied between
voltammograms. During the control, no MB signal is lost. However, we do see a slight increase in peak
current, possibly due to structural rearrangements, as previously noted for the melting curves.!*>® As pulse
potential becomes more negative, z; decreases. At -500 mV, -600 mV, and -750 mV z; values are 2000 +

200 s, 400 + 80 s, and 150 £ 10 s respectively.
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Figure 46. Normalized SWV peak current vs. time data with the pulse time being held constant at 480 s while the
pulse potential varied at -500 mV (blue, e), -600 mV (red, 4), and -750 mV (green, m). The control (black, x) was
done by taking square waves every 480 s.

Next, the dependence of sequence length, hairpins, and mismatches was carried using this
constant potential routine. In each instance, the duplex was melted at two potentials: -500 mV and -750
mV, with a pulse time of 480 s. As seen in Figure 46, -500 mV is low enough to start melting and -750
mV is sufficient to melt most of the target strand. First, we will examine how the 34 base-pair duplexes
hybridized at 55 °C and room temperature compare to determine how the time traces are affected when
hairpins are introduced into the system (Figure 47). At -500 mV, the 7; values are 2000 £ 200 s and 5000
+ 1000 s for fully complementary and hairpin-containing duplexes, respectively. At -750 mV, the 71
values are 150 + 10 s and 300 + 100 s for fully complementary and hairpin-containing duplexes,
respectively. Based on these values, our method is sensitive enough to discern whether the sequence has a
hairpin. Typically, a hairpin in the sequence should lower the overall stability, leading to a lower melting
temperature or a faster rate in melting. In this case, the hairpin-containing duplex melted more slowly
than the fully hybridized DNA strand. This apparent increase in stability towards the applied electric field
was also observed for the scanning potential melting curves already discussed. Further experiments will
be needed to determine the mechanism by which this enhanced stability occurs, which will provide

further insight into the overall driving force for electrochemical DNA melting.
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Figure 47. Comparison melting at constant pulse potentials for 34-bp fully complementary hybridized at 55 °C
(blue, @) and hairpin when hybridized at room temperature (green, A). Time traces were acquired at pulse
potentials of -500 mV (open symbols) and -750 mV (closed symbols), with a pulse time of 480 s.

Next, the 34-bp (hairpin-free) and 18-bp sequences are compared (Figure 48). At -500 mV, the 7;
values are 1600 £ 700 s and 900 + 100 s for 34-bp and 18-bp duplexes, respectively. At -750 mV, the 71
values are 150 + 10 s and 140 + 20 s for 34-bp and 18-bp duplexes, respectively. As already reported for
the scanning potential melting curves above, the electrochemical melting used here is not very sensitive to
the length of the oligonucleotide. As before, we speculate that differences in the sequence beyond the
Debye length, i.e. extent of the electric field, do not contribute to the overall melting behavior of the

duplexes.
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Figure 48. Comparison melting at constant pulse potentials for 34-bp (blue, ) and 18-bp ( ) at pulse

potentials of -500 mV (open symbols) and -750 mV (closed symbols) and pulse time of 480 s.

54



Constant potential time traces are promising for differentiating between complementary and
mismatch strands. In Figure 49 the time constants are plotted versus the pulse times for a pulse potential
of -750 mV. At 60 s and 240 s pulse times, the time constants of the two strands cannot be distinguished.
However, at 480 s, there is a significant difference between the z; of the complementary and mismatch
duplex. The mismatch strand has a lower time constant than the complementary strand suggesting less
stability of the mismatched duplex, as expected. Using a pulse time of 480 s, time traces were also taken
at both -500 mV and compared to -750 mV. At both potentials, the single mismatch melts at a higher rate
than the fully complementary duplex, as shown in Figure 50. The differences in melting behavior are
amplified at the lower melting potential, i.e. the difference between the fully complementary and
mismatched duplex is largest at -500 mV. This is in part due to the rapid decay of the signal to nearly zero
after the first 8-minute pulse at -750 mV. This suggests that the large destabilization induced by the -750
mV pulse is less discriminant towards small difference in stability, essentially removing most of the DNA
in a very short time, no matter its stability. It should be noted that significant thiol desorption is observed
at -750 mV, which also contributes to the decreased dependence on duplex stability, as will be discussed

later.
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Figure 49. Time constant (1) vs. pulse time of constant potential time traces taken at pulse times of 60, 240, and
480 s, with a pulse potential of -750 mV for 34-bp complementary (blue @) and 34 bp single mismatch duplexes (red
4.

55



Normalized Peak Current

0 t i i
0 1000 2000 3000

Time (s)

Figure 50. Comparison of constant current time traces for 34-bp complementary (blue o) and 34-bp single
mismatch duplexes (red #). Times traces were obtained with a pulse time of 480 s at pulse potentials of -500 mV
(open symbols) and -750 mV (closed symbols).

4.3.4. DNA e-Melting vs. Thiol Desorption

Understanding the extent of thiol desorption is important for the optimization of the methodology
and increased reusability of the sensor. The simultaneous reduction of thiol bonds and DNA melting both
lead to signal loss, complicating our analysis and decreasing our sensitivity to duplex stability. Thiol
desorption is reported to begin around -650 mV, and it becomes significant around -1.3 V. To study
the effects of applied potential on thiol desorption, we used a potential pulse routine on two different
types of duplexes: one where the duplex has a MB-tagged probe and the other with a MB-tagged target
(shown in Figure 51). Both strands have the same sequence as the fully complementary 18-bp probe and
target strands used above. The length of the DNA should not affect the extent of desorption, and thus this
duplex should provide insight into the behavior of the 34-bp sequence as well.** We applied a constant
potential of -500 mV and -750 mV with a pulse time of 480 s, and monitored the SWYV signal change of
MB. SWV signal change from the tagged probe (Figure 51A) results only from desorption of the thiol-
gold bond and subsequent loss of the entire duplex, while signal change from the tagged target (Figure

51B) can result from DNA melting, i.e. the target leaving the surface, and thiol desorption.
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Figure 51. Schematic of DNA duplexes on gold electrodes: (A) methylene blue-tagged probe with blank target (B)
blank probe with methylene blue-tagged target.

Loss of the tagged probe resulting from reduction of thiol bonds appears to occur at both -500 and
-750 mV, however, the effect is greater at a higher potential: ~10% signal loss at -500 mV compared to
the ~60% at -750 mV. When the target is tagged with MB and signal changes can be due to simultaneous
desorption and melting, signal loss occurs at a significantly greater rate. The curves also vary in their
limiting current at long times. After 16 minutes, the curves with the tagged target (Figure 52, purple ¢)
begin to flatten out illustrating that most of the target has diffused from the electrode surface after melting
and desorption of the duplex. Subsequent loss of untagged probe occurring after 16 minutes does not
result in additional signal loss, but desorption of tagged probe results in continued signal loss (Figure 52,
filled e). This large contribution from desorption results in the smaller difference between complementary
and mismatched DNA observed at -750 mV (Figure 52, closed symbols). On the other hand, at -500 mV
the difference in signal between tagged probe and tagged target increases through the first 32 minutes or
so and then plateaus (Figure 52, open symbols). This suggests that melting occurs primarily within the
first 32 minutes, after which, only desorption occurs at a slow rate. These results suggest that melting at
-500 mV should lead to improved reusability of the electrodes while still allowing mismatch
discrimination.

We should also note that a potential of -500 mV is much less negative than the values reported by
the Bartlett group.® In their work, potentials between -800 mV to -1.3 V are necessary to observe
melting. We believe that this discrepancy may be due to the differences in our thiol linker and
electrochemical melting routine. The work by Bartlett utilizes a triple disulfide linkage to gold, while our
work relies on the standard single thiol-gold bond. Furthermore, their electrochemical routine employs a
linear scanning potential and SERS to monitor the extent of the melting. Our system utilizes potential
pulses to melt, a pulse of -100 mV to equilibrate the system, and then the SWV. As discussed earlier, this

rapid pulsing of the potential may induce mixing and agitation of the species within the electrical double-
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layer, including the DNA strands, resulting in enhanced melting and/or diffusion of DNA into the bulk of

solution.
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Figure 52. Comparison of melting and desorption during constant potential melting routine obtained for the 18-bp
complementary duplexes with either MB-tagged probe (green o) or MB-tagged target (purple ¢). The pulse
potential was -500 mV (open symbols) or -750 mV (closed symbols) with a pulse time of 480 s.

As outlined above, we investigated the effects of pulse potential, pulse time, sequence length,
hairpins, and mismatches on the electrochemical melting of DNA duplexes using periodic SWV to
monitor the extent of dehybridization. Based on these observations, we propose that the destabilizing
electric field not only affects the kinetics of melting, presumably by decreasing the activation energy for
dehybridization and enhancing the rate of diffusion, but also determines the fraction of hybridized
duplexes remaining at equilibrium, even with no free DNA concentration in solution. With the low
concentration of electrolyte in our experiments, the kinetics of e-melting are accelerated because of the
weaker counterion screening.*” As the potential is pulsed negative, the buffer solution must supply the
positive ions needed to maintain the counter charge in the double-layer. There exists a balance between
the duplex stability and the necessary double-layer charge, and as the electrode potential becomes more
negative, the necessary double-layer charge increases, requiring additional counterions to accumulate. For
a given potential, only some fraction of the bound DNA needs to be removed before the electric field is
sufficiently screened to prevent further dehybridization. Thus, we see that at -500 mV, only some fraction
of the DNA melts, after which only slow desorption occurs. Gong et al. found that at low ionic strength
hybridization ceased when counterions from the solution cannot provide the necessary charge screening
between the probe, target, and electrode.'®® Here, we observe the same phenomena but for dehybridization

—at low ionic strength the DNA melts until counterions from solution can provide the necessary charge
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screening to stabilize the remaining duplexes and halt further melting. This potentially provides a simple
electrochemical means of controlling the extent of hybridization and using applied potential pulses to
select for fully hybridized duplexes over partially hybridized or mismatched duplexes.

4.4, Conclusion

We have developed a purely electrochemical method for melting and monitoring surface-bound
double-stranded DNA. Electrochemical monitoring coupled with electrochemical melting results in a
facile and versatile technique for studying the behavior of DNA exposed to high electric fields.
Furthermore, it provides a robust and simple platform for further development of DNA biosensors. The
resulting melting curves display a characteristic “melting potential” which reports on the stability of the
surface-bound duplex in the presence of the applied electric field. Overall, the scanning potential melting
curve routine is not robust enough to differentiate between different sequence lengths or single
mismatches. Figure 53 summarizes that compares the melting potentials and broadness factors of the
different duplexes used in this work. Further optimization will need to be done to improve the
reproducibility of this experiment and improve rehybridization and re-usability of our electrodes. Time
traces of hybridized DNA under the application of a constant applied potential also report on the stability
of the DNA. Under optimized conditions (i.e. 480 s pulse time and -500 mV pulse potential) time traces
could not report differences in sequence length. However, they can distinguish between complementary

and single base-pair mismatches, as shown in Figure 54.
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Figure 53. Summary of average melting potentials (a, purple) and broadness factor (b, red) for the 5 DNA duplexes

in this work.

59



400 7000
(a) (b)
350 1 6000 +
300 1 5000 +
250 +
4000 +
200 1 =
3000 +
150 +
100 1 2000 +
N gl N 1
0 - T T T 0 - T T '
34-bp 34-bp MIS 34-bp 18-bp 34-bp 34-bpMIS 34-bp 18-bp
Hairpin Hairpin

Figure 54. Summary of time constant (z1) for the four DNA duplexes obtained from constant potential time traces at
-750 mV (a, green) and -500 mV (b, ) with a pulse time of 480 s
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Chapter 5: Development of a label-free electrochemical method for the detection of DNA
biomarkers

5.1. Introduction

The development of electrochemical DNA (E-DNA) sensors is an area of active research with
promising applications in point-of-care detection of biomarkers for medical diagnostics and forensics.
Because electrochemical sensors only require simple electronics, are easily miniaturized, and can be
multiplexed, they are promising platforms for the development of handheld, easy to operate, personalized
medical devices, like the blood glucose meter. 195137163 Fyrthermore, E-DNA sensors have been used to
detect breast and lung cancer.1®41% In this work, we are developing an E-DNA sensor that utilizes the
high electric fields generated at electrode surfaces to manipulate the hybridization of DNA. Sufficiently
negative electrical potentials have been shown to not only orient DNA in an upright position,® but also
to inhibit hybridization and initiate melting of hybridized DNA.24®1¢7 Essentially, the applied potential can
be used to destabilize and melt the DNA in a process known as e-melting. The potential and rate at which
this melting occurs depends on the stability of the DNA duplex, i.e. the sequence, length, and presence of
mismatches, deletions, and other mutations. In this way, the behavior of DNA in the presence of high
electric fields has diagnostic value. The hybridization and melting of DNA via negative potentials is well
studied and in existing reports, the presence of DNA is monitored using optical techniques.®>134149
Utilizing this bimodal system (simultaneous electrochemical control and optical measurement) can be
cumbersome because of the specialized equipment required to perform these experiments. In the previous
chapter, we circumvent the bimodal measurements by utilizing a fast and sensitive voltammetric approach
for monitoring the DNA. Our method for melting and monitoring surface-bound DNA includes a
sequence of potential pulses to melt the DNA duplex while square wave voltammetry is used to monitor
the extent of melting in real time. Using this approach, we have successfully melted short DNA sequences
in which the target DNA is covalently modified, i.e. labeled, with the redox reporter methylene blue.

To develop a label-free sensor, in which our target strand is not labeled, we employ a molecular
beacon-like set up.1%81%° A typically molecular beacon consists of a probe sequence that forms a stable
stem loop structure. One terminus of the probe is labeled with a fluorophore, while the other has a
quencher; creating a sensor that “turns on” when the loop breaks and forms the rigid helix due to
hybridization of the target. For our electrochemical measurements, the single-stranded molecular beacon
is modified with a thiol bond at one terminus (to form a monolayer on a gold electrode) while the other is
labeled with methylene blue. Square-wave voltammetry reports on the structural configuration (loop or
helix) by monitoring the signal of methylene blue based on its proximity to the electrode surface. To

demonstrate the applicability of our sensor to a real-world application, the RSAD2 gene is used as the
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target in this study.'®® The RSAD2 gene is used to code Viperin, an interferon-inducible protein that

inhibits the replication of a variety of viruses by apparently diverse mechanisms.*”®

5.2. Experimental Method

5.2.1. Preparation of Materials

The sequences of the 31-base pair probe, 25-base pair target, and 25 base-pair 2-mismatch target
DNA strands (outlined in red) are shown in Table 1 and were purified by dual HPLC (LGC Biosearch
Technologies, Petaluma, CA). The probe is labeled with a thiol group through a 6-carbon linker on the 5’
end and an amino-tag on the 3’ end to covalently tether methylene blue to the strand (outlined in blue).
The MB solution was added to the oligo in a ratio of 10:1 to react. The reaction was run for 24 hours, in
the dark, at room temperature. After the reaction, the solution was desalted and purified using four 25 g
Sephedex columns (GE Healthcare Life Sciences, Pittsburgh, PA) placed in series on an FPLC (GE
AKTApure). The probe has 6 base pairs on each end that are complimentary to each other, forming the
hairpin loop (outlined in green). Note that only the probe is labeled, not the target strands.

Table 4. DNA Sequences

Name Sequence
25_MJFu"y Probe: 5"HS-C6-GTG TAG AAA GCG ACT CTA TAA TCC CTA CAC T-(MB)3’
Complementary duplex ~ Target: 3’ CTT TCG CTG AGA TAT TAG GGA TGT G 57

25-bp Double Mismatch ~ Probe: 5’HS-C6-GTG TAG AARA GCG ACT CTA TAA TCC CTA CAC T-(MB)3’

dUpr Target: 3’ CTT TCG CTG AGG GAT TAG GGA TGT G 57

Sulfuric acid (Pharmco-Aaper, 95-98 wt%, ACS grade), hydrogen peroxide (BDH/VWR
Analytical, 30 wt% in H20), hydrochloric acid (Pharmco-Aaper, 36.5-38 wt%, ACS grade), potassium
ferricyanide (111) (Sigma-Aldrich, >99 wt%), tris(2-carboxyethyl)phosphine-HCI (Sigma-Aldrich, >98
wt%, TCEP), 1-mercaptohexanol (Sigma-Aldrich, 97 wt%, MCH), Phosphate Buffered Saline tablets
(Sigma-Aldrich, >98 wt%, PBS), Tris base (JT Baker, 99.9 wt%), NaCl (Sigma Aldrich, >99 wt%), KCI
(EM Science, 99 wt%), MgCl, (Johnson Matthey Electronics, 97.5 wt%), and EDTA (Sigma, >99 wt%)
were used as received. Solutions were made using 18 MQ distilled water.

Four buffers were prepared and used as follows: (1) Probe incubation was performed using a PBS
solution (10 mM phosphate buffer, 1.0127 M NaCl and 3.7 mM, and MgCI2 at pH 7.4), (2) Electrodes
were rinsed in 5 mM Tris with 10 mM NacCl at pH 7, (3) DNA hybridization was performed in 10 mM
Tris with 1.0 M NaCl and 1 mM EDTA at pH 7, and (4) Electrochemical measurements were performed
in 10 mM Tris buffer at pH 7.
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5.2.2. Preparation of Gold Electrodes

A schematic of our DNA electrodes is shown in Figure 55. To start, polycrystalline gold disk
electrodes (2 mm diameter, CH Instruments, Austin, TX) were mechanically polished using 1 and 0.05
pum alumina slurry followed by sonication for 10 min in ethanol and DI water, sequentially. The
electrodes were submerged in piranha solution (3:1 sulfuric acid to 30% hydrogen peroxide) for 30 s to
remove residual organic matter. After thorough rinsing in DI water, the electrodes were electrochemically
polished in 0.5 M H,SO4. The process consisted of (a) pulsing the potential at 1.6 V for 5 s, then stepping
to -1 V for another 5 s for a total of 20 cycles, (b) cycling the potential from -0.2 to 1.6 V for 50 cycles at
10 VIJs, (c) and cycling the potential from -0.2 to 1.6 V for 10 cycles at 50 mV/s. After cleaning, the
electrodes were then cycled in 2.5 mM KsFe(CN)4/KsFe(CN)g in 1 M KCI. The final CVs in H.SO,4 and

K4Fe(CN)4/K3sFe(CN)s were used to verify the cleanliness of the surface, as described previously.

5.2.3. Preparation of DNA-Modified Electrode

After reduction of the target disulfide bond with TCEP, the probe solution was diluted to a final
concentration of 2 UM using PBS buffer. The polished electrodes were incubated in this solution for 20-
24 hrs in the dark at 4 °C. Afterward, the electrodes were backfilled with 10 mM MCH in PBS buffer for
1 hr to prevent non-specific absorption of DNA. Electrodes with the probe + MCH form the hairpin loop.
To form the rigid duplex, the electrodes were incubated in a solution of 2 uM target strand or 2 — bp
mismatch target in the hybridization buffer (in the dark at room temperature) for 2 hours. DNA was

annealed at 55 °C and slowly cooled to room temperature to get rid of hairpins.
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Figure 55. Schematic of DNA sensor with and without target DNA.

5.2.4. Electrochemical Instrumentation

Electrochemical measurements were carried out using a WaveNow potentiostat with AfterMath
software (Pine Research). We employed the typical three-electrode cell, which consisted of the DNA-
modified working electrode, a platinum wire auxiliary electrode (CH Instruments), and an Ag/AgCl

reference electrode with 1 M KCI (CH Instrument).
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5.3. Results and Discussion

5.3.1. Electrochemical Procedure

After the monolayer of probe DNA and MCH was formed, a cyclic square-wave voltammogram
was taken in 10 mM Tris and 20 mM NaCl. The CSWV parameters were as follows: initial potential -0.1
V, final potential -0.45 V, amplitude 25 mV, period 6 ms, and pulse width 10 milliseconds. Since the MB
is near the electrode in the hairpin loop, the signal from the voltammogram is observed (shown in Figure
56). After hybridization, the electrodes undergo electrochemical melting. First, voltammograms were
taken after hybridization, when the helical structure of the double-stranded duplex forces the MB away
from the electrode, leading to decreased signal. The subsequent electrochemical melting routine consisted
of a potential pulse of -600 mV for 480 s to partially melt the double-stranded DNA. A CSWV was
acquired immediately afterwards to report on the MB signal. As target melts away and diffuses into the
solution, the probe is no longer rigid, and the MB can access the electrode surface again, leading to higher
signals. A programmed time delay (during which electrode is at open cell potential) is then used for 1
minute; this is to allow the free probe strands to reform the hairpin. Another CSWV is taken to report on
surface activity and the cycle of OCP and CSWV repeats for 20 minutes to monitor the reformation of the
hairpin. After 20 minutes, the signal from the CSWYV is stable, suggesting that the free probe strands were
given enough time to reform hairpins. The process was then repeated for 2-Mismatch target DNA. The
signal recovered after the melting is divided by the original signal (before hybridization) in order to
calculate the percent signal regenerated value (Eq. 22).

Peak Current After Melting Cycles (Eq.22)
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Figure 56. CSWV before (red) and after (blue) hybridization
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Figure 57. Schematic of electrochemical melting of target and regeneration of hairpin.
5.3.2. Signal Regeneration of Complimentary and Mismatch Target

For complimentary target, the % Signal Regenerated was 4 + 1 %; while the value for 2 —
Mismatch target was 20 + 10 %. The values suggest that more of the 2-mismatch target melted off during
the potential pulse, resulting in more free probe strands and a higher signal when the hairpin reforms. This
value is as expected because the mismatch would cause the duplex to be thermodynamically less stable

than the complimentary duplex.

5.4. Conclusion

Here we have extended our electrochemical melting approach to the detection of non-labeled
DNA. This method has been applied to a label-free method the RSAD2 gene in a molecular beacon setup.
The experiment has shown to detect the presence of the gene in a solution and discriminate between
complimentary and mismatch strands. This preliminary data is a first step; however, further studies and
optimization will need to be done for this system.

Applying a higher pulse potential or longer pulse time will result in more of the target strand to
melt, resulting in a higher signal after reformation of the hairpin, and a higher % Signal Regenerated
value. This will may allow us to better compare between complimentary and mismatch target. Other
variables that should be optimized include, ionic strength, probe density, and probe length. Increasing the
ionic strength, for instance by increasing the concentration of NaCl, will affect the rate at which the
hairpin reforms due to counterion screening. It should also increase the stability of the hybridized duplex.
Studies have shown that the signal and equilibrium time for linear and hairpin sensors depend on the
probe density.1+172 Increasing the duplex length may also increase the rate because the probe strand
becomes more malleable; possibly forming the hairpin more readily. Work is currently underway to

further optimize this method for mismatch detection and real-time monitoring of hairpin formation.
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Appendix A. Comparison of Commercially Available SERS Substrates

A.l. Introduction

In this work, we compare four different types of commercially-available SERS substrates and test
their compatibility with the Nicolett NXR FT-Raman Module equipped with a 1064 nm Nd:YAG laser
using 4-mercaptobenzoic acid as our probe molecule. In order for a substrate to be SERS-active, it must
(1) have a roughened surface that gives reproducible enhancement, (2) allow the analyte to absorb onto
the surface effectively, (3) and be chemically inert with no surface photochemistry.*’* In addition to the
Raman enhancement capability of each substrate, we will also test the electroactivity of the substrates to
comment on their usefulness as a dual electrochemical/SERS sensor.

A.2. Raman Spectroscopy

In 1930, Sir Chandrasekhara Venkata Raman won the Nobel Prize in Physics for his theory of
Raman scattering. When an incident photon collides with a molecule, an electric field induces the
polarization of the molecule’s electrons and produces an induced dipole. The result is a scattering of
photons known as Raman scattering.!”

The magnitude of the Raman Effect is proportional to the induced electric dipole (p) ina

molecule, given by;*’®

p =aE; (Eq.23)

where a refers to the polarizability of the molecule’s bond and E; is the incident electromagnetic field.

The incident electric field is a time-varying quantity described by;

E; = Eycos(2mv;t) (Bq.24)

where Ej is the amplitude of the electric field and v; is the excitation frequency. To be Raman active, the

polarizability of a bond must vary as a function of the distance between nuclei written as;

where ay is the polarizability of the bond at the equilibrium position and v, is the frequency of the

vibration. Manipulation of the two terms gives;
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ayipEo (Eq.26)
P=—p [cos(2Zm(V; + Vyip)t) + cOS2TE(V; — Vyip)T)]

Raman spectroscopy reports on the vibrational states (symmetrical or asymmetrical) of molecules
complimentary to IR spectroscopy except that Raman requires a change in polarization while IR requires
a change in dipole moment.'”’

The energy of the incident photon excites the molecule to a virtual state. Like other electronic
states, the molecule relaxes back from virtual state to the ground state. If the electron falls back to the
vibrational state where it originated, then the wavelength of the scattering light is the same as the incident
light, resulting in Rayleigh scattering. This phenomenon, which is the most prominent, is related to the
first term in Eq. 30. The second term, relatively weak, refers to situations where the energy of the
scattering light differs from that of the light source. If the scattering energy is smaller than the incident
energy, then the process is called Stokes scattering. If the scattering energy is larger than the incident
energy, the process is called anti-Stokes scattering.”® Figure 58 is a representation of these different

modes of light scattering.
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Figure 58. Different modes of light scattering within Raman Spectroscopy
A.3. Surface-Enhanced Raman Spectroscopy Background

Since the effects of Raman scattering are known to be weak, a technique called Surface-Enhanced
Raman Spectroscopy (SERS) was discovered and developed to enhance the signal using metallic
nanostructures on surfaces. The enhancement from a SERS signal can be 10*- 10° times higher (or more)
than the typical Raman signal of the same molecule and concentration.'’® The enhancement is due to both
electromagnetic and chemical mechanisms. The electromagnetic enhancement is attributed to localized

surface plasmons and the geometry and dielectric function of the SERS substrate. When light is incident
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on the metallic nanostructures, a resonant field is induced. This occurs because the electrons in metals
behave as a sea of free negative charges, or plasma, bound by stationary cations. Excitation by an
electromagnetic wave at a given frequency can induce a resonant vibration of these free electrons. These
vibrations are known as plasmons.” By exciting these localized surface plasmons in the metal, it is
possible to increase the local electric field along the surface. The electrons will create an additional,
localized electric field on the surface of the metallic particles. The metal essentially acts as an antenna by
amplifying the incident light. The metal also amplifies any light scattering by molecules on the surface,
leading to further enhancement of the signal. The chemical enhancement involves a charge transfer
mechanism, whereby the excitation wavelength is resonant with the metal-molecule charge transfer
electronic states.!” First, the metal absorbs the photon and excites the surface plasmon. The energy is then
transferred to the molecule, which is used to excite the molecule into an excited electronic state. The
molecule then relaxes and the energy, minus a vibrational quantum, is transferred back to the metal, which
in turn reradiates the new photon with the Stokes shifted frequency.'® The large enhancement of
molecule specific vibrational signatures inherent in the SERS spectrum allow extremely low detection
limits and open the possibility of chemical and biological sensing using SERS. In this section, four types
of solid gold SERS substrates are discussed in terms of their SERS-activity and electrochemical activity

for chemical and biological sensing applications.'®!

A.4. Experimental Method
A.4.1. Preparation of 4-Mercaptobenzoic Acid on Substrates

A solution of 100 mM 4-mercaptobenzoic acid (4-MBA) was made using ethanol as the solvent.
Serial dilutions yield a total of nine solutions at 100 mM, 10 mM, 1 mM, 100 uM, 10 uM, 1 pM, 100 nM,
10 nM, and 1 nM. The substrates, with exception of the Ocean Optics substrates, were mounted on a 75
by 25 by 1 mm glass slide. 10 uL of the 4-MBA solution was then dropped onto the SERS-active region
of each substrate. Once dried, an FT Raman spectrum is obtained. Once completed, the next concentration

above was dropped onto the substrate and scanned again until finished.

A.4.2. Raman Instrumentation

Raman spectra were acquired using a Nicolett NXR FT-Raman Module equipped with a 1064 nm
Nd:YAG laser. The substrates were placed on an XYZ stage controller. The diameter of the laser spot was

set to 50 pm. To avoid burning the substrates, the laser power was set to 108-250 mW, depending on the
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substrate. The data collection was done with an average of 50 scans and a resolution of 8 cm™. The

intensity was later corrected by normalizing the intensity by the laser power.
A.4.3. Electrochemical Measurements

Electrochemical measurements were carried out using a VersaStat 4 potentiostat with VersaStudio
software (Ametek Scientific Instruments, Berwyn, PA) or a WaveNow potentiostat with AfterMath
software (Pine Research, Durham, NC). A typical three-electrode cell was used, which consisted of the
SERS-active substrates as a working electrode, a platinum wire auxiliary electrode (CH Instruments,
Part# CHI102), and an Ag/AgCl (1M KCl) reference electrode (CH Instrument, Part# CHI111). The
substrates were adhered onto aluminum strips using silver epoxy and mounted in a custom cell (Figure
59). Cyclic voltammograms were acquired using a scan rate of 50 mV/s in a solution of 5 mM potassium

ferrocyanide/ferricyanide with 1 M KCI.
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Figure 59. Schematic of electrochemical cell

A.5. Results and Discussion

A5.1. Types of SERS Substrates Used

In this work, four different commercially available SERS substrates were tested: Ocean Optics,
anSERS, Q-SERS, and Silmeco. SEM images of these substrates are shown in Figure 60. The Ocean
Optics (Winter Park, Florida) substrate is mixture of borosilicate glass nanofibers and gold nanoparticle
on a borosilicate glass wafer. The anSERS (Laramie, Wyoming) substrate is composed of gold
nanoparticles embedded in cellulose. The Q-SERS (Columbia, Missouri) substrate is a silicon wafer with

gold nanoparticles deposited on the surface. Finally, the Silmeco (Copenhagen, Denmark) substrates are
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silicon nanopillars with gold deposited on the tips of the pillars. As stated before, SERS enhancement is

affected by the shape and nanostructure of the substrate.
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Figure 60. SEM images of SERS Substrates: A) Ocean Optics B) anSERS C) Q-SERS* D) Silmeco*
*SEM image provided by their respective company websites

Table 5. Summary of the specifications of each substrate

Ocean Optics anSERS Q-SERS Silmeco

Material AuNP in glass AuNP in cellulose  AuNP on Si Wafer  Au on Si nanopillars
SERS Active Area 24 mm? 9x5mm 5x5mm 16 mm?
Excitation Wavelength 785 nm 785 nm 785 nm 785 nm

A.5.2. Raman Spectra of 4-mercaptobenzoic acid

4-mercaptohexanol was used as the probe molecule for SERS measurements. Figure 61 shows a
Raman spectrum of 4-MBA powder. The specific peaks that will be analyzed are at 1112 cm™ and 1610

cm!

, which are the C-COOH aromatic ring stretching and the C = O stretching vibration respectively. It
is important to note that once on the substrates, these Raman peaks shift from 1112 cm™ and 1610 cm™ to

1070 cm! and 1583 cm!, respectively.
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Figure 61. FT-Raman Spectrum of 4-Mercaptobenzoic Acid (4-MBA) powder with the assigned vibrational peaks.
100 scans were averaged under a laser power of 500 mW with a spectral resolution of 8 cm™.

A.5.3. Comparison of SERS-activity

To test if the substrates display SERS enhancement with a 1064 nm laser, Raman spectra are
taken and compared to one another. Figure 62 shows the Raman spectra of each substrate at varying
concentrations of 4-MBA. Each substrate has 10 pL of solution drop-cast on the active area and then left
to dry. The drop volume was enough to cover the entirety of each substrate, therefore, the surface
coverage of each are as followed: Ocean Optics — 23.76 mm?, anSERS — 45 mm?, and Silmeco — 16 mm?.
Based on the material, the laser power of the scans differed. The Ocean Optics had a laser power of 250
mW, while the anSERS and Silmeco had a laser power of 108 mW. Raman spectra of Q-SERS (data not
presented) resulted in no signal; meaning that the Q-SERS substrate is not SERS active with the 1064 nm

laser.
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Figure 62. FT Raman Spectra of 4-MBA drop-cast on the Ocean Optics (A), anSERS (B), and Silmeco (C)
substrates from 100 mM (blue), 10 mM (red), 1 mM (green), and 1 uM (purple) of 4-MBA in ethanol.

To make the data comparable to one another, the Raman intensities and concentrations were
corrected. The intensities were correcting using the OMNIC program (Thermo Fisher, Pleasanton, CA) by
calculate the peak heights at 1070 cm™ and 1583 cm™, then dividing by the laser power. Instead of
concentration, we looked at the number of molecules scanned which is based on the area of the laser spot

and the surface area of the substrate. The equation is as followed,

Area of Laser Spot Eq.2
Molecules Measured = CVN 4 f p (Eq.27)
Area of Substrate

where C, V, and N, is the concentration (mol/L) of the drop, volume of the drop (L), and Avogadro’s
number (molecules/mol). The area of the laser is set to 50 um in diameter. Figure 63 is a plot of the
corrected Raman intensity with respect to the number of molecules on the three substrates. To comment

of the performance of the substrates, one must look at the substrate’s enhancement factor.
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Figure 63. Plot of Raman intensity at 1070 (A) and 1587 (B) cm™ versus the number of molecules scanned on a log
scale. The substrates are Ocean Optics (blue, ®), anSERS (green, A) and Silmeco (red, m)

The enhancement factor (EF) is the ability of the substrate to enhance the Raman signal.

Experimentally, the SERS enhancement factor is found from; '8-182
1<I SERS (Eq.28)
EnhancementFactor = Isi
RAMAN
NRaman

where Isgrs and Iraman are the intensities with and without the substrate. Nsggrs is the number of
molecules scanned on the substrate (as shown in the calculations above) and Nr4man is the number of
molecules scanned in solution. Signal for the Raman signal was taken using a solution of 250 mM 4-

MBA/ethanol in an NMR tube, not a flat surface. Therefore, the Nranman was calculated using;

Ngraman = C * Focal Volume (Eq.29)

where the focal formula is found by visualizing the laser as a cylinder in the NMR tube. This gives the

following equation;

— 2
FocalVolume = m * TLaser * LLaserPenetration (Eq'30)

In solution, the 1070 cm! is not visible at a concentration of 250 mM; therefore, only the 1587 cm™! peak
will be considered for EF calculations. The maximum EF for the Ocean Optics, an SERS, and Silmeco
substrates are 3.0 x 10°, 6.0 x 108, and 3.0 x 107. Both the Ocean Optics and anSERS were orders of

magnitude above the Silmeco substrate.
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A.5.4. Electrochemical Activity

To test the electrochemical activity, the substrates must be electrically conducting and inert.
Furthermore, there must be a practical way of connecting the substrates to the potentiostat. Due to the
cellulose and borosilicate glass fibers, an electrical connection to that substrate was not possible with the
Ocean Optics or anSERS substrates. Therefore, only the electrochemical activity of the Silmeco substrate
was examined. Figure 64 shows the voltammograms of the Silmeco substrate compared to a
polycrystalline gold electrode. The current from the gold electrode is higher due to having a higher
surface area. Since the peak separation of both electrodes were ~59 mV the electrode surface of the

Silmeco allow the ferric/ferrocyanide to maintain a fast, reversible reaction.
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Figure 64. Cyclic voltammograms of polycrystalline gold electrode ( ) and the Silmeco substrate (gray). Scans
were acquired in 5 mM ferric/ferrocyanide with a scan rate of 50 mV/s.

A.6. Conclusion

The Nicolett NXR FT-Raman Module utilizes a 1064 nm laser for NIR-SERS detection of
chemical and biochemical analytes. The SERS-activity of four different SERS substrates was compared
and all, but the Q-SERS, was compatible with the 1064 nm laser. Furthermore, the Ocean Optics substrate
had the highest maximum enhancement factor. Of the three remaining substrates, only one was found to
have electrochemical compatibility - the Silmeco substrate was tested using cyclic voltammetry,
producing a steady voltammogram with good peak separation and peak ratios. Although the Silmeco had
the lowest enhancement factor, it was the only substrate capable of also being used as an electrode in
future electrochemical-SERS studies. Further studies are underway to determine if the Silmeco substrate

can be used for biological sensing, for instance DNA e-melting studies.
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Appendix B: Fabrication of Gold Nanocolumns using Anodic Aluminum Oxide Wafers
B.1. Introduction

In this section a method for the fabrication of gold nanostructures using Anodic Aluminum Oxide
(AAO) is presented. The fabrication combines the physical vapor deposition and electrochemical
deposition of metals onto AAQ substrates. Experiments are done to optimize the parameters of the
physical vapor deposition and electrodeposition. Once optimized, the techniques are applied to the AAQ,
which act as a template to form gold nanostructures for bioelectrochemical or SERS applications. Our
focus was to fabricate gold nanocolumns (AuNC Figure 68). The AuNCs are expected to increase Raman
signals by creating Raman-active hotspots due to the edges and geometry of the nanocolumns.
Nanocolumns provide several advantages over a planar structure, such as significantly reducing defect
density due to the small area. This will reduce the strain build up from lattice and thermal expansions
between the metal and growth template; thus reducing piezoelectric polarization.!#3184 The use of gold
was based on previous studies of creating self-assembled monolayer of thiols and DNA to report on DNA
hybridization and melting.

B.2. Physical Vapor Deposition of Aluminum on Glass
B.2.1. Background

Physical vapor deposition (PVD) is one of the oldest methods of depositing metal films.
Generally, a purified, solid material is sublimated or ejected from a source (by means of resistive heating,
electron beam heating, ion bombardment or laser beam bombardment) and condenses in a vacuum to the
substrate surface producing a thin film.1®® PVD systems are comprised of a vacuum chamber with
associated pumps, and evaporation sources and their controlling electronics. One advantage of utilizing a
vacuum system is that the number of molecules in a gas deposited is directly related to pressure in a given

volume as shown by the ideal gas equation,

PV = Nk,T (Eq.31)

where P is pressure, V is volume, N is the number of molecules, kyis Boltzmann’s constant and T is the
gas absolute temperature. Therefore, at lower pressures, there are directly fewer molecules. Another
advantage is that under vacuum, the material atoms have a longer mean free path, which represents the
average distance an atom travels before colliding with another atom. Thus, the metal atoms are less likely
to collide with each other on the way to the substrate. The mean free path can be determined using the

kinetic theory of gases in the following equation,
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LV kT (Eq.32)
V2No +2oP

where 4 is the mean free path of an atom and ¢ is the interaction cross section, which represents the

likelihood of interaction between particles.!

Figure 65A depicts the typical set up of a PVD chamber. For PVD, evaporation is possible under
low pressure conditions which are attained using a two-vacuum pump system consisting of a rotary vane
pump (RVP) and a turbo pump. The RVP is an oil-sealed displacement pump. The rotor vane system
moves eccentrically and divides the chamber into two sections. The gas flows through the inlet as the
rotor spins and is then sealed off by the vanes. The gas enclosed in the chamber is then compressed and
goes through the outlet. The second pump in the system is a turbo pump. This pump has a stator and rotor
with several stages of blades that simply transfer the momentum of the vapor driving it towards lower
stages. A turbo pump cannot operate at near atmospheric pressure. The purpose of the RVP is to reduce
pressure in the vacuum chamber, bringing the pressure down to about 1 mTorr. The turbo pump also
cannot exhaust at near atmospheric pressures. Therefore, the RVP has a “rough” valve connecting to the
chamber and a “foreline” valve connecting to the turbo pump. The RVP is then able to provide an
appropriate backing pressure. Once the chamber and the foreline valve are at an appropriate pressure, the
turbo pump can then be used to pump down the chamber to 10 Torr. If the vacuum system is not set up
correctly, the turbo pump can be severely damaged and the chamber would not be at an appropriate

pressure for physical vapor deposition.
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Figure 65. A) Schematic of vacuum lines connecting to the PVD chamber. B) Inside a PVD where a metal is
vaporized onto substrates above.

Rotory Vane Pump

Once the chamber is at the correct pressure, the evaporation process can begin. Inside the

chamber (Figure 65B), the material is placed on vessel (typically a tungsten coil or basket) and then
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evaporated using resistive heating which utilizes a large electric current through the vessel to evaporate
the material. The mass deposition rate per unit of the surface may be approximated using the Langmuir-
Knudsen equation, given by,

M 1 (Eq.33)
R, =Cp T €os 0 sintl)r—2 (P.(T)—P)

where Rn is the mass deposition rate, Cr is a constant (1.85 x 102 ™! K/ 1o,) M is the gram-molecular
mass of the material, T is the temperature of the material, @ is the angle between the normal of the source
and the substrate, ¢ is the angle normal to the surface of the substrate and the source, r is the distance
between the substrate and the source, P is the pressure of the chamber, and P is the vapor pressure of the
material. Once the material vaporizes, the gaseous metal then flows towards the substrate where it
sublimates. The vapor pressure is strongly dependent on the temperature of the chamber, which affects
the efficiency of the metal depositing on the wafer. Furthermore, vacuum deposition, used in this work,
may provide poor uniformity and waste of material. However, the ease of PVD to form standard surface
coverage of metal is the reason why it is used here.8®

B.2.2. Experimental Method

Aluminum strips (Reynolds Kitchen, Lake Forest Illinois) were cut and varied by mass. The PVD
set up consists of a chamber (Electro-Mechanical Services Inc., Albuguergue, New Mexico), a turbo
pump (model: ENDISOK63N5NOVEP, Vacuum Research Corporation, Pittsburg, Pennsylvania), and
roughing pump (model: 100-3.5, VRC, Pittsburgh, Pennsylvania). The aluminum is wrapped around a
tungsten coil (4” x 1 %” — %", Ted Pella Inc., Redding, California) and is then set to a temperature high
enough to deposited on glass slides. This chamber has no thermometer probe, so vaporization temperature
is unknown. After each deposition, the step height of aluminum is measured using a profilometer (Sitek

Process Solutions Inc, Rocklin, California).
B.2.3. Results and Discussion

Figure 66 compares the mass of aluminum used in the deposition to the step height of the
aluminum deposited on the glass. The chamber has a hanging carousel with four arms to attach the glass
slides. Interestingly, the location of the arms effects the amount of aluminum deposited on the glass. The
strips of aluminum were cut rectangular to wrap around the coil, so this uneven deposition is a result of
the position of the slides with respect to the rectangular foil. The results of this experiment will prove
useful as aluminum is an inexpensive metal that can be used to deposit on the back of substrates to make

them sturdier.
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Figure 66. Plot of step height because of the amount of aluminum deposited in the PVD chamber. The different
shapes represent the positions of the glass slides in the chamber. Data clustered together are a result of the glass
slides being on opposite sides of each other.

B.3. Gold Electrodeposition
B.3.1. Background

The process of electrochemically depositing gold is dated back to 1803 with Professor Luigi
Brugnatelli. Brugnatelli’s solution consisting of one part of the saturated solution of gold in nitromuriatic
acid, six parts of solution of ammonia in which the solution will decompose forming oxides of gold as
well as ammoniurets of gold. Nowadays, gold electrodeposition solutions come in many different
varieties such as cyanide and sulfite-based solutions. The use for this technique ranges from jewelry and
dentistry to microelectronics.®” Through an electrochemical reduction process, the ions deposit on the
electrode surface and form structures of varying morphology. The morphology can be adjusted by varying
parameters of the electrodeposition process, such as time, bath concentration, and applied current or
potential .8 Furthermore, careful control of these parameters allows for maximum surface area and
resolution of nanostructures.

Consider the general electrodeposition mechanism;

34u(503)3™ o 2Au+ Au(S03)3™ + 2505 (Rxn.9)

the positive gold ions are freely moving in the solution. The negatively charged working electrode draws
the gold ions into the electrical double layer. An electron transfer reaction occurs where the gold ions gain
electrons from the working electrode. This reduction reaction then forms neutral atomic gold on the

surface of the electrode.
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Aside from the electrochemical technique, another important aspect of electrodeposition is the
solution. For gold, a cyanide-based solution is common. The solution that used in this thesis is sulfite-
based which is less stable and efficient than cyanide. However, the stability of the cyanide complex
causes the reduction potential to occur at very negative potentials, resulting in co-reduction causing
hydrogen evolution.*® Furthermore, the release of free cyanide is incompatible with compounds, such as

photoresist, and is a health hazard.
B.3.2. Experimental Method

Gold deposition solution (Elevate ® Gold 7990) was purchased from Technic Inc (San Jose, CA).
Gold working electrodes were fabricated using physical vapor deposition on chromium from NIST.
Electrochemical measurements were carried out using a VersaStat 4 potentiostat with VersaStudio
software (Ametek Scientific Instruments, Berwyn, PA). The substrate was placed in a custom
electrochemical cell (Figure 59) with the electrodeposition solution, a platinum wire auxiliary electrode
(CH Instruments, Part# CHI102), and an Ag/AgCl (1M KCI) reference electrode (CH Instrument, Part#
CHI111).

Gold was electrochemically deposited using a constant potential -0.58 V (vs Ag/AgCl), at this
potential, the current is within the lower and upper limits of the charge density. The constants potential
was ran at varying times which was dependent on the final charge of the experiment. The step height of
the gold deposited was calculated using a profilometer (catalog: 030889, Sitek Process Solutions Inc,

Rocklin, California).
B.3.3. Results and Discussion

A calibration plot (Figure 67A) to relate the final charge of each deposition to the step height of
the gold deposited onto the gold electrode. At -1.05, -5.23, -5.96, and -13.2 mC, the amount of gold
deposited was 56 + 4, 270 + 13, 300 £ 10, and 689 £ 8 nm. The substrates were further characterized by
examining the electrochemical activity of the surface. A liner sweep voltammogram was acquired of the
substrate in 2.5 mM ferri/ferrocyanide at 50 mV/s (Figure 67B). Although the surface area of the substrate
is smaller than the polycrystalline electrode, the peak potential of the substrate is shifted more negatively,
and the peak current is higher. This suggests that the electrode area may be rough and not in the best
condition. To confirm, the roughness factor of the substrate was calculated by taking by dividing the
electrode surface area (calculated using the Randles-Sevcik equation) by the geometric area (0.0079 cm?).
The RF of our substrate was ~0.7. So, the electrode needs to be electrochemically polished after the
deposition. Combining the techniques from the PVD and gold deposition experiments will be essential to
create the AuNCs.
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Figure 67. A) Step height of gold deposited with respect to the final charge of the chronoamperometric experiment.
B) linear scan voltammograms of a polycrystalline gold electrode (green) and the substrate ( )

B.4. Fabrication of Au Nanocolumns (AuNC)
B.4.1. Experimental Method

Whatman ® anodic aluminum oxide (AAQ) wafers were purchased from Sigma Aldrich. Gold
deposition solution and PVD set-up were the same as mentioned above. Figure 68 depicts the general
scheme of fabricating the AUNCs. AAO were mounted on glass slides so that the back of AAO would be
deposited on. Using a tungsten basket (Product: 84-22, Ted Pella Inc), a 99.99% pure gold pellet (Kurt J.
Lesker, Jefferson Hills, Pennsylvania) was deposited onto the back of the AAO substrate. The substrate
was then annealed at 120 °C to ensure a smooth gold layer. The substrate was placed back into the PVD
chamber and 300 mg of aluminum was deposited to strengthen the backing of the substrate.

Afterward, the AlI/AU/AAQ substrate is placed in the electrochemical cell with the same set up as
previously stated. A constant potential was used at -0.58 V (vs Ag/AgCI) to a final charge of -6 mC to
form the AUNC. The AAOQ is then dissolved in 3 M NaOH leaving behind the AuNCs.
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Figure 68. Schematic for the fabrication of AUNCs

B.4.2. Results and Discussion

SEM images were taken of the AAO throughout the entire deposition process. Figure 69A, is the
Au backing of the AAO before the annealing and Al. After annealing, the surface seemed much smoother
(SEM not presented). Figure 69B is the front side of the Au/AAQ substrate. This image shows that many
of the pores are still open for gold to be electrochemically deposited. Finally, Figure 69C is the AUNC
substrate after dissolving the AAO in 3 M NaOH. On the surface, there may be residual salt or NaOH

from the experiment. However, below that are the AuNCs that we wanted to fabricate.

Figure 69. SEM images of the substrate after the PVD of the (A) gold backing, (B) the front of that same substrate,
and (C) after the AUNCs have formed
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B.5. Conclusion

Although the rinsing process knocked over some of the columns, as a proof concept, we were
able to fabricate our AUNCs. For future experiments, the amount of the backing and the columns would
need to be optimized to a height where they are sturdy enough to withstand environmental conditions.
Further studies are underway for the fabrication of more robust substrates. Once complete, these

substrates will be tested for their electrochemical and optical activity.
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