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Abstract

Nucleic acid amplification is responsible for pushing the limit-of-detection of molecular
diagnostic assays to unprecedented levels. We developed an assay based on protein-
responsive programmable dynamic DNA assembly (PRPDA) to detect proteins via an
intermediate process involving nucleic acids for taking advantage of nucleic acid amplifi-
cation strategies. PRPDA has previously been designed for sensitive protein analysis in
fluorescent assay formats [1]. To further push the detection limit and to achieve assay
miniaturization and multiplexing, we sought to combine PRPDA with electrochemical
readout. We were able to achieve LOD of 1 pM by employing wrinkled gold electrode
for the PRDA protein detection scheme. Which is 2800 times improvement compare to

the 2.8 nM demonstrated by fluorescent transduction [1].
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Chapter 1

Introduction

Discovery of increasing number of genes and mutations responsible for causing diseases
[2] gave urgency for developing simple, cost-effective and easy-to-use tools to detect
these identified mutations for diseases diagnostic. Point of Care (POC) detection of the
diseases is critical for the detection of life-threatening diseases like cancer at the early

stage.

1.1 Background on Biosensors

Biosensors were first demonstrated in the 1960s by the pioneers Clark and Lyons [3]. The
term “Biosensor” was coined by Dr. Cammann [4], and its widely accepted definition
was introduced by the International Union of Pure and Applied Chemistry (IUPAC)
[5, 6]. According to IUPAC: “Biosensor is a self-contained integrated device, which
is capable of providing specific quantitative or semi-quantitative analytical information
using a biological recognition element which is retained in direct spatial contact with a
transducer element.” [6]. High specificity, independent of physical parameters such as
pH and temperature and re-usability are the quintessential parameters of a biosensor

13].
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As illustrated in Figure 1.1, the major components of the biosensors have two parts,
the molecular recognition materials, and the signal transducer, where the interaction of
the recognizing materials with the sample target analyte latter converts into the read-out
data. Hence, the selectivity and the sensitivity of the biosensors are determined by the
bio-recognition element and the transducer respectively. Bio-recognizing materials or
named “probe” could be either affinity-based, such as nucleic acids (DNA/RNA/PNA),
antibodies or biocatalytic such as enzyme, microorganisms or tissue materials [7]. Mostly

used signal transduction includes electrochemical, optical or mass based detectors.

Transduction
Surface

Surface

o
2
2
Ly
2
@

DNA\RNA\PNA B oy & * &
m Electrochemical
Antibodies § oy
—_— LEm
Potentiometric

EA U < — S ;
: urface Acoustic
Waveguides = s = Amperometric
AE1 ) < m—
Fluorescence [l BNQ poconators md |mpedimetric
Fiber-optic o OCV = o Conductometric

FI1GURE 1.1: Major components of biosensors, including a bio-recognition
element composed of bioreceptors and a transducer mechanism followed
by Signal Amplification and Display setting. Adapted from reference [8]
with the permission from the Royal Society of Chemistry.

Electrochemical readout provides significant advantages over the widely used optical

readout such as fluorescent based techniques [9-11]. Some of the major advantages of


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/msbe

M.A.Sc. Thesis— M. R. HASAN; McMaster University— Biomedical Engineering

the biosensors developed based on electrochemical transduction that includes; simple to
design electrodes that have the flexibility of miniaturization, the possibility of real-time
detection with consecutive measurement of a different sample with a stable sensor re-
sponse and detection platform amenable to the point of care system etc. [11]. Portability
provides an electrochemical sensor to use at the point of care sites. Ease of miniaturiza-
tion and multiplexing provide electrochemical biosensor the tunability to push the limit

of detection of the sensor to an unprecedented level.

FIGURE 1.2: A) The EmStat USB powered potentiostats (Smallest
electrochemical interfaces available on the market). B) PalmSense3 is
USB and battery-powered handheld potentiostat and impedance analyzer
which allows the application of most of the relevant voltammetric and am-
perometric techniques. C) Electrochemical sensor platform (electrodes)
that are prepared on the flexible and easy to prepare substrates. Adapted
from palmsense website [12].

1.2 Signal Transduction

As shown in Figure 1.1, bimolecular sensors widely employ optical, electrochemical and
mass-based transduction techniques to convert the bioanalytical interaction with the de-
tection assay in a readable format. The proposed protein detection model for this thesis
was previously demonstrated with fluorescence transduction strategy, and we proposed

to develop a similar assay using electrochemical transduction, a short literature review
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on fluorescence-based and electrochemical-based transduction techniques discussed in

this section.

1.2.1 Fluorescence transduction

A Fluorescence biosensor employs fluorescent tag to determine optical change before and
after target interact with the capture molecule. Figure 1.3 shows main types fluorescent
labeling for the DNA hybridization detection found in the literature. A direct labeling
strategy can be employed where the immobilized DNA probe hybridizes with the labeled
DNA target (Figure 1.3, left, b). A sandwich type complex can also be formed, where
immobilized DNA probe hybridizes to a part of the target whereas the other of the target
is complementary to a signaling DNA sequence that serves to label the target upon
hybridization [13]. Molecular beacons (MB) can be used to detect DNA by fluorescence
readout (Figure 1.3 right). MBs are single-stranded oligodeoxynucleotides (ODN) probes
that possess a stem-and-loop structure. The loop portion is complementary to the target
(Figure 1.3 right, top). A fluorophore and a sequence are linked to the two ends of the
stem. In its native state, the probe is hairpin, and the two ends of the MB are nearby.
The fluorescence of the fluorophore is quenched by energy transfer. Their hairpin stem
is less stable than the binding between the loop and the target. In the presence of the
target, the MB undergoes a conformational reorganization because the loop hybridizes
with the target. The structure is opened, separating the fluorophore and the sequence.

In this case, the MB emits an intense fluorescence signal [14-18].

A very early work demonstrated based on Fluorescence transduction achieved by
Krull et al. shows the possibility to detect DNA hybridization with ssDNA (Single-
Stranded DNA) probe immobilized on the surface of the quartz optical fibers, where
they used Ethidium Bromide fluorescence tag as a reporter [19]. After hybridization to

the probe, fluorescence signals were generated with ethidium bromide, which correlated
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quantitatively with the level of bound DNA target. This nucleic acid assay has a detec-
tion limit of 86 nM [20]. The assays developed by Abel et al. with the similar concept
as krull et al. demonstrated 10° times increased detection limits for labeled targets and
10? times improved for unlabeled DNA target detection limits compared to the reported

by krull et al. [21].

Molecular beacon
Labeled DNA target

@ Label

"\,
. B

DNA-PM. i) Dovactintel Hybridization
/ DNA target

Y
(b) Sandwich-
WK

DNA target

DNA Target

FIGURE 1.3: (left) Main types of labeled Flurosence based DNA biosen-
sors and micro arrays a) direct label between immobilized DNA probe
and labledled DNA target b) sandwithc-tupe system. A sandwich-type
tenary complex is formed between immobilized DNA probe, target and
signaling DNA probe. (Right) A DNA biosensor based on molecular bea~
con principle. Adapted from reference [22] with the permission from the
ACS Publications
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1.2.2 Electrochemical Transduction

High sensitivity and selectivity, compatibility with microfabrication and comparatively
low fabrication cost, and miniaturization capability of the electrochemical readout urged
the scientific community to widely employ this method in the biosensing field [23-27].
Biosensors utilizing electrochemical readout can be categorized into four classes; poten-
tiometric, impedimetric, amperometric & voltammetric. Potentiometric devices measure
the charge or potential collected at a sensor surface with respect to a reference when
no current flows and provides information on ion activity. Impedimetric device measure
impedance change; resistance/or capacitance at the sensor surface. The term amper-
ometry describes the technique in which a fixed potential measured with respect to
a reference electrode is applied to a working electrode and the current resulting from
oxidation or reduction reactions occurring at the working electrode is measured. The
voltammetric technique was used in this thesis, where a changing potential applied to
the working electrode with respect to a reference and the current resulting from the
reaction of analyzed species at the working electrode is recorded. The key factor in
voltammetry is that the applied potential is varied over the course of the measurement.
Most voltammetric electrochemical biosensors are three electrode systems comprised of
a working (WE), counter (CE) and a reference (RE) electrode. Electrochemical reac-
tions usually take places in the vicinity of the WE’s. Details of a typical three-electrode

system discussed in the next chapter.

Electrochemical methods are well established for DNA detection. Umek et al. (2001)
were able to detect up to 50 nM nucleic acid target concentration with AC voltammetry
utilizing the approach with a three-component sandwich assay [28]. In their assay, the
redox label was attached to synthetic sequence specifically designed to bind an overhang
portion of the probe-target complex. Here ferrocene-labeled reporter strands signal the

presence of the target DNA hybridization to thiolated probe sequence immobilized on
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the gold electrode. A number of report found in the effort to utilize the flexibility of the
high surface area nanoscale electrodes to lower the detection limit based on the electro-
chemical readout [29-34]. In 2008, Feng et al; reported a DNA hybridization sensor to
detect sequence-specific DNA detection of the phosphinothricin acetyltransferase (PAT)
gene [30]. Their sensor was able to achieve a dynamic detection range from 1 pM to 1
uM with the detection limit of 0.3 pM. In 2009, Soleymani et al. have demonstrated
10 aM detection limit (using electrochemical transduction) for the first time for a label-
and polymerase chain reaction-free sensor [35]. The aM sensitivity was achieved by using
highly branched electrodes with fine nanostructuring. They hypothesize that this en-
hanced sensitivity achievable with finely nano-structure devices, the surface textures of
the nanostructured electrodes enhances the accessibility during the hybridization lead-
ing to faster and more efficient binding of the analyte. Most recently (2017) a limit of
detection of 67 aM was reported for nucleic acid detection by Zhang et al. using electro-
chemical readout [36]. In their method, in the presence of target RNA, DNA walkers are
activated to walk continuously along DNA tracks, resulting in conformational changes
as well as considerable increases of the signal produced by target-response and target-
independent reporters. Their sensor was regenerative and stable for at least 5 cycles
without the reduction in sensitivity. This is the most recent report that demonstrated
aM level detection limit for nucleic acid sensing with the similar toehold-mediated strand

displacement reaction employed in our thesis.

Figure 1.4 shows a schematic of a planar gold electrode (left) and nanomaterial-based
electrode (right) with the high surface area that allows immobilizing more capture DNA
probe to enhance the sensitivity of a target-specific hybridization sensor compare to the
conventional planar electrodes. Figure 1.5 demonstrates a structure of a DNA duplex and

DNA hybridization principle, showing that DNA hybridization happens by the binding
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of A-T (Adenine-Thiamine) and G-C (Guanyin- Cytosine).

Target sddition
DNA prob sl

Nanopartacle segie
Accessonal submirate el
Sobhd Electrode s

FIGURE 1.4: Schematic showing a dna hybridization sensor on the pla-
nar gold electrode (left) and using nanoscale high surface area electrode
(right). Adapted from reference [37] with the permission from the Journal
of Visualised Experiments

20A

Double-Stranded DNA Hybridization Principle

F1GURE 1.5: DNA structure and Hybridization principle. Adapted from
reference [38] with the permission from the Springer publication.
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1.3 Literature Review of Protein Sensor

Depending on the type of Bioreceptors, protein biosensors can be characterized into fol-
lowing five categories [38];1) Antibody/Antigen, 2) Enzymes, 3) Nucleic Acids (DNA/RNA/PNA),
4) Cellular structures/cells (i.e. microorganisms, proteins), and 5) Biomimetic (A recep-
tor that is fabricated and designed to mimic a bioreceptor. i.e., synthetic bioreceptors).
For this thesis, I have chosen to discuss on the major two receptors that widely used for

protein detection (Antibody/Antigen and Nucleic Acids receptors).

1.3.1 Antibody Bioreceptor

An antibody is a complex biomolecule that consists of hundreds of individual amino
acids arranged in a highly ordered sequence. These biomolecules have a very specific
binding capability for specific structures. ELISA (enzyme-linked immunosorbent assay)
is the widely used immunoassay to detect protein with Antibody/Antigen bioreceptor,
where a target-specific antibody/antigen is immobilized on a solid surface that is linked
an enzyme and detection is accomplished by assessing the conjugated enzyme activity
via incubation with a substrate to produce a measurable product [39]. Though a ma-
jority of commercial ELISA kits claims the detection limits in the sub-nM range, in
the literature there are a significant number of ELISA products that claim detection
limits in the low pM range that employs readout strategy like Electrochemical, colori-
metric, chemiluminescence [40]. Figure 1.6 demonstrates typical immunosensor formats
that use antigen bioreceptor and Figure 1.7 shows label-free immunosensor formats that
utilize electrochemical readout. Kerman et al. achieved up to 20 pM detection limit

of the label-free electrochemical immunosensor by analyzing Square Wave Voltammetry

(SWV) [41].
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FIGURE 1.6: Schematic illustration for the general immunosensor for-
mats. (A) Sandwich-type immunoassay with a labeled-secondary anti-
body. After the binding of the target antigen to the primary antibody-
modified surface, the secondary antibody with a label is introduced to
the form the sandwich-type complex. Various molecules such an en-
zyme or a nanoparticle can act as the source of electrochemical responses.
(B) In a competitive-type immunosensor, the target molecule competes
with its labeled form to attach on the primary antibodies on the sur-
face. The electrochemical responses obtained from the labeled antigens
are inversely proportional to the concentration of the target antigen. High
sensitivity levels can be reached using competitive immunosensing strate-
gies. Adapted from reference [41] with the permission from the Molecular
Diversity Preservation International.
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FIGURE 1.7: Schematic illustration for the label-free voltammetric im-
munosensors. The primary antibody is coated on the electrode surface,
and the electro-active residues in the antibody structure give a specific
current response. Upon the binding of the target antigen with the anti-
body, the specific current response of the antibody layer changes. This
change can either be an increase or a decrease depending on the structure
of the antigen and the conformational changes that would occur upon the
formation of the antigen-antibody complex. Then, the current responses
would be further altered with the binding of the secondary antibody,
which would also contribute to the current response with its intrinsic
electro-activity. Adapted from reference [41] with the permission from the
Molecular Diversity Preservation International.
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1.3.2 Nucleic Acid Bioreceptor for protein detection

As a bioreceptor, Nucleic acid attracted most interest in the scientific community to
develop biosensors. DNA biosensors often referred as a genosensors, are developed based
on the complementary of adenine : thymine (A : T) and cytosine : guanosine (C : G)
pairing in DNA (Figure 1.5) defining the basis of the specificity of the biorecognition
in DNA biosensors. Along with hybridization sensors, DNA-ligand interaction was also
studied by different types of transduction techniques [42]. There are different types of
protein detection strategies reported in the literature. Figure 1.8 shows an example where
a methylene blue (MB) redox tagged thiolated DNA was immobilized and hybridized
with a target specific antigen tagged complementary DNA. After the hybridization, the
electrochemical signal decreases because the redox tag is now away from the electrode
surface. After the target protein binding to the sensor, a signal decrement up to 80 %
was achieved showing detection limit of 200 nM with this sensor. Figure 1.9 shows a
schematic of protein detection strategy uses DNA as a sensor by shaded et al. Where
they were able to achieve 1 nM detection limit on detecting protein. In this report, they
have used steric hindrance effect as the strategy of the signal amplification. The main
advantage of this novel signaling mechanism is that it remains selective enough to be
employed directly in complex samples such as whole blood and remain insensitive to

nonspecific adsorption of proteins on the sensor surface.
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Recognition Strand Target addition

FIGURE 1.8: Schemetics of Detection principle for protein detection with
electrochemical Transduction. Adapted from reference [37] with the per-
mission from the Journal of Visualised Experiments.
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FIGURE 1.9: Schematic representation of CSA, a competitive electro-
chemical steric hindrance hybridization immunoassay to detect small
molecules. The proposed sensor is composed of densely packed electrode-
bound “capturing” DNA strands (purple), free complementary signaling
DNA strands (green) dual-labeled with the target small analyte (red
squire box) and a signaling redox label (black circle: methylene blue),
and an antibody specific for the target molecule. In the absence of a spe-
cific analyte in the sample (bottom), the signaling strands remain bound
to the antibody, which significantly reduces the ability of this large DNA
complex to hybridize on the electrode surface due to steric hindrance.
This ultimately generates a low electrochemical signal (blue curve). In
the presence of target analytes, this later bind to the antibody and the
small signaling DNA can reach the electrode surface and hybridize effi-
ciently to most complementary capturing strands, thus generating a large
electrochemical current (black curve) by bringing redox labels near the

electrode’s surface: Adapted from reference [43] with the permission from
the ACS Publications.
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1.4 Proposed Model: Protein Responsive Programmable

dynamic DNA Assembly (PRPDA)

Li at al. proposed a programmable dynamic DNA assembly as tools of protein detection
by employing strand displacement strategy [1]. In their work, they successfully were
able to convert protein bindings to the release of a pre-designed output DNA molecules
utilizing their proposed binding-induced DNA strand displacement assay using fluores-
cent transduction technique [1]. Figure 1.10 demonstrates dynamic assembly of DNA
that programmed through a cascade of strand-displacement reaction which subsequently
able to amplify the detection signal for the target molecules (Protein in this case) by
releasing an intermediate fluorescent tagged DNA sequence. They hypothesized that
the fluorescence signal is proportional to the target protein. PRPDA shares three main
attractive features; 1) Detection of proteins can be accomplished by the detection of am-
plifiable DNA to improve the sensitivity dramatically, 2) Assembly of DNA is triggered
by affinity binding of two or more probes to a single target molecule which increases the
specificity; and 3) The assay is conducted in solution with no need for separation which

has the potential for point-of-care application [1].

In this thesis, the proposed model is designed based on the concept developed by
Dr. Li [1] that utilized fluorescent based transduction (illustrated in the previous Figure
1.10) to the protein detection. The significant difference is that instead of fluorescence
readout we employed electrochemical readout in our model. The design illustrated in
Figure 1.11 below. The binding-induced three-way junction (TWJ) strand displacement
is designed to have a target recognition and signal output elements. Target recognition is
achieved by two specific affinity ligands binding to the same target molecule. Two DNA
motifs, TB and B*C, are each conjugated with an affinity ligand. Motif TB is designed

to have a toehold domain T and a binding domain B, separated by a flexible linker of
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two thymidine bases. Motif B*C has a binding domain B* and a competing domain C.
TB and B*C are designed to have only 6 complementary bases (domain B and B*, green
color in Figure 1.11) so that they cannot form a stable duplex at room temperature.
However, in the presence of the target molecule, the binding of two affinity ligands to
the same target molecule brings TB and B*C to close proximity, greatly increase their
local effective concentrations [1]. Consequently, TB and B*C hybridize to each other to
form a stable TB:BC* duplex. Once TB:BC* forms, it triggers a subsequent toehold-
mediated strand displacement reaction with T*C*:C-MB, forming a binding-induced
TWJ (TB:B*C:T*C*) and releasing the motif C-MB, which is the reporter probe (RP)
modified by Methylene Blue (MB) redox agent. Hybridization of free C-MB detected on
the sensor prepared by modifying a gold electrode with prehybridized complementary
DNA sequence (complementary to the C-MB) carrying a toehold (capture probe, CP)
using toehold-mediated strand displacement. Upon hybridization of C-MB, MB reduced
near the gold surface to generate an electrochemical signal. The generated electrochemi-
cal signal is then recorded to analyze. Structure of MB and the reduction reaction shown

in Figure 1.11(B) [44].

TB:B*C TB:B*C:T*C*

FIGURE 1.10: Schematic showing the design of PSA-responsive TWJ.
Adapted from reference [1] with the permission from the ACS Publica-
tions.
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FIGURE 1.11: (A) Schematic of the proposed model, showing the princi-
ple of the binding-induced formation of DNA Three-Way Junction. Bind-
ing of the target molecule (Protein) to the two specific affinity ligands
brings two DNA motifs, TB and B*C, to close proximity, forming the TB:
B*C duplex. The formation of TB: B*C triggers a subsequent strand dis-
placement between TB:B*C and C-RP-MB, resulting in a stable binding-
induced TWJ (TB:B*C:T*C*) and the release of C-RP-MB. This redox
strand will then be captured by the capture probe (CP) immobilized in
the electrode by means of DNA strand displacement assay. An electro-
chemical readout technique will be employed to detect the reporter probe,
RP.(B) Shows the Mathelene Blue reduction reaction.
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1.5 Research Objective

The primary objective of this thesis is to achieve a lower limit of detection (LOD) using
PRPDA assay with electrochemical readout compare to the LOD reported (2.8 nM) by
Li. et al.[1] using fluorescent transduction technique that uses similar PRPDA strategy
to detect protein. To meet the primary objective in the end, the following more specific

goal was pursued:

e To determine a voltammetry technique that can provide the highest signal to noise

ratio.

e To determine the scanning solution that can provide the highest signal to noise

ratio in the electrochemical measurement.

e To lower the limit of detection (LOD) of MB labeled DNA with strand displacement

assay, which is an essential intermediate step in detecting protein via PRDS assay.

e To minimize the background signal that occurs due to nonspecific adsorption of

redox marker to the gold electrode surface due to non-affinity binding.

e To minimize the background signal caused by the unwanted formation of three-

way-junction (TWJ).
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1.6 Thesis Overview

The remainder of the thesis is organized as follows.

Chapter 2. provides a brief background on electrochemical setup and instrumentation
with the theoretical background on the electrochemical techniques used in this thesis.
This chapter also illustrates the experimental protocol used in this experiment to develop
the hybridization sensor prepared on gold electrode surface that is essentially the final

step of the PRPDA protein detection scheme.

Chapter 3. elaborates the major findings towards the development of the PRPDA
protein detection scheme to lower the limit of detection utilizing electrochemical read-
out. The experiments presented includes characterization of the hybridization sensor
developed in the gold electrode surface, determination of the scanning solution that has
potential to provide a large signal to noise ratio, development of the strand displace-
ment assay, minimization of nonspecific adsorption and unwanted hybridization. Finally
demonstrates that by utilizing the high surface are a wrinkled electrode, LOD can be

pushed further compare to planar for the PRPDA protein detection assay.

Chapter 4 illustrates major contribution to the field by discussing the new findings
and the impact of this work in the broader view. This chapter concludes by summarizing
the major findings of the thesis by providing insight of the gaps and shortcoming of this
work to point the scope of the future work to be done to improve the LOD utilizing

PRPDA protein detection scheme.
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Chapter 2

Experimental Apparatus and

Procedures

2.1 Instrumentations

This section discusses the major apparatus and the electrochemical methods used to
perform electrochemical bio-sensing experiments. The electrochemical techniques used in
our experiments are Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV),

Square Wave Voltammetry (SWV).

2.1.1 Electrochemical Setup

Three-electrode based electrochemical potential setup consists of a Reference Electrode
(RE), Working Electrode (Working Electrode (WE)) and a Counter Electrode. A po-
tential is applied between the RE and the WE and the resultant current is measured
between the WE and the Counter Electrode (CE). Figure 2.1 shows the schematic of a

typical three-electrode system.
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FIGURE 2.1: Potentiostat with the three-electrode configuration for per-
forming electrochemical measurements.

2.1.1.1 Reference Electrode (RE)

The reference electrode (Reference Electrode (RE))is an electrode that has a well-known
and stable electrode potential. A standard Ag/AgCl with a potential of 0.230 V vs.
standard hydrogen electrode (SHE) [45] was used as reference electrode. Due to a high
impedance between the working electrode and the reference electrode, a negligible cur-
rent is possessed to avoid a drop in the potential. Figure 2.2 shows a Ag/AgCl reference

electrode.
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FIGURE 2.2: photo of an Ag/AgCl reference electrode.

2.1.1.2 Counter Electrode (CE)

Platinum (Pt) electrode was used as a counter (or auxiliary) electrode. To allow the
reference electrode to keep its high impedance condition, the resultant current produced
due to the redox reaction passes across the working electrode and the counter electrode.
The size of counter electrodes is usually larger compare to the WE’s. Figure 2.3: Photo

of a Pt counter electrode used in this experiment.

A

FIGURE 2.3: Photo of Platinum reference electrode.
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2.1.1.3 Working Electrode(WE)

The working electrode is which modified to prepare the sensor. Sensor performance was
analyzed between the planar gold electrodes and the wrinkled gold electrodes. Planar
gold electrodes were purchased form CHI. Wrinkled electrodes were prepared electroless
prepared by the protocol developed in our lab. Figure 2.4 shows a photo of planar
gold macro electrode (A), (B) Photo of wrinkled micro electrode prepared via electroless
god deposition and (C) Scanning Electron Microscopy images of the working surface

employed to develop the electrochemical DNA hybridization senso,

FIGURE 2.4: (A) Photo of planar gold macro electrode. (B) Photo of
wrinkled micro electrode prepared via electroless god deposition and (C)
Scanning Electron Microscopy images of the working surface employed to
develop the electrochemical DNA hybridization sensor
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2.2 Procedures and protocols

2.2.1 Materials and reagents

The following reagents were purchased from Sigma-Aldrich (St. Louis, Missouri); Potas-
sium Chloride (KCl, > 99.0%), Phosphate Buffered Solution (PB solution, 1.0 M,
7.4 pH), 6-mercapto-1-hexanol (MCH, > 99.0%), hexaamineruthenium (III) chloride
(RuHex, 98%), potassium hexacyanoferrate (II) trihydrate (FoCN, 98.5%). Potassium
ferricyanide (FiCN, 99.0%) was purchased from Anachemia (Rouses Point, NY). Sulfuric
Acid (H2S504, 98%), 2-propanol (99.5%), sodium chloride (NaCl, > 99.0%), methanol (>
99.8%) were purchased from Caledon Laboratories (Georgetown, Ontario). Ethanol was
purchased from Commercial Alcohols (Brampton, ON). Sodium Hydroxide was pur-
chased from LabChem Inc. (Zelienople, PA). Triss EDTA (TE Buffer, pH = 8.0) and
Tris-(2-Carboxyethyl)phosphine, hydrochloride (TCEP) were purchased from Thermo
Scientific (Rockford, Illinois). Tris(hydroxymethyl)aminomethane (tris, > 99.9%) was
purchased from BioShop Canada (Burlington, ON). All other reagents were of analytical
grade and were used without further purification. Milli-Q grade ultrapure water (18.2

MQcm) was used to prepare all solutions and for all washing steps.
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2.2.2 DNA sequences

The oligonucleotide sequences listed below were synthesized from the Biosearch technol-

ogist.

P1 (t-RP-SH): 5-TAC ACG CTT GAG AGA CTG ATT GGA AGA SH -3
D1 (P*): 5°-TCT TCC AAT CAG TCT CTC AA -3

U3: 5-TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TT-
3’

L2 (CR*-MB): 5>-MB TCT TCC AAT CAG TCT CTC AAG CGT GTA TCC
CAT GTG TC - ¥

T*C*:5-CTA GAG CAT CAC ACG GAC ACA TGG GA-3

TB: 5-BiotinTEG/ TTT TTT TTT TTT TTT TGT GAG-3’

B*C: 5-BiotinTEG/AAG CGT GTA TCC CAT GTG TCC CTC ACT-3

L3: 5-MB TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT
TT - 3
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2.3 Electrode Preparation

2.3.1 Planar Electrode Preparation

Planar gold disk macroelectrodes were prepared for the sensor modification. Macro-
electrodes were polished with CarbiMet to remove any large scratch present on the
electrode surface, followed by cleaning in the flow of DI water. Next, electrodes were
polished with 0.3 um alumina beads on a polishing cloth damp with DI water, sonicating
for 5 minutes each in ethanol and then DI water, and repeating polishing and sonicating
with 0.05 um alumina beads, followed by sonicating using the same condition. A picture

of a sonication station shows in the picture in the Figure 2.5 below.

FIGURE 2.5: Picture of the sonication station.

A CV scan in 0.05 M H2S04 was performed to electrochemically polish the surface.
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An applied potential of 0V to +1.5 V was employed with a scan rate of 0.1 V/s for 80 cycle
electrochemical polishing. Afterwards, bare scans were taken as a baseline measurement
a bare gold surface modification. A picture of electrochemical station during CV scan is

shown in Figure 2.6.

This technique is due to the oxidation and reduction of an adsorbed layer of gold
oxide at the surface of the gold. A representative cyclic voltammogram of a sulfuric acid
scan of a planar gold surface is shown in Figure 2.7 below. Between +1.0 V and +1.5
V, the oxidation of gold occurs. Upon a reversal in scan polarity, a reduction reaction
occurs indicated by a characteristic peak at approximately 4+0.83 V. The electro-active
surface area may be determined from the charge associated with the reduction current
by integrating the peak area, and dividing this value by the surface charge density of
gold (386 pC/cm?2).
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FIGURE 2.6: Multiple electrodes can be electrochemically cleaned to-
gether. This should be followed by performing H2S04 scans per individ-
ual electrode. The electrode holder seen above is created with aluminum
foil, clips and tape, held by two helping hands.
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FIGURE 2.7: Voltammogram of Sulfuric Acid CV scan for electrochemical
polishing.
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2.4 Surface Modification protocol

2.4.1 Thiol Reduction

Probe DNA Received in lyophilized form, which was resuspended with 1 X TE buffer to
1 mM concentration and 25 pL aliquots were created and stored at -80 °C for long term
use. Next, disulfide bond of the 5’ modifier on the probe DNA, P1, was cleaved to reveal
the thiol to immobilize the probe DNA on the Au surface by means of thiol-on-gold
self-assembled monolayer. Following series of steps were performed to cleave the dithiol:
50 pL of a 10 mM TCEP solution (Stock solution was prepared from TCEP powder) was
added to 25 pL of unreduced probe DNA. The mixture was left at the room temperature
for the reduction reaction to complete for 1 hour followed by vortex briefly. The thiol
reduced solution then transferred to a 3 kDa Nanosep spin column with 150 upL of a
100 mM NaCl and 10 mM PB solution (100/10) for filtering the unwanted residues.
Filtration was performed for 15 minutes at 8.6 kRPM and repeated the step 3 times to
get better filtration. After the spinning, 75 puL of 1000/10 was added to the retentate
and spun at the same conditions for 15 minutes. The retentate was collected in a small
tube with 75 pL of 1000/10 solution and stored in 4 °C. This solution was diluted with
25 mM NaCl, 25 mM PB solution and 100 mM M g»Cls to a concentration of 1 uM to

create the probe deposition solution.

2.4.2 Probe Quantification

Quantification of the reduced probe DNA concentration was performed in a UV-vis in-
strument. 15 pL of reduced probe DNA was added to 185 uL of a solution containing 100
M 5,5-dithio-bis-(2-nitrobenzoic acid / Ellman’s Reagent (DTNB), 0.1 M PB solution,

and 1 mM EDTA to a UV-transparent 96-well plate. A blank was created by adding
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15 uL of 1000/10 to 185 uL of the same solution. Reduction efficiency was then deter-
mined by comparing DNA concentrations from 260 nm (Native DNA absorbance) and
410 nm (thiol-DTNB absorbance) absorbance reading. 70 to 95 % reductuion efficiency

was found with this protocol.

2.4.3 Probe Deposition

The electrodes were washed in flow of DI water and placed in to individual 50 mL falcon
tubes, such that electrode surface was facing upwards on Styrofoam in the bottom.
To limit the evaporation, a humidity chamber was created by placing sufficient water
into the tubes. Previously prepared thiolated probe was diluted to 1 uM, and 5 uL. of
probe deposition solution was placed onto each electrode, tube was capped to seal and
protect the internal environment. Probe deposited electrodes were then placed into 4 °C
overnight to form thiol on gold surface assembled monolayer. Next morning, electrodes
were removed from the chambers and washed with 25/25 (25 mM NaCl and 25 Phosphate
Buffer (PB) solution) and DI water respectively. Then, Electrodes were put back into
the falcon tubes (humidity chamber). 5 yL of 1 mM MCH solution was then placed onto
the electrode surface for the backfill step for 4 hours at room temperature. Electrodes

were then washed with 25/25 followed by rinsing in DI water.

2.4.4 Hybridization

Electrodes were returned to humidity chamber created falcon tubes, and 5 pL of de-
sired hybridization (target) solution was placed onto the electrode surface. Which were
then incubated at 37 °C. for desired hybridization period depending on the experiment
performed. Electrodes were washed with 25/25 and flow of DI water before taking the

target electrochemical scans.
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2.4.4.1 Duplex preparation

Duplex (T*C* : RP-MB and P1 : D1 = CP) was prepared by following protocol using
thermal cycler. In a tube 12.5 pL of T*C* / P1 and 12.5 pL of RP-MB / D1 were
mixed in 1:2 (MB-RP : T*C* / P1 : D1) ratio. 25 pL of the mixed solution then put
on the thermal cycler chamber followed by slightly vortex the mixture. Thermal cycler
was pre-programmed such a way that it heats the sample to 95 °C then increase the
temperature difference to 5 °C with a time interval of 2 min till reach the sample to

room temperature (25 °C).

2.4.4.2 Three way junction (TWJ) preparation

Dithiol of the P1:D1 duplex was reduced by following the protocol explained in the
section 2.2.1. Thiolated P1:D1 duplex then diluted to 1 uM with the probe deposition
buffer (25/25/100). 5 pL of 1 M thiolated duplex probe was deposited on planar disk
gold electrodes and 3 pl. was deposited on wrinkled gold electrodes overnight to form
thiol on gold self-assembled monolayer capture probe (CP). Probe scans were taken

following the protocol stated in the section 2.2.1.

To prepare the blank solution, biotin modified intermediate strands, TB and BC,
protected toehold reporter probe, T*C*: RP-MB were diluted to desired concentration
with 25/25/100. In a different tube, target solution was prepared by adding target
streptavidin protein to the blank solution. A set of 3 electrodes were used for both

planar and wrinkled electrodes.

Respective experimental protocol is discussed in the individual experiment.
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2.5 Readout Techniques

2.5.1 Cyeclic Voltammetry

Cyclic Voltammetry (CV) is a potential sweep technique which can be employed to
study electron transfer kinetics and transport properties of electro-catalysis reaction on
the electrodes surface. In a three-electrode system, a linearly increasing potential with
time (scan rate (V/s)) applied between the reference electrode and working electrode
(Figure 2.8, top). Concomitantly, the resultant current is measured between the working
and counter electrode. The resulting data then plotted as current (i) vs potential (E)
(Figure 2.8, bottom). Observed reduction and oxidation events are shown in the resulting
plots. Reduction events occur at analyte specific potential voltages where the reaction
A+e — A (A = Analyte) is energetically favored (known as reduction potential)
and measured by increasing current values. Current increases till the applied potential
reaches the reduction potential of the analyte, but then falls off as the maximum rate
of mass transfer has been reached. The current decreases till the reaction reaches to a
equilibrium at some steady value. Oxidation reaction (A~ —e™ — A) ) is also observed as

decrease in current values at the potentials that energetically favor the loss of electrons.

The resulting voltammograms are analyzed and the potential (Reduction potential,
E,. and Oxidation potential, E,.) and current (Reduction current, I,. and Oxidation
current, Ip,) data for both reduction and oxidation events based on the surface modifi-
cation. These are the fundamental parameters used to characterize a redox event. The
oxidized and reduced forms of a compound are in equilibrium at the electrode surface.

[B]

The relationship between potential and the equilibrium (@ O) can describes by the
r=
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Nernst equation.

E=E"— ——iIn= (2.1)

Where, E0 = M is called the formal potential of the reaction and considers the

activity coefficients and other experimental factor.

Specifically, the peak current of a reversible reaction is given by:

ip = (2.69 x 10%)n3/2ADY %12 ¢ (2.2)

Where, ¢, is peak current in amperes, n is the number of electrons involved, A is the
area of electrodes in em?, Dy is the diffusion constant (cm?/s), v is the scan rate (V/s)
and C is the bulk concentration (moles/cm?). In this thesis FiC Ny was used as an

Electrolyte solution.
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FIGURE 2.8: Schemetic of applied potential (a) and a sample i-v curve
(b) of a Cyclic Voltammetry
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2.5.2 Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is a voltammetric technique, where a series of
pulses applies in the working electrode such that the base potential is incremented be-
tween pulses and the increments are equal. Difference between the current just before
the application of the pulse and at the end of the pulse is recorded. Resulting current
vs. applied potential are then plotted for the analysis. Farley long waiting period before
the new pulse applied, allows to discharge the capacitive current occurs between elec-
trode and electrolyte interface. Current magnitude and potential of the redox peaks are
the two-important information can be observed from a DPV signal. The height of the
current peak, I is directly proportional to the concentration of corresponding analyte,
C. Which can be expressed as, I, «<C. It has been demonstrated that Square Wave
Voltammetry (SWV) could be four times more sensitive than DPV [46]. Rapid scanning
capability and the reversal nature of SWYV is also beneficial for the kinetics study. Fig-
ure 2.9 shows a Schemetic of applied (left) potential and a sample DPV voltammogram

(right).

Differential Pulse Voltammetry Voltammogram of DPV

Potential (V)

Sample Period

Current(A)

Pulse Width

Time(S)

Potential(V)

FIGURE 2.9: Schemetic of applied (left) potential and a sample DPV
voltammogram (right).
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2.5.3 Square Wave Voltammetry

Square Wave Voltammetry (Square Wave Voltammetry (SWV)) is a large-amplitude
differential technique, in which a waveform composed of symmetrical square-wave, su-
perimposed on a base staircase potential, which is applied to the working electrode
(Figure 2.10, left) [47]. The current is measured twice for every square wave cycle (once
at the end of the forward pulse and another at the end of the reverse pulse) and their
difference is plotted against the base staircase potential. Large modulation amplitude
of the square-wave allows the reverse reaction to occur of the product of the forward
pulse. This is an advantage over the DPV that in DPV, it requires to wait a certain
period of time to reach analyte to the close to electrode surface from the bulk. The
peak current is proportional to the concentration of analyte. Oxidation and reduction
current measurement in consecutive waves in a high pulse rate always provides a high
net current, which makes SWV a extremely sensitive technique. Figure 2.10 shows a

Schemetic of applied (left) potential and a sample SWV voltammogram (right).

Square Wave Voltammetry Voltammogram of SWV

e
s g
7 Sample Period E
é. —RE g

Pulse . i

ampli ‘e_\

Sample Period

(:flulet Timg; Time(S) Potential(V)

FIGURE 2.10: Schemetic of applied (left) potential and a sample SWV
voltammogram (right).
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2.5.4 Alternate Current Voltammetry

Alternate Current Voltammetry (Alternate Current Voltammetry (ACV)) consists the
superimposition of small amplitude AC voltage on a linear ramp. The frequency of an
AC potential is usually ranges from 50 - 100 Hz at an amplitude of 10 - 20 mV. For a
reversible reaction, the height of the ACV perak is proportional to the square root of

the frequency (w):

. n F2AwW'Y2DY2CAE
= ART

(2.3)

The peak width is independent of the AC frequency and is 90.4 mV per electron

exchange.

Figure 2.11 shows a Schemetic of applied (left) potential and a sample ACV voltam-

mogram (right).

Voltage

Current

0.2 0.1 0 041 02
Voltage

Time

FIGURE 2.11: Schemetic of applied (left) potential and a sample ACV
voltammogram (right).
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Chapter 3

Results and Discussion

3.1 Introduction

The vision of this thesis is to develop an assay based on protein-responsive programmable
dynamic DNA assembly (PRPDA). As illustrated in section 2.2, PRPDA allows detecting
proteins via an intermediate process involving nucleic acids. PRPDA has previously
been designed for sensitive protein analysis in fluorescent assay formats [1]. However, to
further push the detection limit and to achieve assay miniaturization and multiplexing,
we sought to combine PRPDA with electrochemical readout. We expect to decrease the
limit-of-detection of this systems for the detection of protein biomarkers by employing

high surface area wrinkled gold electrodes.

We prepared the sensor by modifying a planar gold electrode with thiolated DNA by
means of thiol-on-gold self-assembled-monolayer. A cyclic voltammogram was analyzed
to characterize the surface modification. A hybridization experiment was performed with
and without redox modified complementary target. Next, a toehold-mediated strand

displacement hybridization assay was studied by modifying the planar gold electrode.
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We demonstrated protein detection using PRPDA assay for 2 uM protein (Strepta-
vidin) target with electrochemical readout. We choose intermediate sequence TB=BC=500
nM, T*C* : CR*-MB = 500 nM (Section 1.4, Figure 1.11-A) proposed by Li et al. that
optimized for the similar PRPDA assay developed for the protein (PSA) detection using

fluorescence readout [1].

Square Wave Voltammogram was performed in the presence (Target) and absence
(Blank) of the protein target in the buffer solution (25 mM NaCl and 25 mM PB so-
lution). Figure 3.1 shows the results of this experiments showing similar peak current
for both target and blank with a peak shift (The peak shift could arise due to the slight
variation of pH in the buffer solution.). According to the proposed model demonstrated
in section 1.4, SWV current observed in the absence of the protein target should not
be present since the toehold-mediated strand displacement reaction is not initiated to
release CR*-MB reporter probe. Hence, no redox peak should be seen. We hypothesize
the peak observed here for Blank is due to the following reasons- 1) The intermediate
sequence concentration was high enough to thermodynamically initiate the toehold-
mediated strand displacement reaction to release the reporter probe. 2) Reaction time
for PRPDS assay is long enough to initiate the strand displacement of the reporter
probe. 3) MB redox reporter could be nonspecifically bound to the freely accessible gold
surface. To reduce the false positive signal, we addressed these hypotheses by optimizing
the intermediate sequence TB=BC, probe sequence T*C*: CR*-MB, the reaction time
to release the reporter probe from the PRPDS system, and introduced poly-A in the

target solution.
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FiGURE 3.1: PRPDA assay for 1 uM protein target on the planar gold
electrode with 500 nM TB=BC, T*C*: CR*-MB and 1 uM capture probe.
Results show no peak current change for the target compares to the Blank.
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3.2 Sensor Characterization

The goal of this experiment is to characterize the electrode surface modification with
the capture probe (CP in the proposed model, Figure 1.11-A), which is essentially the
sensor for the PRPDA protein detection system. Using hybridization experiment, this

was demonstrated for both label-free and labeled target.

3.2.1 Label-free DNA Hybridization

Schematic in Figure 3.2 demonstrates the hybridization experiment steps for the label-
free DNA target. A bare gold electrode was modified with a thiolated single-stranded
DNA complementary to the target called probe. The sensor then challenged with com-
plementary (Figure 3.2-a), and non- complementary target (Figure 3.2-b). Protocol for
this experiment is described in section 2.2. Cyclic Voltammetry (CV) permits an un-
derstanding of the state of the electrode surface modification by characteristics of the
redox processes at the electrode surface. Monolayer formation can be monitored via
attenuation of an anionic redox agent such as Ferrocyanide, [Fe(CN)g)?~ [48]. Fewer
faradic processes take place because of the repulsive electrostatic interactions between
the anionic [Fe(CN)g]*~ redox reporter and the negatively charged DNA probes. The

interaction is schematically illustrated in Figure 3.3.

Figure 3.4 shows the CV of the bare planar gold surface, probe-MCH monolayer
modified surface, and target hybridized monolayer surface in the [Fe(C'N)g]*~ solution.
As discussed in section 2.5.1, a well-defined reduction and oxidation peaks (I,. = 6.56
pA, Epe = 0175V, I, = -7.80 A, Ep, = 0.247 V) of [Fe(CN)g]*~ were observed with
a peak-to-peak s6eparation (Ep — p) of 72 mV, which is the evidence of highly reversible

redox reaction [49]. A sharp peak indicates that reduced/oxidized species diffuse rapidly
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into or away from the solid-solution interface. After probe (P1) deposition, followed
by MCH backfill, resultant CV shows a wider peak separation of 298 mV with lower
reduction/oxidation peak current amplitude (reduction current, I,,. = 1.64 pA, reduction
potential, E,. = 0.115 V, Oxidation Current, I,, = 4 pA, Oxidation potential, E,,
= 0.413 V). This suggests that due to repulsive electrostatic interactions between the
anionic [Fe(CN)g|*~ redox marker and the polyanionic P1 probes (negatively charged
phosphate groups of the DNA backbone) as well as DNA/MCH monolayer, which act as
a physical blocking layer, fewer faradic process take place with slower reaction kinetics
[48]. Upon introduction of the complementary target DNA (D1), the blocked layer exists
as before, but now, because hybridization occurred, there is duplex DNA present on the
surface. A more anionic phosphate backbone increases the electrostatic repulsion of
[Fe(CN)g)*~ resulting further decrease in reduction/oxidation currents (I, = 1.41 pA,
Epc=10.049 V, I,, = 3.87 uA, E,q = 0.489 V) and widening peak separation (440 mV)
[50]. After exposure to non-complementary target, U3 (Figure 3.4-bl), a lower peak
to peak separation (177 mV) with higher reduction/oxidation peak current amplitude
(Ipe = 2.795 pA, E,c = 0134V |, I, = 4.63 pA , E,, = 0.311 V ) was seen compared
to corresponding probe/MCH CV results (I, = 2.22 pA |, E,. = 0.079 V , I, = 4.06
LA, E,q = 0409 V, E,_, = 330 mV). Figure 3.4 (a2) and (b2) shows the peak current
amplitude analysis for the 3 trials. Peak reduction/oxidation current and voltage for
the label-free complementary and non-complementary target on the gold surface are

summarized the table 3.1 below.
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(a)
Thiol-on-gold o
Self Assembled Hybridized state
Monolayer
Complementary
target
Bare gold surface B |~
SH
Thiolated probe Comr%gerrg:tntary
deposition for 12
Bare P hours Probe incubation at 37 °C Target
(b)
Thiol-on-gold Unhybridized state
Self Assembled
Monolayer
Non-Complementary
target
Bare gold surface F B - x
SH SH
SH
Thiolated probe NOn-CO_Ir_gp:;rtnentary
deposition for 12
Bare » Probe incubation at 37 °C Target

hours

FIGURE 3.2: Schematic demonstrates the hybridization experiment steps
for the label free DNA target. The Bare gold surface was modified with a
thiolated probe using thiol-on-gold self-assembled monolayer. Hybridiza-
tion state for complementary (a) and noncomplementary target (b) state
was demonstrated.
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Negatively.chérged phosphate More negatively charged phosphate
backbone in single stranded DNA backbone of in double stranded DNA
(upon hybridization)

(a) (b)

- X -
feony
/ SH
More
electrostatic repulsion

Electrostatic repulsion

Target hybridized state
Probe monolayer

FIGURE 3.3: Schematic demonstrates the electrostatic repulsion between
negatively DNA phosphate backbone and negetivley charged Ferrocyanide
before (a) and after hybridizatoin (b).
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FIGURE 3.4: al and bl are the Representative cyclic voltammogram, a2
and b2 are the oxidation and reduction peak for complementary and non-
complementary targets respectively, for Bare, Probe-MCH monolayer and
the Target hybridization state. Hybridization was performed with (a)l
uM complementary target, D1 and (b)1 uM noncomplementary target,
U3. CV was performed in 25 mM PB solution, 25 mM NaCl and 2 mM
[Fe(CN)g]*~ with scan setting shown in section 2.2. Error bars show a
Standard error for the 3 trials.
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TABLE 3.1: Peak reduction/oxidation current and voltage for the label-
free complementary and non-complementary target modification on the

sensor surface

Complementary Target ‘ Bare ‘ Probe ‘ Hybridized state ‘
Reduction Current, Ipc 6.56 uA | 1.64 pA 1.41 pA
Oxidation Current, Ip, -7.80 pA | -4 uA -3.87 uA
Reduction Voltage, Epc 0175V | 0.115V 0.049 V
Oxidation Voltage, Ep, 0.247V | 0413V 0.489 V

Peak to Peak separation, E,_, | 0.072V | 0.298 V 0.440 V

Non-Complementary Target Bare Probe | Un-hybridized state

Reduction Current, Ipc 6.56 uA | 2.2 uA 2.795 pA
Oxidation Current, Ip, -7.80 pA | -4.63 pA -4.63 pA
Reduction Voltage, Epc 0175V | 0.135v 0.135V
Oxidation Voltage, Ep, 0.247V | 0311V 0.0.311 V

Peak to Peak separation, E,_, | 0.072V | 0.330 V 0.177V
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3.2.2 Labeled (MB) DNA Hybridization

Upon binding with a Protein target, PRPDA assay releases a Methylene Blue (MB) mod-
ified single-stranded DNA. In this section, we validated that this released MB modified
DNA is complementary to the sensor sequence. Schematic in Figure 3.5 demonstrates the
hybridization experiment steps for the MB labeled DNA target. A bare gold electrode
was modified with a thiolated single-stranded complementary DNA to the target called
probe, then a complementary (Figure 3.5-a) and non- complementary target modified
with MB (Figure 3.5-b) were introduced. Surface modification protocol for this experi-
ment is illustrated in section 2.2. Figure 3.6 shows the electrostatic repulsion between

anionic [Fe(CN)g]*~ and anionic DNA backbone.

Investigation of CV for the Bare, Probe/MCH monolayer and MB labeled target
hybridization shows (Figure 3.7) similar properties as label-free target hybridization
described in the previous section. Properties including, widening of the peak to peak
separation, 81 mV, 189 mV and 214 mV and decrement of the peak current amplitude for
Bare, Probe and Complementary MB modified Target, L2 (Figure 3.7-al, a2) hybridized
state respectively. In this experiment both, [Fe(CN)g]*~ and MB (oxidized form) are
present in the solution. However, since redox potential of MB (-0.3 V) does not coincide
with the potential window for CV scan (0 to 0.5), MB does not participate in the redox
reaction. We hypothesize that freely available oxidized MB (positively charged) could
attract the anionic, [Fe(CN)g)?~ facilitating the increase of charge transfer rate during
the redox reaction [51]. Due to the increased charged transfer rate, E,_, shows less
change (25 mV) in the presence of MB compare to a larger E,,_,, of 142 mV observed (for
the label-free target) when [F'e(C N)g]*~ present alone in the solution. This hypothesis is
also support for the non-complementary target showing less I,_,, change in the presence
MB (4 mV) compared to the large E,_, change of -112 mV calculated for the label-free

non-complementary target. Reduction/oxidation peak current and voltage for the MB
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labeled complementary, and the non-complementary target is summarized in table 1.2.

This experiment suggests that both label-free and MB labeled complementary DNA

sequence can be differentiable with the developed sensor.

(a)

Thiol-on-gold Complementary Target
Self Assembled hybridization state
Monolayer MB tagged
Complementary
Target
Bare gold surface B —
SH SH
SH
Thiolated probe Comqlaerr;\:tntary
Bare deposr:t(;z?sfor 12 Probe incubation at 37 °C Target
(b)
Thiol-on-gold Unhybridized state
Self Assembled
Monolayer MB tagged
Non-Complementary
target
Bare gold surface B [~ — , :
SH SH
+ SH +
i K .
Thiolated probe Non-Co_gp:;(aeTentary
deposition for 12
Bare P hours Probe incubation at 37 °C Target

FI1GURE 3.5: Schematic demonstrates the hybridization experiment steps
for the MB labeled target sequence. The Bare gold surface was mod-
ified with a thiolated probe using thiol-on-gold self-assembled mono-
layer. Hybridization state for MB modified complementary (a) and non-
complementary target (b) state was demonstrated.
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backbone in single stranded DNA backbone in double stranded DNA
(upon hybridization)
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- X -
faon
/ - Oxidized
SH — mB*
Electrostatic repulsion More

electrostatic repulsion

Target hybridized state
Probe monolayer

FIGURE 3.6: Schematic demonstrates the electrostatic repulsion between
negatively DNA phosphate backbone and negativity charged Ferrocyanide
before (a) and after hybridization of MB-tagged target (b).
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FIGURE 3.7: al and bl are the Representative cyclic voltammogram,
a2 and b2 are the oxidation and reduction peak for complementary and
non-complementary targets respectively, for Bare, Probe-MCH monolayer
and the Target hybridization state for MB labeled target. Hybridization
was performed with (a)l uM complementary target, L2 and (b)1 uM
noncomplementary target, L3. CV was performed in 25 mM PB solution,
25 mM NaCl and 2 mM [Fe(CN)g]*~ with scan setting shown in section
2.2. Error bars show a Standard error for the 3 trials.
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TABLE 3.2: Peak reduction/oxidation current and voltage for the MB
labeled complementary and non-complementary target modification on
the sensor surface

Complementary Target ‘ Bare ‘ Probe ‘ Hybridized state ‘
Reduction Current, Ipc 6.45 puA 3.8 uA 2.64 puA
Oxidation Current, Ip, 8.706 uA | 5.07 uA 5.07 pA
Reduction Voltage, Epc 0.172'V 0.142 V 0.143 V
Oxidation Voltage, Ep, 0.257V | 0273V 0.265 V

Peak to Peak separation, E,_, | 0.081 V 0.189 V 0.214 V

Non-Complementary Target Bare Probe Un-hybridized state

Reduction Current, Ipc 5.611 pA | 4.164 pA 4.792 pA
Oxidation Current, Ip, 7.91 pA | 5.507 pA 6.349 pA
Reduction Voltage, Epc 0.165 V 0.145 v 0.156 V
Oxidation Voltage, Ep, 0.240 V 0.260 v 0.256 V

Peak to Peak separation, E,_, | 0.075V | 0.115 V 0.004 V
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3.3 Voltammetry technique

The electrochemical signal was measured in 25 mM PB solution and 25 mM NaCl for
a comparative study of widely used voltammetry techniques; DPV, SWV, and ACV.
Surface modification for this experiment is illustrated in Figure 3.6; the bare gold surface
was modified with a thiolated probe using thiol-on-gold self-assembled monolayer. Target
and probe signal was analyzed for the hybridization of MB modified complementary
target. Since the target is redox labeled, we eliminate the redox species in the scan
solution. This system will enable us to see MB redox signal only after the hybridization.

Reduction reaction of MB is shown in Figure 1.11-B.

A planar bare gold electrode was modified with the single-stranded thiolated probe
using the thiol-on-gold self-assembled monolayer (Figure 3.8). The sensor was challenged
with an MB tagged complementary target. Since electrochemical signal was taken in the
buffer solution, no signal is expected in the probe measurement, and it is expected to
see a well defined MB reduction current with a sharp peak at around -0.3 V indicating

MB redox reaction.

Sample DPV, SWV, and ACV scans were demonstrated in Figure 3.9. Peak current
study represented in the bar graph directed us to choose SWV, which shows the highest

peak current of about 2 uA with comparably lower standard deviation with respects to

the DPV and ACV).

Table-3.3 listed the acquisition time for each scan for the typical pulsed voltammetry
techniques studied in this section, which indicates 30 seconds for the DPV, 9 seconds for
the SWV and 10 minutes for obtaining a single voltammetry measurement was required
to achieve per scan. Acquisition time for SWV is 9 seconds, which is lowest among the

pulse voltammetry techniques studied (Table 3.3). Previous studies in the literature
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also support our findings [52] that states; square wave voltammetry can be used to
experiment much faster than differential pulse techniques, which typically run at scan
rates of 1 to 10 mV/sec. Square wave voltammetry employs scan rates up to 1 V/sec or

faster, allowing much faster determinations.

Thiol-on-gold Complementary Target
Self Assembled Monolayer hybridization state

MB tagged
Complementary Target

Bare gold surface

SH +

i Thiolated probe Complementary Target

i incubation at 37 °C
deposition for 12 hours Probe Target

Bare

F1GURE 3.8: Schematic demonstrates the hybridization experiment steps
for the MB labeled target sequence. The Bare gold surface was modi-
fied with a thiolated probe using thiol-on-gold self-assembled monolayer.
Hybridization state for MB modified complementary.
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FIGURE 3.9: Top row shows sample DPV, SWV, and ACV for represen-
tative probe and target hybridization. The bar graph shows peak target
current analysis for these voltammetry techniques. Standard error bars
are shown.

TABLE 3.3: Time required for the different Pulse voltammetry techniques.

Voltammetric Technique | Time required to acquire each scan

DPV 30 Seconds
SWV 9 Seconds
ACV 10 Minutes
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3.4 Scanning solution determination for signal enhance-

ment

To determine a scanning solution that gives the largest signal change, hybridization
experiment for MB-labeled target were performed in [Fe(CN)g]?~ (25 mM PB solution,
25 mM NaCl and 0.25 mM) and buffer solutions (25 mM PB solution and 25 mM
NaCl) using SWV. The percent change from probe signal to target signal peak was
analyzed. Figure 3.10 below shows a comparative study of this experiment. Although
the experiment was performed with three electrodes for each target sequence, data for
only one electrode is shown in each graph for the sake of visual clarity. Figure 3.11 shows

schematic percent change calculation protocol for this experiment.

Upon hybridizing 1 uM MB-tagged complementary target L2, [Fe(CN)g]>~ system
shows 1.5 x 10% times increase to the probe signal (Figure 3.10-y). In this experiment
both MB (tagged with target) and [Fe(CN)g]>~ present in the solution and both get
reduced at the same potential (-0.3 V). Signal enhancement for the target is due to the
collective reduction of MB and [Fe(CN)g]>~ at the same potential (for 10 nM and 1 M
complementary target). However, for the lower target concentration, 1 pM and 100 pM a
lower SWV peak is observed. Which is an unusual behavior according to the hypothesis

stated above. To explain such unusual behavior further investigation is required.

For the buffer system (Figure 3.10, x), since the target is modified with MB redox
reporter, eliminating the redox agent in the scan solution ([Fe(CN)g]>~) gives a negli-
gible background signal compare to the MB redox peak for the target. Probe to target
signal change is also calculated to show comparative study with the [Fe(CN)g]3~ sys-
tem. Since there is no peak observed due to the absence of the redox agent in the scan
solution, probe current corresponding to the target peak was taken to calculate the sig-

nal change. Protocol for the calculation schematically demonstrated in the in Figure
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3.11 for each case. In the buffer system, for 1 uM target, 1.2 x 10°> % signal change was
observed (Figure 3.10-x) compared to the 1.4 x 10? % signal change for 1 uM target in
[Fe(CN)g)?~ system (Figure 3.10-y). This system shows detectable signal up to 1 pM
target concentration. The advantage of the buffer system over the [Fe(CN)g]3~ system
is that, since there is no peak observed for the probe solution, it is possible to directly
compare the target signal peak with the blank signal to determine the detection limit of

the PRPDA system.
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FIGURE 3.11: Schemetic showing the percent change calculation for
[Fe(CN)g]>~ system (A) and the Buffer (25/25) (B) system.
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3.5 Strand displacement assay

In this section, we demonstrate the detection of redox-labeled DNA sequences using
electrochemical readout through toehold-mediated strand displacement assay, which is
a key step for signal generation in the PRPDA protein detection system. Figure 3.12
demonstrates the toehold-mediated strand displacement reaction. In toehold-mediated
strand displacement reactions, a single-stranded domain first binds to the dangling toe-
hold domain of a pre-hybridized double-strand. This triggers the branch migration and
results in the dissociation of the strand previously bound to the substrate. The toehold
domain plays an important role in facilitating strand displacement, and the length of

toehold is often used to control its reaction kinetics [53].

To develop an electrochemical biosensor based on PRPDA, planar gold electrodes
were modified with a thiolated duplex probe carrying a toehold. Upon introduction of
methylene blue (MB) modified target, a toehold mediated DNA displacement process
is initiated. Square Wave Voltammetry (SWV) was performed in a buffer solution to
analyze the electrochemical signal change before and after hybridization. We studied
system’s hybridization kinetics and limit-of-detection by documenting the hybridization-

induced changes in the SWV signal.
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Hybridization by means of
Toehold Mediated strand

Thiol-on-gold displacement
Self Assembled Monolayer MB tagged
Toehold Complementary target
Bare gold surface —
SH SH

SH +

i + K .
Thiolated probe Complementary Target

. incubation at 37 °C
deposition for 12 hours Probe Target

Bare

FIGURE 3.12: Schematic showing toehold-mediated strand displacement
process. A bare gold surface is modified with a thiolated pre-hybridized
capture probe, then the capture probe challenged with the MB tagged
complementary target. The strand displacement reaction initiated by
binding with a complementary sequence to the toehold in the target
oligo. Hybridization process ended up by displacing the protected se-
quence (shown in green color) from the prehybridized state.
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3.5.1 Hybridization Kinetics of DNA strand displacement

We studied time depended hybridization kinetics of the proposed toehold mediated DNA
strand displacement assay demonstrated in section 3.5. As shown in figure 3.12, the
target sequence binds to the toehold to the prehybridized (protected) capture probe
(CP) and displaces the protection probe (green color in Figure 3.12) to hybridize with
the immobilized (on gold) strand. The purpose of this experiment is to determine the
optimum hybridization time that shows highest signal compare to the blank for the

toehold-mediated strand displacement assay.

In this study, 1 uM of the prehybridized capture probe, CP, containing a toehold,
was immobilized on the planar gold surface. Then, 10 nM of MB tagged; complementary
target sequence, L2, and non-complementary target sequence, L3 were introduced for
2 min, 30 min, 2 hours, 4 hours, 14 hours, and 24 hours. After the hybridization of
complementary target, L2, MB is expected to come to the proximity to the gold surface

and reduction of MB was recorded by SWV.

Figure 3.13 presents the peak current vs. hybridization time recorded for 2 min,
30 min, 2 hours, 4 hours, 14 hours, and 24 hours. It is evident from the Figure 3.13
that though the highest target peak current was observed between 14 hours and 24
hours, 2 hours is the lowest incubation time when a detectable signal for the target is
visible. Upon introduction to the non-complementary target, for 24 hours, a small SWV
was observed. We don’t expect to see an MB reduction peak when non-complementary
sequence, L3, was introduced. The straight line shows the background signal upon non-
complementary target introduction for 24 hours incubation time. We hypothesize that
this small background current is due to MB-gold nonspecific adsorption. A detailed study
was performed to address this non-specific adsorption and unwanted hybridization, and

the study is reported later in section 3.6.
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FIGURE 3.13: Average peak current vs. Hybridization time for 10 nM
complementary target (average taken for 3 trials). Error bar represents
Standard Deviation (SD) from the mean. The straight line represents the
SD of 10 nM non-complementary target.Time recorded for 2 min, 30 min,
2 hours, 4 hours, 14 hours, and 24 hours.
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3.5.2 Limit of detection (LOD) for strand displacement assay

We performed a Limit of Detection (LOD) experiment for the strand displacement as-
say developed in this section. The planar electrode was modified with the thiolated
pre-hybridized capture probe and challenged with the complementary target, L2, with
the concentration of 1 pM, 100 pM, 10 nM and 1 uM. To gauge the background signal,
1 uM of the non-complementary target was introduced. Determined from the kinet-
ics experiment in section 3.4.1, 2 hours incubation time was chosen for the hybridiza-
tion reaction to take place. The limit of detection experiment characterizes the lowest
amount of complementary target DNA which can be detected and distinguished from
non-complementary target DNA. LOD is calculated as 15D of the complementary
target peak current (7, (,p_c)) is greater/equal to the 35D of non-complementary target
(background signal) peak current (/(,_pc)), which can be mathematically expressed as:

LOD =1, o £18D > I, e £ 3SD.

Figure 3.14(top) shows sample Square Wave Voltammogram before (probe) and after
the capture probe (CP) challenged with the complementary target with a concentration
of 1 pM, 100 pM 10 nM and 1 pM. Figure 3.14 (bottom) demonstrates average peak
current vs. target DNA concentration that recorded form a triplicate experiment for
each concentration. LOD was calculated to be 10 pM for the strand displacement assay.
(Ip—crooppryy £ 18D = 4.28nA > 2.9nA = I _pcionar)) +3SD ). However, detectable
signal up to 1 pM was observed. Which is an indication that LOD can be further reduced

by optimizing the assay for PRPDA.

In this work, we have successfully demonstrated that hybridization of MB-modified
complementary DNA can be detected electrochemically by toehold-mediated strand dis-
placement. LOD of 100 pM with a detectable signal up to 1 pM was demonstrated. We

expect to increase the sensitivity and limit-of-detection of this system by employing high
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surface area wrinkled gold electrodes. We will further use this system for the detection

of protein biomarkers using the proposed target-responsive dynamic DNA assembly.

Probe
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o
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Applied Voltage vs Ag/AgCl

Peak Current (nA

10° 10" 10° 107
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FIGURE 3.14: Sample Square Wave Voltammetry signal before (Top) and
after hybridization (Bottom). Probe signal shows no redox peak. Scans
after hybridization with 1 pM, 100 pM, 10 nM and 1 uM complementary
target solutions show the methylene blue redox signal in 25 mM NaCl
and 25 mM PB solution. Average peak current versus target DNA con-
centration shown in the right graph. Average taken from 3 successful
trials for 1 pM, 100 pM, 10 nM and 1 uM complementary targets and
1 M non-complementary target. Error bars represent the standard de-
viation from the mean. The straight line represents the 1 SD of 1 M
non-complementary target.
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3.6 Reducing the blank signal level

As seen figure 3.1, a large unexpected background signal present in the blank. We
hypothesize that this could be due to two reason; 1) Non-specific adsorption of MB-gold,
2) Unwanted hybridizationdue to target independent three way junction formation.The
goal of this experiment is to reduce the background signal present due to unwanted
hybridization and nonspecific adsorption in the PRPDA system by simulating the final
step of the experiment. In the PRPDA assay, which involves protein in the system,
a single-stranded MB tagged reporter (named as ss-MB for this experiment) probe is
released. In the absence of a protein target, the reporter probe is in a protected state,
which is called a ds-MB in this experiment. ss-MB and ds-MB simulate target and
controlled state, respectively for the PRPDA system. For the visual clarity, a schematic

of ss-MB and ds-MB sequence used here presented in the Figure 3.16.

To assess the background signal generated in the absence of the protein target, the
following experiment was performed; 1) The duplex was formed in the controlled envi-
ronment inside the thermal cycler. 2) After immobilizing the duplex capture probe, it
was challenged with a protection probe to make sure no single-stranded oligonucleotide
is present. 3) Duplex and MB (control and target reporter probe respectively in the
PRPDS assay) were further diluted and 4) finally an additional surface blocker is intro-
duced to the target solution to avoid MB-gold affinity binding. The outcome of each

experiment is presented in the figure 3.17 discussed below.

In the initial experiments, prehybridized duplex reporter probe ds-MB (Figure 3.16
top schematic) and Capture probe were prepared by cooling down the solution by plac-
ing them in open air followed by heating at 95 °C. An experiment was performed by
modifying the cool down protocol to the controlled environment in the thermal cycler

with 5 °C temperature increments in 2 min time intervals down to room temperature.
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Figure 3.17-(1) demonstrates Peak SWV current recorded before and after controlled
temperature protocol employed. Signal (ss-MB) to noise (ds-MB) ratio was compared
the before and after optimization condition. After the controlled temperature protocol
employed, MB-labeled target shows a 187.45 % signal (ss-MB) to the noise (ds-MB) ratio
compared to the 54.68 % calculated for the uncontrolled protocol. These unprotected
single-stranded capture probes on the gold sensor surface could reversely displace the
protected strand from the ds-MB target separating the single-stranded MB target and
hybridize with the capture probe leading to a false positive signal. By employing the
controlled protocol to form prehybridized duplex, it is possible to reduce the number of

prehybridize capture probe on the sensor surface.

The next experiment was done by further introducing the protected probe (shown in
schematic in figure 3.16) on the sensor to block if any unprotected probe remains, which
may reversely displace the MB from the duplex reporter probe, which shows (figure 3.17
(2)) about 15. 97 % decrement of signal to noise ratio. Before introducing the post
protection probe, there was 54.68 % increment in signal to noise ratio The decrement of
target signal for MB labeled target (ss-MB) after introducing the post protection probe

is not supported by our hypothesis and still to be understood and require further study.

Next, an experiment was performed by diluting the target sequence 100 times. We
hypothesized that by diluting further the ss-MB and ds-MB, it would be less thermo-
dynamically favorable for the MB to electrostatically attach to the gold surface. But
by showing a decrease of 16.79% in the peak current for the ss-MB target compare to
the ds-MB target, this experiment failed to support our hypothesis. Results of this

experiment is presented in Figure 3.17 (3).

Next, we proposed to introduce poly-A oligonucleotide sequence with 17 nucleotide
to the target solution (ss-MB and ds-MB). Poly-A is negatively charged in neutral pH,

and adenine has an affinity for the gold surface [54]. When sensor is challenged with the
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target sequence that mixed with the Poly-A, due to the strong non-affinity energy to the
gold compare to the MB [55], Poly-A horizontally attached on the gold electrode surface,
inhibiting the nonspecific binding of the MB on the gold surface. We demonstrated the
hypothesis with a schematic in Figure 3.19. Poly C nucleotide also demonstrates strong
affinity with different electrode materials, but the affinity of Poly-A was found to be
stronger with gold compared to Poly-C [55]. The results of introducing 10 nM poly-A
shows (Figure 3.17-(4)) larger signal to noise ration of 63.99 % which is small improve-
ment compared to the 54.48 % without poly-A in the target solution. Although this
difference is small, we expect to increase the signal to noise ratio by further optimization

of Poly-A concentration.

This experiment suggests that by preparing the duplex probes in the controlled tem-
perature protocol and introducing the poly-A in the target solution, it is possible to
reduce the nonspecific adsorption and unwanted hybridization. We proposed an exper-
iment to study the role of concentration variation of poly-A sequence on the signal to

noise ratio.
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FIGURE 3.15: Schematic showing the hypothesis for nonspecific adsorp-
tion take places due to non-affinity binding between MB and Au electrode
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FIGURE 3.16: Schematic for the target sequence designed for blank signal
reduction experiment. ds-MB is the pre-hybridized state of the reporter
probe. ss-MB is the single-stranded MB redox tagged target oligo se-

quence.
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FIGURE 3.17: Nonspecific adsorption optimization by (1) Controlled tem-
perature protocol for probe protection, (2) extra protection the probe on
the sensor, (3) Dilution of the reporter probe, (4) With Poly A in the
target solution as an extra surface blocker.
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FIGURE 3.18: Schematic showing post hybridization protocol.
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FIGURE 3.19: Schematic showing that Poly-A non-affinity binding on the
gold electrode surface inhibits the nonspecific adsorption of MB on the
gold.
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3.6.1 Poly A concentration optimization

The experiment presented in the previous section suggests that introducing poly -A
helps to reduce the nonspecific adsorption of ds-MB on the gold surface. We performed
an experiment varying the Poly-A concentration to observe its potential in reducing the
nonspecific adsorption further. Signal to noise ration of target solution contained Poly-A
concentrations of 10 nM, 100 nM, 1 M and no poly-A was analyzed. The results in
Figure 3.20 suggest that with 1 uM poly-A in the target solution, the highest reduction
in nonspecific adsorption is observed (with a signal to noise ratio of 4900%). It is worth
to mention that the signal to noise ratio for the poly-A concentration of 0 to 1 uM
pol-A does not follow a particular trend. More experiment is required to understand

and explain the relationship between the poly-A concentration and signal to noise ratio.
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FIGURE 3.20: Peak current vs Poly A concentration (in bracket) for
ss-MB target versus ds-MB control. Poly A concentration of 10 nM, 100
nM, 1 uM and without Poly A was examined for ds-MB vs ss-MB. Percent
change from control to MB peak current is indicated on each bar graph
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3.6.2 Intermediate sequence optimization

The study published by Li et al [1] that employs fluorescence readout with a similar assay,
demonstrated that concentration of intermediate sequence TB=B*C in the PRPDA as-
say (Figure 1.11-A). (Intermediate sequence TB=B*C in PRPDA electrochemical based
assay is indicated in Figure 3.21) is critical for manipulating the the kinetics of the for-
mation of three-way junction (TWJ) that allows releasing the fluorescent tagged reporter
probe in the absence of the protein target. In our design, we suspect that the TB=B*C
concentration is high enough to facilitate the formation of TWJ in the absence of protein
target allowing the release of the redox tagged reporter probe showing the background

signal.

In the effort to optimize the false positive signal involved in the formation TWJ in the
absence of protein target, we systematically reduced the concentration of the TB=B*C
sequence. TB=B*C concentration of 12.5 nM, 25 nM and 50 nM were chosen. A percent
change in the average peak current of the target to blank was calculated to analyze the

background signal optimization.
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FIGURE 3.21: Schematic of proposed model indicating the intermediate
sequence TB=B*C sequence

It is evidence from figure 3.22 that, in the absence of protein target (Blank) in the
PRPDA assay, average peak current decreases (shown with an arrow) with the decrease of
TB=BC concentration. Which indicates that the TWJ formation is less thermodynami-
cally favorable for the lower TB=BC concentration. The percent peak current change for
target to the blank shows difference ratio of 288.98% for the 12.5 nM TB=B*C, compare
to the 75.03% for 25 nM and 124.04% for the 50 nM respectively. Though target average
peak current does not vary significantly with the decrease of the TB=B*C concentration,
a larger standard deviation (SD) was seen for the lower TB=B*C concentration. Due
to a higher signal to noise ratio we chose the TB=B*C concentration of 12.5 nM for the

detection limit experiment.
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FIGURE 3.22: Peak current vs TB=B*C concentration of 12.5 nM, 25
nM and 50 nM. Error bar shows standard deviation from the mean.
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3.6.3 Time-dependent kinetics study of the PRPDA assay

Li et al. shows that, the target independent three-way junction (TWJ) formation to
release the reporter probe (Figure 1.10) is time-dependent. For the longer incubation
higher background signal for the PRPDA system was observed in the florescence assay
[1]. To determine the kinetics for unwanted hybridization due to target independent
TWJ formation and compare signal to noise ratio, the incubation time of 2 hrs.,1 hr.

And 30 min was chosen.

Data shown in figure 3.23 is presented with the average peak current for the target
and blank for 30 min, 1hr and 2 hr incubation time. Blank signal shows an increase in
the average peak current which is in line with the hypothesis presented by Li et al. that,
with the increase of incubation time, the formation of toehold mediated TWJ in more
thermodynamically favorable to release more redox tagged reporter probe. For the 30
min incubation highest signal to noise ratio of 369.45% was observed compared to the
175.66% for the 1 hr and 261.98% for the 2 hr incubation time. This experiment is the

evidence that for the 30 min incubation PRPDA shows highest signal to noise ratio.
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FIGURE 3.23: Peak current vs. incubation time of 30 min, 1 hr and
2 hr in the presence (target) and absence (blank) of protein in PRPDA
scheme. Error bar shows standard deviation from the mean.
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3.7 LOD on planar and wrinkled electrodes

It has been shown in previous studies that the limit of detection of the biomolecular
sensor strongly depends on the nanoscale texturing of the electrode surface [35, 56-59]
Gabardo et al. demonstrated that increased surface area of the porous nanostructure
electrodes enhances sensitivity in the DNA hybridization detection compared to the
flat surface by enhancing the accessibility during the hybridization reaction requiring
shorter hybridization time [60].Here we performed a limit of detection experiment to
study the sensitivity of the PRPDS protein detection assay (section 1.5) on and porous

gold electrodes.

To perform the LOD experiment, a set of three electrodes for both planar and porous
surfaces were prepared following the electrode preparation protocol described in the
section 2. The surface of the electrodes was modified with the pre-protected capture
probe that carries a toehold (protocol explained in section 2.2). Protected reporter probe
(TC:C*-MB) concentration of 10 nM, Intermediate sequence, TB=B*C concentration
of, 12.5 nM (section) was chosen based on the experiment performed in the previous
section. The peak current density for the electrochemical SWV was recorded for the
target concentration of 1 fM to 1 uM. Sample SWV for PRPDA protein detection assay
performed for different target concentration in both planar and wrinkled gold electrode is
shown in Figure 3.24 with the log linear change of peak current density vs concentration.

For the comparative study, date are represented in terms of current density.

LOD calculated with the same algorithm explained in section 3.5.3. That LOD is
the concentration at which the current density of target, Jiarger = 15D is greater/equal
to, current density of blank, Jyune £ 35D, which can be expressed as; LODprpps =
Jtarget £1SD > Jyipar £ 3SD. For the planar electrode, for 10 pM target, Jigrger £

1SD = 2.05 x 1075 + 7.07 x 1077 = 2.75 x 1076,1.34 x 1075, which is the lowest
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target concentration that have, Jig,get = 15D greater then the current density for blank,
Jpinak £39D = 3.43 x 1077 +£2.16 x 1078 = 2.50 x 1076, —1.82 x 1076, Hence, LOD for
the planar electrode was determined to be 10 pM. For the wrinkled electrode, for the 1
pM target, Jrarget £ 35D = 3.78 x 1076 £3 x 1.06 x 1077 = 4.10 x 1076,3.46 x 1076,
which is the lowest target concentration that have, Jiurger £ 15D greater then the,
Jpimak £3SD =2.16 x 1076 £ 1.90 x 1075 = 4.06 x 1076, —2.6 x 10~7. Hence, LOD for
the wrinkled electrode was determined to be 1 pM, which is ten times greater compare
to the planar electrode. This is in line with the hypothesis reported by the Gabardo et.

al. [60] that increased electroactive surface area improves the sensitivity of the sensor.
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FiGURE 3.24: Top left, representative Square Wave voltammogram of
PRPDA assay performed on planar electrode for target protein concen-
tration from 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM and 1 uM.
Current represented in current density. Top right shows peak current
density vs log-concentration for the experiment performed on planar gold
electrode. Bottom left, representative Square Wave voltammogram of
PRPDA assay performed on wrinkled electrode for target protein con-
centration from 1fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100
nM and 1 gM. Current represented in current density. Top right shows
peak current density vs log-concentration for the experiment performed
on wrinkled gold electrode.
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3.8 Summary

In this chapter, in section 3.2, we presented the characterization of the DNA hybridiza-
tion sensor modification on the planar gold electrode surface for the label-free and labeled
(MB tagged) target DNA detection. Cyclic voltammetry (CV) was used to differentiate
the redox reaction of [Fe(CN)g]>~ on the bare gold electrode, probe modification, and
target hybridization state. Well defined [Fe(C'N)g]3~ reduction/oxidation peak current
decrement in CV from the bare gold electrode to probe monolayer modification and
target hybridization state was the indication of the successful development of hybridiza-
tion sensor using electrochemical readout. The decrease in the reduction/oxidation peak
current is due to repulsive electrostatic interactions between the anionic [Fe(CN)g]3~
redox marker and the polyanionic P1 probes (negatively charged phosphate groups of
the DNA backbone) as well as DNA/MCH monolayer, which act as a physical blocking

layer, fewer faradic processes take place with slower reaction kinetics [48].

In section 3.3, we presented a comparative study of the major voltammetry tech-
niques, Differential pulse voltammetry (DPV), Square Wave voltammetry (SWV) and
Alternative current voltammetry (ACV). The experimental result suggests that SWV
provides a higher peak compare to the DPV and ACV techniques with the lowest time

require per scan.

In section 3.4, we compared the use of [Fe(CN)g]>~ and Buffer only solutions to
determine the scan solution providing the largest signal change for the target to probe
for the target concentration of 1 uM to 1 pM. The percent peak current change for
the target to probe calculated for [Fe(C'N)g]>~ system vs buffer system was analyzed,
showing a detectable percent peak current change up to 1 pM for the buffer only system
with a inconsistent trend for the target concentration change . This experiment suggested

using the buffer only solution as the scan solution for the later experiments.
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In section 3.4, we present the development of the toehold mediated strand displace-
ment assay that is an essential reaction for the PRPDS protein detection scheme. Time-
dependent hybridization kinetics and a Limit of Detection (LOD) study was carried out
for the toe-hold mediated strand displacement assay. This experiment indicates a after
2 hours incubation no statistically significant improvement of the signal have observed
and a detectable signal up to 1 pM with a LOD of 10 nM. We further used this system
for the detection of protein biomarkers using the proposed target-responsive dynamic

DNA assembly and high surface area wrinkled gold electrodes.

Section 3.5 was presented with the study performed to increase the ssDNA to ds-
DNA current ratio. To do so, we prepared the duplexes in the controlled environment
in the thermal cycler, introduced post-hybridization protection strands on the sensor
and finally introduced negatively charged poly-A to the target solution for its stronger
affinity with the gold electrode compared to the MB. This experiment suggests that
by employing controlled temperatures to form a duplex and introducing poly-A helps
increase the ssDNA to dsDNA current ratio. We then performed an experiment varying
poly-A concentration to determine the concentration of poly-A at which sensor gives the
highest ssDNA to dsDNA current ratio. This experiment suggests that introducing 1
uM poly to the target solution provides the ssDNA to dsDNA current ratio. Next, an
experiment was performed varying concentration of intermediate sequence (TB=B*C)
and the incubation time of the PRPDS assay that suggests at 12.5 nM TB=B*C con-
centration for 30 min incubation gives the highest target to blank peak current ratio for

the 10 nM protein target.

Finally, we performed the Limit of Detection (LOD) study for the PRPDS system
choosing the 12.5 nM of intermediate sequence, TB:B*C , 10 nM protected reporter
probe TC:C*-MB and 30 min incubation time suggested by the optimization experiments

that showed the highest target to blank peak signal ratio. Both planar and porous
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wrinkled gold electrodes were modified with CP:P* duplex capture probe. Protein target
concentration from 1fM to 10 uM was used with a 10 times dilution to challenge the
PRPDS assay introducing 1 uM poly A in the target solution. LOD for the planar
electrodes and wrinkled electrodes were calculated to be 10 pM and 1 pM respectively.
10 x improvement in the LOD for the porous wrinkled gold electrodes suggests the
hypothesis presented by Gabardo et. al [60] that nonporous gold electrodes increase the

electroactive surface area and the sensor sentivity
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Chapter 4

Conclusions

4.1 Contribution to the field

Major contribution of this thesis is the improvement of the limit of detection (LOD)
of existing protein sensor development based on the protein responsive programmable
dynamic DNA assembly (PRPDA) [1]. Specifically, my research focuses to introduce
electrochemical readout to the improve LOD on previously reported fluorescence readout
to develop PRPDA scheme. We have reduced the limit of detection of the fluorescence

assay from 2.8 nM to 1 pM.

My work identifies that signal to noise ration of the sensor decreases due to two
reason; 1. Non-affinity binding between redox reporter, MB and gold electrodes and 2.
Unwanted hybridization due to target independent three way junction (TWJ) formation.
This can be improve by introducing poly-A to the target solution. Due to higher affinity
of poly-A to gold compare to MB, poly-A strongly binds to the gold surface allowing to
wash unbound MB easily. We further demonstrated that an optimum incubation time
that provides an enhanced signal to noise ratio. Finally, we have demonstrated that
by employing high surface area wrinkled gold electrode, LOD up to 1 pM is achievable

which is ten-fold higher compare to 10 pM calculated for the planar gold area. 1 pM
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LOD for PRPDA system is a significant improvement over 2.8 nM LOD reported for

fluorescence transduction.

4.2 Thesis summary and conclusion

Chapter 1 discusses the proposed protein responsive programmable DNA assembly (PRPDA)
protein detection scheme and discusses the general background on biosensors. In chap-
ter 2, I have elaborated on the instrumentation for electrochemical measurement and
sensor preparation protocols. In section 3.1 we have presented the evidence of the sur-
face modification to prepare the sensor towards the development of the PRPDA pro-
tein detection assay. The decreasing trend of the reduction and oxidation peak current
(Bare — Probe — Target) of the Cyclic voltammetry indicates the presence of the
immobilized probe on the bare gold surface. Section 3.2 demonstrated the finding of the
comparative study performed with different pulse voltammetry technique (DPV, SWV,
ACV) to achieve the highest target signal. SWV results in the highest target signal with

the shortest time required to accomplish each scan among the techniques studied.

Section 3.2 presents the experiment performed to determine the highest signal to noise
ratio. It is the evidence from this analysis that, 1 uM target shows 105 times higher
signal to noise ratio in buffer compared to the 1 uM signal change obtained for the FiCN

system. Buffer system shows detectable signal up to 1 pM target concentration.

In section 3.4, I have demonstrated the development of the strand displacement bea-
con, which is an essential hybridization formation reaction in the PRPDA protein de-
tection assay. The three-way-junction forms in the PRPDA upon binding protein to the
protein-specific legend in the PRPDA system, a three-way junction forms and releases
an MB modified single-stranded reporter probe, which is then detected using hybridiza-

tion on the sensor prepared by immobilizing with the complementary protected capture

84


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/msbe

M.A.Sc. Thesis— M. R. HASAN; McMaster University— Biomedical Engineering

probe on the gold surface. Here we have simulated the hybridization detection of re-
leased reporter probe in the PRPDA. This hybridization occurs by means of strand
displacement reaction. A Limit of Detection was calculated to be 10 nM of this assay
with a detectable signal up to 1 pM. Along with the successful development of the strand
displacement assay, this experiment also suggests that the background signal arises due
to the nonspecific adsorption and unwanted hybridization, which potentially limit us to

lower the LOD further.

In section 3.5, we presented the results of the optimization experiment performed
to lower the background signal caused by the nonspecific adsorption of MB on gold
and unwanted hybridization due to target independent TWJ formation. Following 4
experiment was conducted; These are; (1) Controlled temperature protocol for probe
protection, (2) extra protection the probe on the sensor, (3) Dilution of the reporter
probe, (4) With Poly A in the target solution as an additional surface blocker. The
evidence from this experiment suggests that by introducing a control duplex preparation
protocol and introducing poly A in the target solution the signal to noise ratio could be

improved significantly.

We varied poly A concentration to find an optimum point when it provides the
highest signal to noise ratio. The evidence from the experimental results suggests that
by introducing 1 uM poly A it is achievable to get 4900 % signal difference for the target

to control.

The subsections in section 3.5 demonstrated a time depended binding kinetics exper-
iment to minimize the unwanted hybridization occur due to target independent TWJ
formation. At 30 min target independent TWJ formation shows the highest target peak

current to blank peak current ratio.

Finally, in section 3.6, we performed the PRPDA protein detection assay on the
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planar and wrinkled gold electrodes. We have calculated the limit of detection to be 1
pM on the wrinkled gold electrode which is tenfold higher compare the LOD of 10 pM
calculated on the planar gold electrode. This evidence fits with the objects discussed in

the chapter-1.

4.3 Conclusions and Future direction

In this thesis we demonstrated that by employing electrochemical transduction technique
and nonporous gold electrode it was possible to improve Limit of Detection (LOD) of
1 pM for the protein detection using PRPDS assay compared to the LOD of 2.5 nM
reported with a similar assay for the protein detection utilizing fluorescence transduction
technique by Li et. al. [1]. Though, the lowest detection limits achieved with our system
is 1 pM on the nonporous wrinkled gold electrodes, we were able to achieve detectable
signals up to 1 fM, which suggests that if the background signal were further reduced, it
would be possible to push the LOD to lower than 1 pM with the same system developed in
this work. In future, LOD can be lowered by exploring different surface blockers to reduce
background signal produced due to nonspecific adsorption, such as polyethylene glycol
(PEG) [61], Poly-C sequence [55], Succinic Anhydride (SA), Bovine Serum Albumin
(BSA)[62] etc. Herein, we have demonstrated the detection of streptavidin, in future,
the detection can demonstrate to actual disease marker like prostate-Prostate Specific
Antigen (PSA). It was reported that presence of PSA concentration higher then 0.13 nM
in the mens blood considered as cancerous [63]. Another potential work can be done by

introducing this system to microfluidics devices to achieve real-time protein detection.
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