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Abstract

The work presented in this thesis is focused on the development of a bistable DNA-
driven assay formatted for biosensor applications in biological research, medical research, and an
approach to point-of-care testing. We have taken advantage of important concepts such as the
proximity effect to develop a proximity ligation assay (PLA) for the adipose-secreted protein,
adiponectin; this protein is an important indicator for diabetes, obesity, and metabolic syndrome.
PLA is a DNA-driven immunoassay, which utilizes polymerase chain reaction (PCR) to amplify
overall signal. With this assay, we gained insight to the complexity of detecting adiponectin
multimers. On the path to design electrochemical detection methods to detect PLA products with
a non-optical method, we conducted an important study to evaluate the distance dependence of
the placement of our redox-tagged DNA strand with respect to the electrode surface via square
wave voltammetry (SWV). Finally, we designed a bistable switch that is based on a DNA
hybridized-driven system that incorporates strand displacement reactions at the electrode surface.
This electrochemical system paves the way for future proximity-driven protein assays that could

potentially take advantage of our bistable switch-based strand displacement reactions.
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Chapter 1

Introduction

1.1 Endocrine Hormones

The endocrine system is a series of glands that secrete signals (hormones) that arrange a wide
variety of bodily functions. These hormone molecules participate in feedback control of many
processes within the body, thereby regulating internal systems.! There are a number of processes
that the endocrine system helps to control, such as growth and development, metabolism,
homeostasis, and responses to stimulus events that require a functional reaction, such as stress.
The hormones are distributed throughout the body via the blood stream. Akin to the nervous
system, the endocrine system is one of the body’s main communicators, but instead of using the
nerves to send information, the endocrine system utilizes blood vessels to deliver hormones to
cells and tissues. The glands of the endocrine system include the hypothalamus, pineal gland,
pituitary gland, thyroid, parathyroid, thymus, adrenal, pancreas, ovaries, testes, and more
recently the adipose tissue.> These glands produce different types of hormones that stimulate a
specific response in other cells, tissues, and/or organs®.

In our laboratory, we are focused on the pancreatic and adipose tissues. Although it was not
originally listed as an endocrine tissue, recent research has shown that adipose tissue is not just
an inert storage depository for lipids but is, in fact, a major endocrine organ that plays a crucial
role in controlling the body’s energy via endocrine, metabolic, and inflammatory signals.* The
adipocyte, which the unit cell found in adipose tissue, has been proven to secrete a number of

proteins. These secretory proteins have been named adipocytokines®. The pancreas is also


http://www.endocrineweb.com/endocrinology/overview-hypothalamus
http://www.endocrineweb.com/endocrinology/overview-pineal-gland
http://www.endocrineweb.com/endocrinology/overview-pituitary-gland
http://www.endocrineweb.com/endocrinology/overview-thyroid
http://www.endocrineweb.com/endocrinology/overview-parathyroid
http://www.endocrineweb.com/endocrinology/overview-thymus
http://www.endocrineweb.com/endocrinology/overview-adrenal-glands
http://www.endocrineweb.com/endocrinology/overview-pancreas
http://www.endocrineweb.com/endocrinology/overview-ovaries
http://www.endocrineweb.com/endocrinology/overview-testes

distinct, because this organ can serve as both an endocrine and exocrine gland. Its main
function, however, is within the endocrine system to keep the body’s blood glucose in balance.?
The major hormones secreted from the pancreas are insulin and glucagon, and they both regulate
blood sugar levels.® Insulin signaling is also dominant throughout the body and has a strong

effect on the function of adipose tissue.

1.1.1 Metabolic Syndrome

Metabolic diseases are disorders that disturb standard functions of the metabolism on a
cellular level, which includes the process of extracting energy from food. There are many
enzymes that participate in numerous co-dependent metabolic pathways that carry out the
processes. Metabolic diseases have the capability to affect cells’ abilities to complete vital
biochemical reactions, particularly those that involve transportation hormones, carbohydrates,
fatty acids, etc.®. This led researchers to coin the term “metabolic syndrome” to describe a group
of conditions such as increased blood pressure, high blood sugar, extra body fat, and high
triglyceride levels. Metabolic syndrome can cause an increased risk that heart disease, stroke,
diabetes, and obesity will occur in a patient over time®. Over the years, the concept of metabolic
syndrome has been reinforced by reoccurrences of disrupted glucose metabolism, increased
abdominal fat distribution, dyslipidemia, and hypertension in association with subsequent
development of type 2 diabetes mellitus and cardiovascular disease, ’. The World Health
Organization (WHO) definition of the metabolic syndrome includes a body mass index (BMI)
greater than 30 kg/m? 8.0ne of the main causes of these disorders is considered to be insulin
resistance in peripheral tissues such as muscle or adipose tissue. Figure 1.1 shows a proposed

model of metabolic syndrome and its components.
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1.1.2 Diabetes Mellitus

Diabetes mellitus is a disease state associated with metabolic syndrome; there are two

types: Type 1 diabetes (T1D) and type 2 diabetes (T2D). T1D, also known as juvenile diabetes,

is an autoimmune disease where the body's immune system attacks the cells that produce insulin

(pancreatic B-cells). This can result in either no insulin or a very low amount of insulin being

produced. Along with other nutrient signals following a meal, digestion of starches chiefly ends
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Figure 1.2: Depiction of Diabetes Mellitus
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with a 6 carbon sugar, glucose, which
stimulates insulin secretion from pancreatic B-
cells. This insulin directs peripheral tissues to
absorb consumed nutrients. Most people with
type 1 diabetes mellitus must take exogenous
insulin injections on a daily basis. Although
this treatment is effective in a patient for
decades, it is laborious and undesirable, thus
the search for a more effective cure for the
disease is ongoing.  Recent advances in
medicine, such as closed-loop insulin pumps,
have promised to better treat the symptoms of
the disease, °.  Additionally, researchers
continue to pursue pancreatic islet transplants as

a possible long-term cure.



Type 2 diabetes mellitus is the most common type of diabetes. It has been described by
the American diabetes association (ADA) as a “confusing entity”°. T2D is usually associated
with insulin resistance and does not generally require insulin treatment for survival. Insulin
resistance occurs when the action of insulin on its receptors in the muscle, liver, and fat begins to
degrade. After rapid postprandial increases in blood sugar levels, insulin resistance can cause
pancreatic islets to secrete more insulin than normally required, leading to hyperinsulinemia.
Blood glucose levels will continue to rise, since insulin action on its receptors is reduced, leading
to hyperglycemia and its damaging side effects. Also, type 2 diabetes has major ties with
obesity, alongside insulin resistance. Usually, losing and maintaining a proper weight and BMI

can reverse insulin resistance, and most patients’ symptoms of diabetes can become dormant.

As of 2015, diabetes affected an estimated 415 million people worldwide and 44.3
million in North America and the Caribbean. The ADA has estimated the total medical costs of
diabetes in America; by 2012, the cost had risen to an average of $245 billion!'. From Figure
1.3, which shows the prevalence of diabetes broken down worldwide, it seems the disease has

become more pronounced in the Western Pacific and South East Asia'?.
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Obesity as it Relates to Type 2 Diabetes

The specific influence of obesity on type 2 diabetes risk is determined by the degree of
obesity and by where most of the fat accumulates. Obesity is described as a state of increased
body weight of sufficient magnitude to produce adverse health consequences 3. The increasing
prevalence of obesity constitutes a major health problem in the United States, with more than

two thirds of all adults currently overweight or obese. The percentage of overweight or obese



adults in the United States increased from 45% in 1991 to 58% in 2001 4. This increase in cases
of obesity correlates with a significant increase in the cases of type 2 diabetes'®. According to
the ADA, more than 85% of all adult type 2 diabetic patients are classified as being either
overweight or obese, with 55% of those patients obese. Fat accumulation in the upper body
region, including visceral adiposity, as reflected in increased abdominal girth, is associated with
metabolic syndrome, type 2 diabetes, and cardiovascular disease!® , although the mechanisms
remain uncertain. Beyond differences in body fat distribution, recent evidence suggests that
different subtypes of adipose tissue may be functionally distinct and affect glucose homeostasis
differentially. Adult humans tend to have fewer brown fat cells’, which play a role in
thermogenesis and potentially influence energy expenditure and obesity susceptibility!®. As
such, there is a pressing need to have a better understanding of the functions of the different
types of fat cells and their roles in metabolic homeostasis. Projects outlined within this thesis are

aimed at improving bioanalytical technology used to study adipose tissue function.

1.1.3 Adipose Tissue, Adipocytes, and Adiponectin

Adipose Tissue

Adipose tissue is a complex organ with major effects on physiology. In the late 1940s,
adipose tissue was mainly considered as a form of connective. That view changed once scientist
realized that adipose tissue played an active role in nutrient homeostasis, serving as the site of
calorie storage (as triacylglycerol) after feeding and as the source of circulating free fatty acids
during fasting. In the late 1980s to mid-1990s, researchers discovered adipose-derived serum
factors like adiponectin, leptin, resistin, retinol-binding protein 4 (RBP4), TNF-0, and MCP1%°.

These adipocyte-derived factors are collectively referred to as “adipokines”®. Each of these



adipokines help with whole-body energy homeostasis, yet the function of some is better defined
than others. Adipose tissue has now been determined as an endocrine organ at the center of
energy homeostasis. The studies of adipose tissue have greatly increased in number, especially
on the developmental, functional, and pathophysiological aspects and how it correlates with

T2DY.

There are two main types of adipose tissue, subcutaneous and visceral, each found in
different locations of the body. Subcutaneous fat is located under the skin and makes up about
80% of all fat tissue, mostly located in the back and abdominal wall. Visceral fat covers the
organs of the abdominal cavity and makes up 10-20% of fat in men and 5-8% in women. The
tissue is made up mostly of cells known as adipocytes but also contains macrophages,

fibroblasts, and endothelial cells, which is consistent with connective tissue?®22.

Adipocytes and Targeted Adipokines

Adipocytes are highly specialized cells that play a crucial role in energy regulation and
homeostasis 2. There are two major types of adipocytes in humans. White adipocytes consist of
one large lipid droplet that is involved in fat storage. Brown adipocytes have many smaller lipid
droplets and a larger number of mitochondria that produce energy; these cells help maintain the
body’s temperature. Adipocytes consist of a nucleus, a storage area, and a cell membrane, and
they typically range in size from 60 — 150 um. In our laboratory, we focus on detection of
adiponectin and leptin, as these two adipokine hormones have significant effects on glucose
homeostasis, inflammation, and food intake. Leptin helps regulate body fat, in part by telling the

brain what level of fat is in the body and how that level is changing. Adiponectin helps regulate



glucose production as well as fatty acid oxidation in the muscles and in the liver. Both of these

hormones are important indicators of metabolic dieses such as diabetes and obesity?*.

Adiponectin

Even though adipose tissue is widely known as the storage depot for excess energy, its
role as an endocrine organ was not recognized until the discoveries of leptin and adiponectin in
the mid-1990s. Since then, there have been hundreds of molecules that have been identified as
being secreted from adipose tissue, and many of them play a major role in regulation of
metabolism.  Adiponectin is the most abundantly secreted protein from adipose tissue,
accounting for up to 0.05% of total plasma proteins.?? As a monomer, adiponectin is a ~30 kDa
hormone secreted by the adipocyte. In the bloodstream, it takes on higher order structures
including: 1) trimers of ~90 kDa 2) hexamers of ~180 kDa [low-molecular weight (LMW)] and
3) 12-18mers of greater than 300 kDa [high-molecular weight (HMW)]?. Figure 1.4 shows a
depiction of the macromolecular structure of the hormone, which consists of an N-terminal
collagen-like tail (shown in orange) and a C-terminal globular head (shown in blue) %. The
higher order adiponectin complexes are linked together by disulfide bonds. The HMW
multimers are considered the most biologically relevant because the adiponectin receptors are
most sensitive to this form 202225 Females tend to have higher levels of circulating
adiponectin than males; in fact, normal blood levels in women are nearly double at 13.5 + 7.9 ug
mL than they are in men at 7.2 + 4.6 pg mL™. Adiponectin levels can range from 0.55 — 30 ug
mL*?°, and studies have proven that levels are reduced in obese patients, a trend that has been
linked to insulin resistance and hyperlipidemia?®?"3°, There are two different adiponectin

receptors, one expressed in the liver and skeletal muscle, while the other receptor is expressed



mainly in B-cells of pancreatic islets. Adiponectin function to increase insulin sensitivity by the
activation of AMP kinase, which directly enhances glucose uptake in the muscle. In fact, it
increases fatty acid oxidation both in muscle and liver and activates the transduction of the
signaling cascade of insulin in both tissues. Recently, it has been observed that adiponectin
secretion occurs upon stimulation by insulin and niacin among other stimulants 20-2225-30 | this
thesis, adiponectin detection is our primary focus due to the lack of tools to investigate the

dynamics of adiponectin secretion in its multimeric forms.

Figure 1.4: Different isoforms of adiponectin, which in the blood exists as trimers,
hexamers, and higher molecular weight complexes. Linked by disulfide bridges,
adiponectin consists of a globular C-terminal head (shown in green), and a collagen like
N-terminal tail (shown in pink).

-10 -



1.2 Protein-based Immunoassays

1.2.1 Advances in Immunoassays

Methods used to detect proteins levels are of fundamental importance in biological fields.
Technologies for protein separation, detection, and quantification have seen accelerated
development with research into bioanalytical diagnostics. This vital step towards the
development of chemical sensors includes identifying small concentrations of proteins that play
major roles in disease, as well as low-cost detection for researchers and clinicians, in turn
benefitting patients. Needless to say, selection of an appropriate assay is crucial in determining

the levels of protein in each sample and the overall success of one’s research.

Enzyme-linked immunosorbent assay (ELISA)

The enzyme-linked immunosorbent assay developed by Engvall et al. remains the gold
standard in protein quantification, and its inception established the widely quoted acronym,
“ELISA.” The assay typically uses IgG antibodies that are raised in animals®*2, The antibodies
can either be monoclonal or polyclonal antibodies. In certain ELISAS, the researcher’s primary
antibody should be raised in an animal that is not the same from the sample of choice, followed
by an anti-animal choice IgG secondary antibody, which is important for the primary and
secondary antibody binding. The binding of the antigen and antibody is detected using an
enzyme linked to a secondary antibody, which turns the antigen-antibody complex into a
producer of colored product when the enzyme’s substrate is added. ELISA is a highly useful
method in detecting and quantifying proteins or antibodies, providing relatively fast, highly

specific, and sensitive results. Essentially, ELISA has four concept steps made up of coating,

-11 -



blocking, reacting of antigen and antibody, and generating color. ELISA can be in either a
competitive or non-competitive composition®*. These two assays are used depending on the

purpose of experiments and the types of antibodies and antigens.

Competitive ELISAs

The competitive ELISAs are also known as competitive inhibition ELISAs. The
competitive assays implement two antigens, where one is coated on the microtiter plate and the
another is added in a sample solution containing a finite amount of primary antigen specific
antibody which competes for binding to this antibody , as seen in Figure 1.5A. Technically, the
primary antibody which is unlabeled, is incubated with the sample antigen, then the antibody-
antigen complexes are added to a well plate, that has already been pre-coated. If there is any
antibody that is not bound, it is removed by a series of washing steps. The more antigen that is in
the sample, the less amount of antibody will bind to the antigen in the well, hence the term
“competition". The next step is to add in a secondary antibody that is specific to the primary
antibody and conjugated with an enzyme. The bound secondary antibody/enzyme will then react
with the substrate that is added, and a specific color is generated. The intensity of the color is
inversely proportional to the concentration of the antigens existing in the added sample.
Competitive ELISAs are frequently used for antigen quantification and cross-reactivity testing of
samples that are impure and crude, but samples can still give a significant signal. A downside to
this assay is its fundamentally competitive nature. Typically, the sample being detected has only
one epitope binding site, and the need for a competitive assay limits the ultimate sensitivity of the

ELISA.

-12-



Non-competitive ELISAs

There are two types of non-competitive ELISAs: two-stage indirect ELISA and

sandwich ELISA, as discussed below.

Two-stage indirect ELISA

This format is also called an antigen-coated ELISA. This is the simplest approach to
ELISA, and is normally used for antibody quantification and not protein quantitation.
Essentially, a serial dilution of antigens is first coated on the solid phase of the microtiter plate
by adsorption, followed by an incubation step with the primary antibodies, as shown in Figure
1.5B. The bound antigen-antibody (Ab-Ag) complexes are eventually detected by the addition
of the secondary enzyme-conjugate antibodies that attach to the primary antibodies. Levels of
enzyme-generated color are proportional to the concentration of the antigens in the sample, and
the intensity can be measured by a microplate reader using visible absorbance at an appropriate
wavelength®®. The disadvantages of this assay include cross-reactivity that occurs with the
secondary antibodies, which causes non-specific signaling, as well as the extra incubation steps

that require more time to complete the assay.

Sandwich ELISA

The sandwich ELISA is the most commonly used analytical method for the detection and
quantification of specific proteins 323, There are two different types of sandwich ELISAs: 1)
Indirect ELISA and 2) Direct ELISA. The sandwich ELISAs employ a pair of antibodies, one as

the capture antibody and the other as the detector, directed against two or more distinct binding

-13-



sites on antigens (epitopes), which makes the detection more specific against particular antigens.
If we focus on the indirect ELISA, the capture antibodies are first coated on the microtiter plate.
A series of dilutions of the antigens in the sample solution and antigen standards are added and
captured by the antibodies on the surface. The bound antigens are then detected by adding a
specific amount of detector antibodies, where the antigens get trapped, or sandwiched, in
between the two antibodies. Multiple washing steps are performed in between each step in order
to remove the extra unbound proteins and antibody probes. There is a direct relationship that
exists between the concentration of the antigen-antibody and the intensity of the absorbance (or
fluorescence) signal (Figure 1.5C). One limitation of this type of ELISA come into view when
we consider the proteins’ epitopes, since finding two separate antibodies that can bind to both
epitopes can be challenging. However, the major limitations of sandwich ELISAs are the high

cost and assay times.

X ” 5
o
W
I * Enzyme-Substrate

Secondary Antibody
AG

Primary Antibody AG

Figure 1.5: A) Competitive ELISA assay— Antigens in the solution compete for the
antibodies binding with antigens coated on the plate. B) Two stage indirect ELISA
assay—Multiple addition of antigen to plate and in mixed Ab-Ag solution C) Indirect
Sandwich ELISA assay—1° antibody used to anchor antigen followed by a series of 2°
antibodies (unlabeled and labeled)
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1.2.2 Proximity Assays

When reporting major advances in immunoassays, one must consider the development of
proximity assays. Even though ELISAs are well-developed methods for protein detection, the
disadvantages often outweigh the advantages. Developed as an improved alternative to ELISA,
proximity immunoassays have two major characteristics: 1) two probes bind to an antigen at
different epitopes; and 2) the signal is based on the proximity connection between the two
probes. Thus, the methods maintain the benefits of dual antibody target recognition, which was
used in both Western blotting and sandwich ELISAs. Three major proximity immunoassays
have found success in today’s immunoassay field: (1) Proximity Ligation Assay (PLA), (2)

Molecular Pincers, and (3) Proximity Extension Assay (PEA).

The Proximity Effect

The proximity effect was nicely explained in a review article by Prof. X. Chris Le and his
team from the University of Alberta 3. Most proximity assays have three main distinguishable
features: amplifiable DNA attached to antibodies can allow detection proteins; specificity is
increased because the affinity binding helps the assembly of DNA that has two or more probes to
one target; and the assays are homogeneous (no washing steps), which makes it simple for point-
of-care applications. Figure 1.6A shows an illustration of the local concentration effect that is
key to all proximity assays. If we consider binding of the two antibodies to the target molecule,
this brings the two oligonucleotides to the same target with a typical intramolecular distance that
is drastically decreased. These oligonucleotides now have local concentrations much greater
than before®. The image shows a ~400,000-fold increase in local concentration which enhances

the thermodynamic stability of the hybridization between the DNA strands. This local
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concentration increase only occurs for the DNA probes bound to the target, while the
concentrations of the unbound DNA probes are not affected.3* Importantly, this proximity effect
allows DNA-conjugated antibodies to effectively serve as analyte-dependent switches that
quantitatively report the presence of the analyte. One of the various methods used to quantify

DNA hybridization can now be applied to protein detection.
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Figure 1.6: A) Proximity Effect: binding of a target molecule to
oligonucleotides drastically increases the local concentrations of the
oligonucleotides. B) shows the intermolecular versus intramolecular
duplexes. The intramolecular complex has a higher melting temperature
because it is more stable than the intermolecular complex.

Reprinted with permission from Copyright © (2016) John Wiley and sons**
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Polymerase Chain Reaction (PCR)

To discuss proximity ligation assays (PLA), the fundamentals of the readout method,
PCR, need to be understood. Traditional PCR uses gel electrophoresis for separation and
detection of double-stranded DNA (dsDNA) products at the final phase, or end-point, of the PCR
reaction. The method, developed by Kary Mullis in the 1980s, employs DNA polymerase to
make multiple new target strands of DNA that are complementary to the provided target strand.
DNA polymerase selectively adds a nucleotide onto the 3'-OH group of the strand, and it needs
a primer DNA that can hybridize with the first few nucleotides on the target. At the end of a
typical PCR reaction, the target sequence will be accumulated in the billions of copies *.

The components of PCR include a DNA template, which is the sample DNA that
contains the target sequence. At the beginning of the reaction, high temperature (94-95 °C) is
applied to the original dsDNA molecule to separate the strands from each other. DNA
polymerase is an enzyme that synthesizes new strands of DNA complementary to the target
sequence. The most commonly used of these enzymes is Tag DNA polymerase, derived
from Thermus aquaticus, which is chosen because of its extreme temperature stability and high
fidelity when copying DNA.*® Forward and reverse primers, sparse pieces of single-stranded
DNA that are complementary to the target sequence, are also needed to initiate target extension.
The polymerase begins making new DNA from the end of each primer. Lastly, Deoxynucleotide
triphosphates (ANTPs) are single units of the bases A, T, G, and C, which are essentially
"building blocks" for new DNA strands.

The reaction can be divided into 3 phases: denaturation, annealing, and extension. Phase
1: Denaturation separates the two strands of the DNA double helix by breaking the hydrogen

bonds between the nucleotides to create single strands. This happens at very high temperature,
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around 94-95 °C. Phase 2: Annealing is when the temperature is lowered to allow the primers to
bind the DNA. The optimal primer binding temperatures vary but are usually around 50-60 °C.
Phase 3: Extension is when the temperature is ramped back up to about 72 °C to allow the DNA
polymerase enzyme to make new strands of complementary DNA from random nucleotide
reagents in solution®’. After multiple cycles of PCR, the number of target sequences
exponentially increases to create approximately millions or billions of copies by the end of ~50

cycles®,

]
]
double-stranded
DNA

Figure 1.7: Polymerase Chain Reaction

Of course, PCR does have its limitations. The reaction generates an approximate
doubling of copies of the target sequence in the exponential phase. Only in this phase is it
possible to extrapolate back to determine the starting amount of the target sequence that was in
the sample. After accumulation of pyrophosphate molecules and reagent limitations come into

play, the PCR reaction eventually ceases to amplify target sequences at an exponential rate, and
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the reaction goes into the plateau phase. The plateau phase of the reaction means that most of

the components are consumed, making the end point quantification of PCR products unreliable.

A. Epitope 1 Epitope 2 ' Epitope 1 Epitope 2

d— Connector —p

Comnecior

‘ DNA-Ligase
‘ DNA-Ligase
L No Ligation

Real time
quantitative PCR

No PCE. product

Figure 1.8: (A) Aptamers or antibodies will bind to distinct epitopes of the analyte. This brings
the DNA sequence into close “proximity”. The connector oligonucleotide is introduced to
hybridize both ends. Eventually, ligated sequences will be PCR amplified using reverse and
forward primer sequences (red and yellow arrows). Detection of the PCR product is achieved
under conditions of real-time quantitative PCR. (B) Without the presence of the analyte, the
connector oligonucleotide cannot act as a ligation template, which provides a background
signal that can be subtracted from overall signal. "

-19-



Proximity Ligation Assay

The proximity assay concept was first adopted in a report by Landegren’s group at
Uppsala University, Sweden. In 2002, their lab designed and developed a method for in-vitro
analysis of proteins which coined the method proximity ligation assay (PLA)***°. PLA products
are detected via PCR. Comparing Figure 1.5 and Figure 1.8, we can see that ELISA and PLA
have several similarities. They both take advantage of the use of dual-antibody binding to the
target molecule at different epitopes on the target protein. The major difference comes into play
when we conjugate DNA to each the antibody or aptamer of choice in PLA. The tails can come
close together or into proximity, once a short oligonucleotide called a connector is added in
excess into solution. When the PCR reagents are added into the mixture, T4 DNA ligase is
added as the last step. The ligase can fuse together the two DNA tails, and the generated
sequence can be amplified during the subsequent PCR cycles. If there is no target protein
available in solution, the two DNA tails cannot come together to bind (Figure 1.8). If we
compare the sandwich ELISA method to Landegren’s results, PLA has comparable sensitivity,
detection limit, and a wider dynamic range. More importantly, this assay is homogeneous, which
means washing steps are unnecessary, making it a single-tube immunoassay. Considering the
sample preparation of binding the antibodies or aptamers to the target along with the connector,
the timing for PLA is roughly one hour, and the downstream PCR assay can be completed in two
hours using automated equipment. As a result, the workflow with this technique is easier and

much faster than heterogeneous assays such as ELISA.
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Molecular Pincers

In 2005, Heyduk et al. created an assay based on the proximity assay concept, coined

“molecular pincers” *L. In this method, they utilized two different aptamers or antibodies that

can bind to different epitopes of a target protein, akin to ELISA and PLA. These antibodies are

ANTI2

ANTI

ANTI2

Figure 1.9: Molecular pincer assay.
molecular beacons for detecting
proteins based on ANTI1 and ANTI2
depict antibodies labeled with
signaling oligonucleotides. T
corresponds to the target protein.

Reprinted with permission from
Copyright © (2016) American
Chemical Society’

attached to short oligonucleotides via polyethylene
glycol linkers. The oligos are fluorophore-labeled,
one being a reporter molecule and the other a
quencher or FRET acceptor molecule. In the absence
the analyte, the two aptamers or antibodies do not
significantly interact, because the DNA tails cannot
come into proximity to promote effective annealing.
When the aptamers or antibodies bind to the target, it
brings the two signaling oligonucleotides close to
each other or into proximity, because the local
concertation has been increased. In turn, the DNA
can hybridize and the reporter and quencher
molecules cause a analyte-dependent change in the
fluorescence signal. These effects will be discussed

further in in Chapter 2.
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Proximity Extension Assay

Working from the general mechanism of PLA, Olink Bioscience developed an improved
version and coined it as the proximity extension assay (PEA). Unlike PLA, PEA can be used for
analysis in blood plasma samples. Common tissue sampling that doctors use to diagnosis
patients can potentially be eliminated, due to the ease of collecting plasma samples. PEA,
similar to PLA, brings the performance of highly sensitive methods for nucleic acid detection to
the realm of protein detection, by converting the target-antibody binding event into a long chain
of nucleotides, which can be measured by standard techniques. A schematic of PEA can be
found in Figure 1.10. A DNA polymerase uses the oligomer of one probe as a template to
extend the oligomer of the other probe into a ~90 base pair strand. All of the formed strands are
eventually detected and quantified by gPCR. A major added benefit of PEA is that it is capable
of performing parallel multiplexed assays, meaning that it can simultaneously detect multiple

target proteins or macromolecules in the same sample.

Figure 1.10: Schematic description of the Proximity extension reaction. (A) Two proximity
probes bound to a target protein, linked together by hybridization of DNA oligomers. (B)
Polymerase uses one oligomer as a template to (C) extend the other oligomer into a ~90 bp
DNA strand (orange).
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1.2.3 Summary of Proximity Assays

The development of proximity assays successfully overcame major limitations of other
protein based assays such as immuno-PCR, western blots, and ELISAs. Noteworthy are three
key improvements: 1) The assays are homogeneous, such that no washing steps are needed and
measurement time and complexity can be greatly reduced. 2) The binding probes can be
aptamers or antibodies, which makes selection easier. 3) The reaction can be done in a single
PCR tube at low volume, saving significant amounts of reagents and analytes. In this thesis
work we chose the PLA assay format with which to develop an adiponectin assay. In
comparison to ELISA, PEA, and the molecular pincer assay, PLA retains all of the benefits for
single-protein detection purposes (not multiplexed). The assay workflow is simple and requires
very little sample volume (~1 pL or less), making it compatible with future applications to

protein quantification in our group’s microfluidic devices.

1.3 Electrochemistry Meets Immunoassays

A classic electrochemical (EC) protein sensor > is made up of: 1) recognition
elements that specifically bind to the target protein; 2) a transducer which reports the change
that is taking place on the interface with the recognition elements; 3) an electronic system
communicates the result to the operator 2. In order for an EC protein sensor to successfully
qualify for a non-specialist market, it should meet a few requirements*. The biosensors should
be based upon measurable parameters which can be distinguished by conductimetric,
potentiometric, or amperometric techniques. Conductometric techniques are based on the flow

of current that is established by migration of ions of opposite charge, when an electric field is
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applied between two electrodes immersed in the electrolyte solution®®. Potentiometry is based on
the potential difference that is created across a membrane which is placed between two solutions
with charged species of different activity.*® Potentiometric sensors are suited for measuring low
concentrations in low volume samples because they do not chemically influence a sample.*’~>°
The most popular technique is amperometry, because it measures current that is being generated
from oxidation and reduction reactions*? %® If the current is measured at a constant potential, it is
referred to as amperometry, and if the current is measured in a controlled range of potential, it is
referred to as voltammetry.*” Modifications of the working electrode surface by immobilizing
recognition elements, such as DNA, is a very efficient approach to reach maximum current
responses.®® Bard and others introduced this concept of surface modification®>* about 35 years
ago for the use of catalysis that can participate in EC reactions, and the concept has been highly
employed and enhanced over the years for applications with a wide range of different EC

sensors.*2°1

1.3.1 Square Wave Voltammetry as Readout

There are a few types of pulse techniques used for electrochemical detection such as
differential pulse voltammetry (DPV), normal pulse voltammetry (NPV), square wave
voltammetry (SWV), and more. The main focal point of pulse techniques is the difference in the
decay rates of the charging and faradaic currents. The charging current decreases much more
rapidly than the faradaic current due to its decaying as an exponential function while the
decreasing response of the faradaic current is inversely proportional to the square root of time
(for diffusion-limited systems).>>% Therefore, at the completion of each well-timed pulse, the

capacitive current is slim in comparison to that of the faradaic current.>” This increased ratio of
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faradaic to non-faradaic current allows for a lower detection limit as well as higher sensitivity

and is ideal for analytical purposes.
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Figure 1.11: Potential wave form for square wave
voltammetry.
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SWV has been
extensively used in the
advancement of EC
sensors and biosensors in
recent years due to its
high  selectivity  and
sensitivity®®, and we have
utilized SWV in our
laboratory  for  protein
sensing. SWV is similar

to pulse polarography,

which can offer high speed and sensitivity. In SWV, the current is measured twice during each

cycle in the forward and reverse directions, which is often referred to as ireverse (ir) and iforward (if).

As shown in Figure 1.11, SWV output is given as the current difference, Ai = if - ir.

In 1981, O'dea et al. calculated experimentally measurable parameters such as peak

shifts, heights, and widths for different types of reactions and plotted them as a function of the

appropriate rate constants.® This analysis exemplified why SWV is often operated at high

frequency®, where experiments can be accomplished quickly.®® Each pulse results in a minute

increment of potential, represented as “step E” in Figure 1.11.
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1.3.2 DNA-driven Assay Formats

Within the chapters

to follow, multiple DNA

sequences are used and
mentioned in all of our
i'd
systems for assay §
A "
development. For this ~

reason, it is necessary to

discuss the basic concepts of

Price Per Base of DNA Sequencing and Synthesis

Rob Carison, March 2016, www.synthesis.cc
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a reporter in various assay
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Figure 1.12: Carlson’s Law. The price of DNA
oligonucleotide and gene synthesis has been dropping
exponentially over the past 20 years.

Image reprinted with courtesy of
http://www.eusynbios.org/blog/2016/6/10/writing-our-
aenome

is important only for its role in lineage. However, oligomer synthesis has advanced to the point

that scientists can custom-design DNA-driven biosensors to detect proteins and other

macromolecules. In fact, advances in DNA biotechnology are occurring at an exponential rate.

In a rough equivalent of Moore’s Law, the prices of DNA synthesis and sequencing are dropping

at an exponential rate over time, a trend coined as “Carlson’s law.” (Figure 1-12). DNA is

therefore a readily accessible material that can be inexpensively customized for research

purposes. DNA interaction properties have been well studied, and we know that the strands can

be made to form defined secondary and tertiary structures with well-characterized properties,

facilitating their use in biosensor studies and clinical diagnostic research.
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DNA is composed four nucleotide bases—adenine, cytosine, guanine, and thymine (A, C,
G and T)—which can hybridize to form a double helix bound together by hydrogen bonds
between complementary base pairs (A-T and C-G). The biophysical characteristic of DNA were
nicely described in Dr. David Yu Zhang’s thesis®®, where he cleverly compared DNA to velcro
and magnets and determined the kinetics of DNA strand displacement reactions.  Table 1-1,
from Zhang’s thesis ®* displays the terms and definitions of the frequently used concepts in DNA

nanotechnology.

Preferred Term Synonyms Definition
Strand Oligonucleotide A continuous linear nucleic acid polymer covalently
Molecule joined by phosphodiester bonds.
Oligo
Complex Molecule A non-covalently linked structure of multiple
Tile strands.
Domain Subsequence Multiple continuous nucleotides in a strand that
Tract act as a unit in hybridization.
Section
Toehold Sticky end A domain that serves too co-localize nucleic acid
strands and complexes. Toeholds are typically short
(4-10 nt).

Table 1.1: Common terms and their synonyms and definitions. 5

DNA Strand Displacement

Within this thesis, we take advantage of DNA strand displacement reactions, where two
strands with partial sequence complementarity hybridize to each other, displacing a pre-
hybridized strand in the process. Strand displacement can be started by complementary single-
stranded domains (referred to as toeholds) and typically progresses through branch migration

steps (Figurel1.13) %254 Usually, in molecular biology, strand displacement describes a process
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that is arbitrated by enzymes, like polymerases ®. Although enzyme-free strand displacement
and branch migration in DNA has been studied since the 1970s %7, they have only been applied
to DNA nanotechnology within the past 10-15 years. A schematic of the DNA strand
displacement process is given in Figure 1-13. In Chapter 4 of this thesis, a complementary DNA
strand (toehold) was used to displace our redox-tagged molecule in order to create a bi-stable EC

sensor that can enhance the SWV current.

Figure 1-13: DNA strand displacement overview. Panel shows one example of this
reaction. Single stranded DNA strand Z reacts with multi-stranded DNA X &Y to
release strand Y and form complex X & Z. This reaction is facilitated by the
“toehold” domains (green circle): The hybridization of these single-stranded toeholds
colocalizes Z and X, and allows the green domain to branch migrate. Branch
migration is the random walk process in which one domain displaces another of
identical sequence in binding to a complementary domain, via a series of single
nucleotide dissociation and hybridization steps. At the completion of branch
migration, complex X & Z is formed and strand Y is released.5*

-28 -



Proximity Ligation Assay: Asymmetric

In the Easley laboratory, we have taken advantage of DNA-driven assays, chiefly for
protein detection. For example, asymmetric PLA was developed, which improved the dynamic
range of PLA by 2 orders of magnitude through reduction of the background complex formation
in solution. Varying the DNA connector strand from the normal 20 bases to an asymmetrical 16

total bases allowed large background reductions with only modest signal reductions.

Electrochemical Proximity Assay

Our laboratory has also previously developed a unique immunoassay that combines the
proximity effect with electrochemical sensing. Others have employed aptamer-based, structure
switching protein detection methods on electrodes’’, where protein binding typically results in
signal loss. These systems provided homogeneous, EC detection of interferon gamma at a 60
pM detection limit. However, the flexibility of this approach is severely limited due to the
requirement of a structure-switching aptamer, which will not exist against many targets. In our
system, termed the electrochemical proximity assay (ECPA), aptamer or antibody-oligo binding
was decoupled from signal readout using DNA hybridization, creating a more flexible system
amenable to detection of any protein with aptamer or antibody pairs. Figure 1.14 shows a
schematic of ECPA, where upon the binding of two antibody-oligo conjugates to protein targets,
the EC-active methylene blue (MB) is positioned closer to the gold electrode for SWV readout.
The combination of this proximity-dependent assay with EC current enhancement via SWV
allowed for a homogeneous, highly selective and sensitive detection of target proteins with
detection limits in the femtomolar range, which could feasibly be utilized in a point-of-care

system in the future. 87°
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Figure 1.14: Electrochemical Proximity Assay
(ECPA) combines the proximity effect and SWV
detection of a redox-tagged molecule to bring it
near the gold surface, which increases the current
relative to the target protein’®,

Reprinted with permission from Copyright ©
(2012) American Chemical Society

| |
gold electrode

1.4 Additional Comments

Within this chapter, we have outlined several important concepts relevant to this thesis
work. In chapter 2, a proximity ligation assay (PLA) is introduced and optimized using a dual-
antibody pair, which specifically binds to the globular domain region of the adipose-secreted
protein, adiponectin; this protein is important in diabetes, obesity, and metabolic syndrome, as
discussed above. In chapter 3, we conduct an important study to evaluate the distance
dependence of the placement of our redox-tagged DNA strand with respect to the working
electrode surface, for use in SWV readouts in DNA-driven assays. Finally, in chapter 4, we
carefully engineer a DNA hybridization-driven system—incorporating strand displacement
reactions—and we create a bistable switch that combines the proximity effect of DNA with
electrochemical detection by SWV. This system sets the stage for future proximity-driven
protein assays that could take advantage of our bistable switch-based strand displacement

reactions.
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Chapter 2

Development of a Proximity Ligation Assay for Adiponectin Multimers

2.1 Introductory remarks

A homogeneous, binding-induced, hairpin-like assay was developed and shown capable
of measuring trace amounts of proteins in homogeneous solutions 1. The assay format,
proximity ligation assay (PLA; see chapter 1), utilized DNA oligonucleotides attached to
antibodies targeting adiponectin protein complexes. Interestingly, when designed for the large
adiponectin multimers, it appeared that the assay mechanism was altered from its standard form.
When two or more affinity probes bound to the same target protein complex, these DNA tails
were further excluded from hybridizing together by an added connector oligonucleotide.
Ligation products were amplified and detected by real-time, quantitative polymerase chain
reaction (QPCR). In this chapter, we will show that fewer DNA strands were formed by

enzymatic DNA ligation, but in a specific, target protein-dependent manner.

2.1.1 Affinity probes and assay formats

In a classic affinity assay, a signal is developed only if an affinity probe binds to its target
molecule. To make that assay multiplexed, the affinity probes should be labeled with multiple
different reporter molecules, or the different target molecules should be captured in different
locations to permit discrimination. Prior to analysis, probes are labeled (usually covalently) with

specific reporter molecules, and the reporter molecules on the probes are then quantified. In
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immunofluorescence, antibodies are labeled with different fluorophores, and multiple proteins
can be measured in cells and tissues by using a fluorescence microscope. In flow cytometry,
fluorescent labels have allowed simultaneous detection of ten or more different proteins at the
same time 2. However, a limitation to directly measuring fluorescence is that over-bleeding or
cross talk between different dyes could occur as a result of spectral overlap. * In mass
cytometry, antibodies are labeled with specific mass tags, known elements which can be
recognized and quantified by mass spectrometry (MS). In MS, there is typically no overlap
between the mass tagged antibodies, thus the level of multiplexing can be greater than with
fluorophores #°.  DNA oligonucleotides provide another means for labeling, opening the
methods to strand-displacement reactions, etc., as discussed in chapter 1. The affinity probes
that bind can be recognized via techniques for sequencing of conjugated DNA strands, and the
level of multiplexing is exponential to the number of bases that can be read. Also, the DNA
oligonucleotides can be enzymatically amplified or copied, which can be used to greatly improve
the sensitivity of an assay. The technique of choice that is widely used for assays based on DNA
amplification is real-time, quantitative polymerase chain reaction (QPCR) 8. Of particular
interest in this chapter, PLAs use DNA as the reporter molecule and utilize gPCR for quantitative
readout.

DNA aptamers were originally the preferred affinity probes in PLA, since addition of
sections of signaling DNA to aptamers is usually simple and straightforward.® However, due to
the lack of availability of two aptamers for most target protein molecules, including adiponectin,
we explored the use of both monoclonal and polyclonal antibodies to use in developing an
adiponectin PLA, as discussed further below. Antibodies have been successfully used in PLA,

through direct covalent attachment of signaling oligo’s or by using non-covalent streptavidin-
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biotin coupling. 1° PLA has been carried out in the homogenous and the solid phase formats 1,

Tedious experimental procedures, such as washing, are not required for the homogenous format.

Affinity identification, DNA ligation, and PCR amplification are completed in a single tube,

easing the burden on the experimenter and simplifying high-throughput analyses.

laboratory, we have developed global oligonucleotide
signaling sequences to be used with target proteins that
play roles in diabetes and obesity, such as insulin,
adiponectin, and leptin. The global sequences include
two separate DNA “tails” as readout probes that will be
covalently attached to the antibody of interest. Global
sequences of this type, while not useful for multiplexing,
allow accurate between

performance comparisons

antibody-oligo based PLAs during assay development.

2.1.2 Quantitative Polymerase Chain Reaction
(QPCR)

In gPCR, the amplification product is measured as
the reaction is progressing, in real time. This real-time
detection aspect is allowed by inclusion of a fluorescent
reporter molecule in the reaction that produces an

increased fluorescence signal with an increasing amount

of product DNA. The fluorescence chemistries employed for

this purpose include DNA binding dyes, such as N',N'-
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dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-

yl]-N-propylpropane-1,3-diamine (SYBR Green), and/or fluorescently labeled sequence-specific
primers or probes, such as TagMan probes. With TagMan probes, during the annealing phase in
PCR, the fluorophore- and quencher-labeled probe anneals to the target of interest between the
forward primer and reverse priming sites. In the extension phase, the primers bind the DNA
template, and a new complementary DNA sequence is synthesized by Tag DNA polymerase.
The labeled probe is cleaved by the enzyme during the extension phase, thus the reporter dye
will be separated from the quencher dye, releasing highly fluorescent reporters (Figure 2.1).
The quantified fluorescence is proportional to the total number of copies that have been

generated, allowing determination of the starting amount.

A key benefit of gPCR over standard PCR is the ability to determine the initial number of
copies of template DNA with high sensitivity and with high sequence accuracy. Furthermore,
gPCR readout does not require physical separation of products, such as in gel electrophoresis,
meaning that user bench time is

Amplification
reduced and throughput © : : ; 7 ;

increased. Finally, downstream

10° 1

contamination is much less

problematic in gPCR, since

reactions are fully contained

within PCR tubes and do not

require removal for separation. ] Log Scale

Typically, reaction tubes are
Figure 2.2: Quantitative Polymerase Chain Reaction raw data.
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disposed of following analysis.'? If we observe the raw data from qPCR from some of our
adiponectin PLA runs at varying amplifiable template concentrations (Figure 2.2), as the
reaction progresses to give a detectable amount of products, one can see the exponential phase of
amplification as the linearly increasing region (note the log-scale y-axis). The threshold cycle
number C() is defined within this region using software (horizontal line in figure). For the PLA
assay readout data set shown in Figure 2.1, it is clear that the threshold cycle number was
inversely dependent on the concentration of ligated DNA template. For the sample with the most
amplifiable amount of target, the C(;) averaged around 26, and successive decreases in
amplifiable target caused a shift in C(y) to larger numbers (to the right in the figure).
Interestingly, the amount of amplifiable template appeared to be inversely proportional to the
amount of targeted adiponectin protein complexes in our developed PLA, results which will be

discussed further below.

2.1.3 Proximity Ligation Assay (PLA)
As discussed in chapter 1, one of the most robust yet simple protein assays that has been
developed is the proximity ligation assay (PLA) °. In analytical terms, PLA surpasses immuno-
PCR methods>*—methodology to detect antigens using specific antibodies labeled with
dsDNA—since the label in PLA is used for signal generation by qPCR without the need for

assay washing steps. Herein, a PLA was developed toward detection of adiponectin multimers.
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2.2 Experimental Methods

2.2.1 Reagents and materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). T4
DNA ligase was purchased from New England BioLabs. Mouse Adiponectin standards were
obtained from Millipore as a part of the mouse adiponectin ELISA Kit. Human thrombin and
ATP were obtained from Sigma-Aldrich. All oligonucleotides except the Tagman probe were
obtained from Integrated DNA Technologies (IDT; Coralville, lowa), with purity and yield
confirmed by mass spectrometry and HPLC. Nucleotide sequences of DNA are given in Table
2-1. Buffer reagents were purchased from VWR. The binding buffer used for mouse standards
and Adipo-Arm1 or Adipo-Arm2 incubations consisted of 50 mM Tris-HCI, 100 mM NacCl, and
1 mM MgCl> with 1% BSA at pH 7.4. Two aliquots of the same antibody were purchased as
proximity probes, both from the adiponectin 1G12 clone from Fitzgerald Industries (Acton,
MA). All antibodies were received lyophilized then were reconstituted with binding buffer.

Antibody All-in-One Conjugation Kits were purchased from Solulink (San Diego, CA).
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Table 2.1: Oligonucleotide Sequences Used in the Experimental Model of Global Proximity

Ligation Assay

Adipo-Arm1 /5AmMC6//iSp18/CCC AAC CCA ACC AAC CCA ACC CTC AAC CCA AAT
CAA CATTTAATCG
Adipo-Arm2 /5Phos/GCG CCG GCG CAC CCA ACT CAA CCC TCC CTC CCT CCC ACC

TCC CAC CTA /iSp18//3AmMO/

Global Connector 5’ AAAGCGCCGGCGCCGATTAAATGAAT3’
Global Forward Primer 5" AACCCAACCAACCCAACCC 3’

Global Reverse Primer 5’ TAGGTGGGAGGTGGGAGG 3’

Global Tagman Probe 5’ CAACCCAAATCAACATTTAATCGGCGCCG 3’

2.2.2 Preparation of Antibody-oligonucleotide Probes

The antibody-oligonucleotide conjugates used in the adiponectin PLA were prepared by
conjugating Adipo-Arm1 to adiponectin antibody 1G12 and Adipo-Arm2 to a second aliquot of
adiponectin antibody 1G12, respectively. Conjugation reactions and purification steps were
accomplished using an Antibody-Oligonucleotide All-In-One Conjugation Kit (Solulink),
according to the manufacturer’s instructions. Briefly, the oligonucleotides were first activated
with the heterobifunctional Sulfo-S-4FB (N-succinimidyl-4-formylbenzamide) crosslinker, and
their quantities were confirmed using absorbance; specifically, Azs0 nm 0f unmodified activated
oligonucleotides and the Ao nm t0 Asso nm ratio after the modification of activated
oligonucleotides.  Similarly, antibodies were activated with a separate heterobifunctional
crosslinker, S-HyNic (succinimidyl-6-hydrazino-nicotinamide). Activated oligonucleotides and
antibodies were then mixed and incubated at room temperature for 2 h. Once the conjugation

reaction was stopped, conjugates were further purified using the supplied magnetic affinity
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matrix. The final concentrations of the conjugates were determined by the Bradford protein
assay. Adipo-Arm1-1G12 and Adipo-Arm2—1G12 were synthesized with 75% and 86%

recovery from the initial number of antibodies (100 pg).

2.2.3 Proximity Ligation Assay

Temperature control was achieved using a Mastercycler-EP gradient thermal cycler
(Eppendorf). Adiponectin and oligonucleotide solutions were made as described.® An amount
of 4 pL of a reaction mixture containing 2 pL of binding buffer, 1 pL Adipo-Arm1-1G12, and 1
pL Adipo-Arm2-1G12 was incubated at 37 °C for 30 min before adding 1 pL of connector
which is 400-fold higher in concentration of the probe (C20). An additional 30 min of incubation
at 22 °C was performed to stabilize complexes. These 5 uL samples were then brought to a total
volume of 50 pL for the ligation and amplification mixture, which contained 100 mM NacCl, 50
mM Tris-HCl at pH 7.5, 1.9 mM MgCl,, 0.1% BSA, 26.8 unit T4 DNA ligase, 73 uM ATP, 0.18
mM dNTPs, 0.45 uM forward and reverse PCR primers, 45 nM Tagman probe for the 5’
nuclease assay, and 1.5 units of AmpliTaq Gold polymerase (ABI). The reactions were
transferred to a gPCR instrument (CFX96, Bio-Rad) for temperature cycling under the following
time program: 5 min at 22 °C for ligation, 10 min at 95 °C, and then 45 cycles of 15 s at 95 °C

and 60 s at 60 °C.

2.3 Results and Discussion
2.3.1 Signal and Background in Proximity Ligation Assay
When dealing with PLA, it should be understood that target-independent ligation

(background) can possibly occur and is caused by two sources which have been outlined by
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Kuhn et al. **and Leslie et al.!® : 1) based on the binding equilibrium, a fraction of antibody-
oligos can always bind with the 20-base connector sequences in the assay (C2opLa) even in the
absence of the target protein, and 2) T4 DNA ligase is capable of ligating a small fraction of
ssDNA sequences, even in the absence of a connector sequence.®!* Both of these result in
target-independent ligations that increase the background levels in the assay. Basically, without
the presence of target, this background formation limits the total amount of antibody probes that
will be used, which can largely affect the sensitivity, in turn affecting the dynamic range. As
stated earlier, we now know that by modifying the DNA connector, one can modify the overall
binding affinity and tune the signal to background ratio. If we decrease the connector length
from 20 nt to 16 nt, we have shown that the overall background will be reduced *°.

2.3.2 Proximity Ligation Assay for Adiponectin

As discussed in chapter 1, adiponectinis a primary endocrine hormone secreted from
adipocytes, and its level in blood is an important indicator of diabetes, obesity, and other
metabolic diseases. Recent observations have shown acute adiponectin secretion in response too
nutrient and hormone signals, implying the existence of a readily-releasable pool of vesicles.
Unfortunately, the tools to investigate the dynamics of adiponectin secretion are lacking. We
decided to take on the challenge to develop a proximity ligation assay (PLA) to quantify
adiponectin in smaller volume samples. In the beginning, we recognized that there may be
complications in detecting adiponectin. First, adiponectin takes on many formations (trimers,
Low Molecular Weight (LMW), High Molecular Weight (HMW)), making it difficult to design
antibody-oligo conjugates that will bind to all forms. Secondly, there is only one binding epitope

that is known on the adiponectin monomer’s globular region, so finding antibody pairs for the
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assay could also cause an issue. We decided to use the same antibody (1G12) with two different
oligo sequences, since the protein is typically in a multimeric form.

Background Formation

To evaluate levels of measurements of adiponectin PLA background, we focused on
optimizing the conditions of the assay, such as the probe and connector concentrations. We
tested the following Ab-oligo probe concentrations: 0.25 nM, 0.50 nM, 1.0 nM, 1.5 nM of both
Adipo-Arm1-1G12 and Adipo-Arm2-1G12 (maintaining a CzopLa excess of 400-fold). As seen
in Figure 2.3, as the probe concentration increased, the threshold cycle (Cy) value decreased,
indicating a higher amount of background ligations. We also tested the CzopLa cOnnector
concentrations that are added in excess to the probe concentration: 4- 40- 400 fold. The
connector concentration exhibiting the lowest background out of those tested was the 400-fold

level, as seen in Figure 2.4.

33 4 '|'
32 - ! 1
|
§ 31 -
Cr30-
T
29 4 1
28 L] L] L] L] L] L]
0 0.25 0.5 0.75 1 1.25 1.5

Probe Concentration (nM)

Figure 2.3: Complex Formation without the target gives the assay background
of the Ab-Oligo conjugate. As the probe concentration increases, the C) value
decreases, giving a high background signal.
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Figure 2.4: Connector concentration in excess to 500 pM probe
s. 4: excess concentration 200 nM C20, 40: excess concentration
2000 nM C20, 400: excess concentration 20,000 nM provides
the lowest background signal.

Signal

The signal of PLA results from a four-part complex composed of the target protein (T),
two proximity probes (DNA-conjugated antibodies; Adipo-Arm1-1G12 and Adipo-Arm2-1G12),
and the connector oligonucleotide (C2opLa). The three separate DNA molecules are made to bind
into a structure that will promote the T4 DNA ligase enzyme to covalently join the two proximity
probes. Ideally, when the target is present, more complex is formed over background due to the
proximity effect that increases the local concentrations of the oligonucleotide tails.!”?° The
amount of ligated product is thus proportional to the amount of target protein in solution, and
gPCR is used to identify these products. qPCR exponential amplifies the products, making the
method highly sensitive. Due to its simplicity and sensitivity, PLA has been widely used and

gained much success in a variety of applications.
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In order to test for the presence of this four-part complex with our adiponectin PLA
probes, we purchased mouse adiponectin standards, which came in lyophilized form, and we
reconstituted them with binding buffer and measured the concentration to be 146 ng/mL using
the Nano-Drop 1000 small-volume spectrophotometer (Thermo Scientific). This concentration is
equivalent to 40 nM of adiponectin monomer. As described above, the experiment was
conducted in a similar manner. The only difference is the addition of 2 pL of buffer that was
added for background is replaced with 2 pL of adiponectin standards. First, selectivity tests
with both adiponectin and human thrombin were conducted under these conditions to test
whether the dual Ab-oligonucleotide sequence selectively binds to the target (Figure 2.5). As
expected, there was no change in C) value with added levels of human thrombin, indicating that
our probes did not significantly bind this protein. Interestingly, with increasing levels of
adiponectin standard, the C values increased, suggesting that the presence of the target protein
was actually inhibiting the formation of PLA ligation products. Although this response was in
the reverse direction compared to our expectations, it nonetheless appeared to be selective
toward adiponectin.

To help understand this inverse assay response, we further varied adiponectin standard
concentrations over the range of 1.0 to 8.0 nM and used higher probe concentrations probes (10
nM). As shown in Figure 2.6, the C values again increased in response to adiponectin
standards. This response, selective to adiponectin, was linear over the tested range, with an R?
value of 0.9937. The limit of detection (LOD) was calculated to be 303 pM from 2 pL samples,

meaning that 600 attomoles of adiponectin could be detected using our assay format.
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Figure 2.5: Verified with various concentrations of thrombin and
adiponectin samples. Only adiponectin shows a shift in C) values.
Proving that the dual antibody selection is functional.
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Figure 2.6: Complex formation with 10nM probes and various
adiponectin standards.
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2.4 Conclusion and Future Directions

Using our approach toward development of a PLA for adiponectin multimers, we
observed an adiponectin selective response from the probes when the target protein was added.
gPCR showed a significant shift in C) values that was linear with adiponectin concentration, yet
the values changed in the reverse direction compared to our expectations. In other words, fewer
ligation products were produced in the presence of the target protein. Since the adiponectin
hormone forms various multimer complexes in serum (approximate MW of 30 kDa per
monomer), we hypothesize that the DNA tails were insufficiently long to allow hybridization
with the connectors (Figure 2.7). It is feasible that the single binding sites on each monomer
were far enough apart to exclude connector formation and subsequent ligation. In future work,
the DNA tail sequences should be elongated to test this hypothesis. On the contrary, it is also
possible to exploit this ligation exclusion effect to develop other assays specific for protein
multimers of interest.

Regardless of the direction of the assay response, since we achieved a specific response
to adiponectin, this assay should still be useful for secretion quantification from adipose tissue
extracted from mice. With the ultimate goal of creating an electrochemical biosensor that can
detect adiponectin, the current form of the assay could be used, and a DNA hybridization assay
could be developed for detection of ligated product, such as the hairpin switch assays outlined in
chapter 4. This way, one could maintain the assay’s favorable characteristics, such as its

homogeneous nature, but remove the need for many cycles of PCR for quantification.
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Figure 2.7: Theoretical schematic of the target protein molecule in a larger dimer
formation in solution therefore DNA elongation may be required.
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Chapter 3

Distance Dependence of Square Wave Voltammetry Current in DNA-Driven Assays

3.1 Introductory Remarks

Single-stranded DNA probes (ssDNA) immobilized on gold (Au) electrode surfaces are a
common element in many recent chemistry, biotechnology and nanotechnology applications.t
Here, using square-wave voltammetry (SWV), we examine the length dependence of signal from
a redox-tagged molecule, methylene blue-DNA (MB-DNA), when bound via ten base pairs to a
self-assembled monolayer of thiolated-DNA (SH-DNA).2 SWV is a robust pulse voltammetry
technique, which can effectively increase the signal-to-noise ratio. We conducted a SWV pulse
frequency study based on thirteen different lengths of SH-DNA to examine the changes in signal
when MB-DNA is moved away from the electrode surface. Originally, we hypothesized that at
higher frequencies the redox molecule would give a heightened signal when closer to the surface.
Although this hypothesis was confirmed, the study revealed several important nuances of SWV-
based, DNA-driven sensors. The results of this study are important for any of the various DNA-
driven assay on electrodes, particularly for conceptualizing and designing new electrochemical

biosensors.

3.2 Prior work

Much of the important work in developing DNA-driven, bioanalytical sensors via

electrochemistry has been carried out by the Plaxco, White, and Revzin laboratories. Their
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combined work has paved the way for reagent-less, structure-switching, and electrochemical
(EC) aptamer-based DNA sensors. Recent papers include their works on probe flexibility on Au
surfaces via SWV 3, aptamer-based EC sensors?, and diffusion models for surface-tethered redox
molecules °. These papers are very improtant to the EC community, due to the profound effects
that biosensors have made on clinical diagnostics and research applications. When developing
an EC-sensor it is important to examine the self assemble monolayer (SAM)® as well as the
redox-tagged molecule that will be reacting with the SAM by testing the paramaters of your EC
measuring teqnique of choice, including response time and percent signal change.

The Plaxco group presented a simple means of finding the best conditions for optimal
signal gain of a sensor. This analysis method accounts for often complex binding changes that
affect the overall efficiency of a redox-tagged molecule as it comes near and exchanges electrons
with the gold working electrode. In their case, they used SWV readout, which is highly sensitive
to the reaction rates at the working electrode. These systems contain thiolated ssSDNA with MB
attached to the opposite end of the molecule, which is highly flexible. When varying SWV
frequency (fswv), they noticed frequency-dependent changes in current corresponding with either
the unbound or bound target complex of the DNA probe. The “signal gain” was defined as the
difference in target-bound and unbound SWYV currents divided by the unbound current,
representing the target-dependent signal enhancement. As seen by analysis of one example
sensor in Figure 3.1C-D, at lower frequencies the bound signal was higher than the unbound
signal, yet in higher frequencies the bound signal was significantly lower in comparison to the
unbound signal®. This analysis showed that their sensor could be used over a range of
frequencies, in either “signal-on” or “signal-off” modes, but it also highlighted the importance of

characterizing the fswv dependence of any newly developed sensor.
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Huang and White presented a computational model of current from a DNA-tethered MB
molecule on a gold electrode, a model that helps to explain the behavior of our sensors presented
within this chapter®. This work modeled surface confined MB-DNA systems that locked the
redox molecule into an imaginary hemisphere at the electrode coupled with a tethered linker that
varied in length (5-20 nm), which allowed them to observe the random-walk diffusion of the
redox molecule within this hemisphere and to estimate the electrochemical current at different
potential scanning rates. Cyclic voltammetry (CV) was used as the modeled and experimentally
confirmed technique. They varied the parameters of CV by tuning the scan rate (mV/s) over a
range including the standard reduction potential of MB. This model revealed that the
electrochemical diffusion layer thickness and the length of the tethered linker play vital roles in
determining the collision rate (i.e. electron transfer rate) of the redox molecule and the surface of
the electrode®. The authors suggested that a sensor’s EC response should be qualified by
comparing the diffusion layer thickness, the time scale of the experiment, and the length of the
tethered linker. As they lowered the scan rate (<500 mV/s), the EC reaction behaved as if the
redox molecule was adsorbed to the surface, making the current proportional to the scan rate,
which gave a linear response. At higher scan rates (>500 mV/s), the redox collision rate was
diffusion limited, since the diffusion layer was thinner compared to the tether length. As such,
EC current showed a linear response to the square root of the scan rate®. The authors suggest a
general rule that these sensors will behave as either adsorbed redox molecules or as freely
diffusing redox molecules, depending on the EC scan rate, and that the switch between the two
phenomena occurs when the diffusion layer thickness, Lo. = (2Dt)Y?, is approximately 10 times
the length of the tether linker (Lmg). This analysis suggested fswv to be very important

parameter in our studies to follow. In essence, since we utilize SWV, the fswv could be used to
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vary the diffusion layer thickness (LpL) at the electrode and to modify the behavior of our sensor

to allow optimal conditions to be met.

3.2.1 Square Wave Voltammetry: Tunable Frequency Study

Square-wave voltammetry (SWV) is well established for observing surface-confined
reactions, mainly because it can largely negate non-faradaic background charging currents, also
known as capacitance current. In SWV, the experimental timescale is controlled by either the
overall scan rate or the pulse frequency (fswv) used, which can have noticeable effects on the
signal output. In early studies from the Murray group’, they showed that target binding resulted
in a change in the rigidity of immobilized DNA probes, and there was also a measurable increase
in molecular weight. Ikeda and co-workers detected mismatched duplexes on gold surfaces
using SWV 8, and their work showed that it is possible to differentiate between rigid dsDNA
duplexes and their more flexible mismatched dsDNA duplexes, with the SWV system tuned to
the right paramaters.® Their conclusion gave many electrochemical assay developers the mindset
to further explore parameters such as fswv and varying scan rate more closely, since this
parameter can help distinguish molecular weight or flexibility changes of the complexes on the

surface. This issue will be discussed later in the chapter.
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Figure 3.1: a) is an example of the SWV waveform that shows the measurement being taken
from the forward and the reverse direction, respectively b) represents the electron transfer rates
at 100 Hz and 5 Hz. At high frequencies, the charge transfer process is more rapid and provides
more current. Versus, the charge transfer at low frequencies gives more current because the
rate is slower. This result shows a shift in signaling polarity—from signal off to signal on—in
sensor performance c) at 100 Hz, more current is the result of unbound probe and minimal
current from the bound probe. (d) at 5 Hz, the charge transfer reaction of the unbound probe
has decreased because the sample has already been measure by time the transfer has been taken
place, and the bound probe has increased 312,

Reprinted with permission Copyright © (2016) Annual Reviews
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3.3 Experimental Methods

3.3.1 Reagents and Materials

All solutions were prepared with deionized, ultrafiltered water (Fisher Scientific). The
following reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (99.5%), sodium perchlorate (NaClO4) (98.0-102.0%), tris-(2-carboxyethyl) phosphine
hydrochloride (TCEP), and 6-Mercapto-1-hexanol (97.0%) from Sigma-Aldrich (St. Louis, MO).
Methylene blue-conjugated DNA (MB-DNA) was purchased from Biosearch Technologies
(Novato, CA), purified by reverse phase HPLC. Oligonucleotides were obtained from Integrated
DNA Technologies (IDT; Coralville, lowa), with purity and vyield confirmed by mass
spectrometry and HPLC, respectively. Sequences (listed 5’ to 3') for polyadenine SH-DNA are

listed in Table 3.1.

-60 -



Table 3.1 Single-Stranded Thiolated-Poly(n) Adenine DNA Used in
Length Dependence Study

0A Bistable Thio_G10 /5ThioMC6-
D/IGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATCCGCG
1A Bistable Thio_G10 /5ThioMC6-
D/IAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATCCGC
2A Bistable_Thio_G10 /5ThioMC6-
D/AAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATCCG
3A Bistable Thio_G10 /5ThioMC6-
D/IAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATCC
4A Bistable_Thio_G10 /5ThioMC6-
D/IAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATC
5A Bistable Thio_G10 /5ThioMC6-
D/IAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAAT
6A_Bistable_Thio_G10 /5ThioMC6-
D/IAAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAA
7A Bistable Thio_G10 /5ThioMC6-
D/IAAAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAA
8A Bistable Thio_G10 /5ThioMC6-
D/IAAAAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCA
9A Bistable_Thio_G10 /5ThioMC6-
D/IAAAAAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTC
11A_Bistable_Thio_G10 /5ThioMC6-
D/AAAAAAAAAAAGCATGGTGACATTTTTCGTTCGTTAGGGT
14A Bistable_Thio_G10 /5ThioMC6-
D/IAAAAAAAAAAAAAAGCATGGTGACATTTTTCGTTCGTTAG
19A Bistable_Thio_G10 /5ThioMC6-

D/IAAAAAAAAAAAAAAAAAAAGCATGGTGACATTTTTCGTTC

Abbreviations: G10=Gold 10, /5ThioMC6-D/= disulfide bond flanked by two six-carbon spacers (IDT)
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3.3.2 Preparation of the Gold Electrodes

The electrodes used to measure the length dependence of MB-DNA were fabricated using
a gold working electrode (CH Instruments, d = 2.0 mm). The gold electrode was first immersed
into fresh piranha solution (H2SO4/H20>, 3:1) for 5 min, rinsed with D. I. water, and dried under
a stream of nitrogen gas. (Caution: piranha solution is dangerous to human health and should
be used with extreme caution and handled only in small quantities.) Then, electrodes were
polished carefully to a mirror surface with an aqueous slurry of 0.05 um diameter alumina
particles, followed by successive washing in an ultrasonic cleaner with water and ethanol at a 1:1
ratio. Electrodes were then rinsed with D.l. water and dried under flowing nitrogen gas. The
gold electrodes were further cleaned by a series of oxidative and reductive scans in 0.5 M H2SO4
by scanning the potential from —0.35 to +1.5 V at a scan rate of 4.0 V s for 20 cycles using CV,
again with a scan rate of 0.1 V s™! for 4 cycles, then finally washed with D. . water dried under

flowing nitrogen gas.

3.3.3 DNA Monolayer Assembly

The volume for the preparation of electrode-immobilized probe is dependent upon the
number of electrodes to be prepared and is intended to conserve reagents. Prior to modification
of the electrode, a mixture of 200 uM SH-DNA and 10 mM TCEP was made at a 1:3 ratio,
respectively in a 200 uL PCR tube. The tube was incubated for 60 minutes at room temperature
(25°C) for reduction of disulfide bonds in the S-DNA. The solution was then diluted to a total
volume of 300 pL in HEPES buffer (10 mM HEPES and 0.5 M NaClO4, pH 7.0) to a final
concentration of 1.25 puM. Unless otherwise noted, all solutions used in the experiments to

follow were made with this HEPES buffer. For immobilization, the previously cleaned gold
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electrode was transferred directly to the diluted and reduced S-DNA solution and incubated for
60 min at room temperature in the dark. Following the formation of a self-assembled monolayer
(SAM), excess S-DNA physically adsorbed on the electrode surface was removed with deionized
water rinse (~ 20 s). The stream of deionized water should flow gently over the modified
electrode, not directly normal to the surface at high flow rate. Modified electrodes were
immediately transferred to 3 mM 6-mercaptohexanol (MCH) solution for 60 min at room
temperature in the dark (Figure 3-2). It is important to note that 6-Mercaptohexanol solution
should be prepared immediately before use, and it is better to do so in the fume hood due to the
strong odor. MCH is used in the final step as both a spacer molecule that removes and replaces
loosely bound nucleic acids and as a passivating molecule to prevent nonspecific adsorption of

solution components®.

ééééééé 2 = %gsééé% %53 ?

Figure 3.2: Thiolated-DNA modified gold working electrode before and after transferred to 3
mM 6-mercaptohexanol solution.

3.3.4 Electrochemical Measurements

Electrochemical Interrogation

All measurements were performed using a Reference 600 Potentiostat (Gamry
Instruments Inc, Warminster, PA). Square wave voltammetry was performed using a step

potential of 1 mV and 50mV amplitude at various frequencies. Net peak currents were recorded
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for the data presented herein. All sensors were tested before and after incubation for overnight
saturation of target concentration. Data was analyzed using Microsoft Excel. A linear fit

baseline correction was used to correct all baselines.

3.4 Results and Discussion

3.4.1 Our Hypothesis

With current literature based on electrochemical biosensors thriving in the analytical
field, our group decided to investigate not only DNA-driven assay responses to targets, but to
gain clarity about the distance dependence of the redox molecule attached to the DNA probes.
Our SH-DNA from which the monolayer was formed consisted of 40 nucleotides, and the
strands were modified near the electrode (and near the target binding region) by adding a series
of polyadenines to the 5> end. To ensure consistency in overall molecular weight, an equal
number of strands were removed from the 3° ends of the DNA, so that the MB-DNA (100 nM)
could bind to the first 10 nucleotides of the DNA monolayer. By enhancing our understanding
of the distance dependence of SWV current at the electrode, we will be better equipped to design
the surface-based hairpin switch assays discussed in Chapter 4. We hypothesized that by moving
the MB-DNA further away from the electrode surface, the SWV current would decrease in
proportion to the number of nucleotides included in the spacer region, over the range of all

frequencies. (Figure 3.3).
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Figure 3.3: Hypothesis A) MB-DNA at its shortest distance from the surface (No adenine spacers, 0A)
B) 19-adenine spacer added to increase the distance of the MB-DNA from the surface (19A). Electron
transfer is not as proficient

Figures are not drawn to scale

3.4.2 SWV measurements by varying the pulse potential frequency

We used the batch processing feature of the potentiostat’s software, the “sequence
wizard,” to serially vary the fswyv over the range from 1 to 1000 Hz, while scanning from -0.45 V
to 0 V. During this study of the distance dependence of MB-DNA current, we found that each
different polyadenine-S-DNA length exhibited curious behavior as a function of fswy. At low
frequencies, we observed that the MB-DNA farthest from the electrode surface such as
19A Bistable_Thio_G10 (19-adenine spacer), had a higher net peak current than the MB-DNA
closer to the surface, such as OA_Bistable Thio_G10 (no adenine spacer), which can be

observed in the SWV data shown in Figure 3.5A. Conversely, the application of a high
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frequency reversed this phenomenon (Figure 3.4B). Frequency is inversely related to time, so
one might speculate that the behavior could be related to the different kinetics of hybridization of
the different polyadenine-S-MB-DNA complexes. However, to avoid kinetic differences, we
allowed the electrodes to incubate overnight (16 h) in 100 nM of each MB-DNA so that the
complex would reach equilibrium prior to measurement. Since hybridization kinetics were ruled
out, the most likely explanation for this effect is that at low fswv, the electron transfer (oxidation
and reduction) from the MB-DNA closest to the surface (no spacer, OA) is essentially complete
before the current is sampled in each SWV pulse, which leads to a much smaller signal at 1 Hz.
In contrast, as the fswv parameter is increased (to 6 Hz or higher), the MB-DNA that is closest to
the working electrode surface (0OA) is strongly increased in comparison to the MB-DNA farthest
away (19A) due to the delayed electron transfer reactions of the MB-DNA attached to the 19A

probe, as a result of the extended tethered diffusion range.

Electrochemical Reaction Rates

The current and the frequency relationship in SWV is dependent on the rate at which the
electrons are transferred to and from (oxidation and reduction) the electrode and MB, which is
mainly governed by the distance range at which the MB label can exhibit tethered diffusion °.
Moreover, in comparing spacer lengths, for example OA and 19A, there will be a frequency at
which the two current-versus-frequency curves cross. Above this crossover frequency, more
rapid electrode-MB collisions (shorter spacer) produce greater current; below it, the situation is
reversed (Figure 3.4A-B). SWV is particularly suitable as a readout method because it can

distinguish between these different cases. Although our hypothesis was confirmed at high
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frequencies, where a larger spacer resulted in less overall current, it was rejected at low
frequencies, thus our results disproved our original hypothesis.

Since our system is primarily surface bound, SWV is essentially being used to measure
the apparent electron transfer rates at the surface. As described previously, this can be observed
by finding the “characteristic electrochemical reaction time” which appears as a maxima in the
relationship of ip/fswv vs 1/fswv (where iy is peak current in amps and fswv is the SWV
frequency in Hz) %11 Performing such an evaluation on the various lengths of our sensors
demonstrates that all 13 lengths exhibit significant, distance-dependent changes in characteristic
reaction times. The fixed position of MB-DNA defined the apparent electron transfer rate and its
characteristic reaction time, as seen in Figure 3.5 Thus, as shown by this analysis, the
characteristic electrochemical reaction time exhibits predictable behavior with respect to the

distance of the redox moiety from the electrode surface.
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Figure 3.4: A) The rapid transfer reaction of the OA probe will have largely decayed before the
current is sampled, thus leading to a much smaller signal at 1 Hz, than that obtained from 19A.
B) In contrast, if fswv is set to 6 Hz or higher, the OA current is higher than 19A due to the

delayed electron transfer reaction of the 19A probe because of the extended tethered diffusion
range.
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It is interesting to note that, although the fastest electron transfer reaction occurred with
the OA spacer, the polyadenine length of 4A showed the highest overall peak current (Figure
3.6). This effect is likely a result of repulsion of DNA hybridization by the electric double layer
on the electrode surface, since it does not occur with more stable DNA hybridization reactions
with more than the 10 base pairs shown here (data not shown). Studies of this effect are part of
another student’s dissertation work and will not be discussed further in this thesis. However, this
effect explains why the bistable hairpin switch sensor developed in Chapter 4 was designed with

a 4A spacer.
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Figure 3.5 The relationship between peak current/f and 1/f exhibits a
maxima at a critical frequency related to the apparent electron transfer rate.
As the polyA length increases; there is a shift in this critical frequency
from left to right which is due to a decrease in electrochemical reaction
rate.
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Figure 3.6: Peak height versus SWV frequency relationship. The highest current output
is the distance of MB-DNA that is moved from the electrode by a 4a spacer.

DNA-Tethered Methylene Blue as it relates to Diffusion

Here, we have observed the MB-DNA displaying behavior similar to the model of a
tethered diffusion system described by Huang and White °. In our case, since the amplitude of
the square wave in SWV is relatively large (50 mV), we can compare our fswy to the cyclic
voltammetric scan rate in their model system. In this way, we can say that as we move our MB-
DNA farther from the surface, the hemispherical radius of diffusion is increased, which allows
the MB to move more freely and reduce the collision rate with the electrode, thereby reducing

the electron transfer rate. If this model accurately describes our system, the SWV current should
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be linearly proportional to the square root of fswv°. This can be understood by the depictions and
data shown in Figure 3.7. At one extreme, at high fswv or with long spacers (or both), the
system will behave similarly to a diffusion-limited reaction (Figure 3.7A). Indeed, our data
shows a clear dependence on the square root of fswv (Figure 3.7B), as expected. At the other
extreme, at low fswv or with short spacers (or both), the system will behave as if it is an adsorbed
redox molecule (Figure 3.7C). Again, our results agree with this model at low frequency
(Figure 3.7D). Ovearall, the tethered MB in our system behaves similarly to either an adsorbed
or a diffusion limited system, depending on the distance of the MB moiety relative to the
diffusion layer thickness °. When we have the MB tethered by a OA spacer, it reacts as an
adsorbed molecule, which should occur when the diffusion layer thickness (LpL) is at least ~10
times larger than the spacer length (Figure 3.7C). If the MB is tethered by a 19A spacer, the
diffusion layer thickness should be at least ~10 times smaller than the tether, i.e. the MB

hemisphere length (Lmg), and the system will behave as if it is diffusion limited (Figure 3.7A).
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Figure 3.7: Methylene Blue DNA tethered to an electrode surface bound to a sSDNA linker with
various lengths to measure the length dependence of MB. A) Longer linker increases the Lmg from the
surface, which decreases the Lp. by 10 fold. B) Experimental data obtained with various lengths (6A,
9A, 14A, 19A) When using high SWV frequencies, the voltammetric peak height current is
proportional to the square root of the frequency. C) Shorter linker decreases the Lwvgs from the surface,
gives rise to LpL. D) At low frequencies, the peak height current is proportional to the SWV frequency
which increase current.

A, C are not drawn to scale, R? value based of the average of three independent electrodes. Error bars
not shown for clarity
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3.5 Conclusions

In this chapter, we have evaluated the distance dependence of MB-DNA signal in square
wave voltammetry by varying the length of a spacer region in the DNA sequence. Although we
hypothesized that moving the MB-DNA further from the electrode would decrease current at all
square wave frequencies (fswv), our observations showed that this was only true at higher
frequencies. This behavior was explained by comparing our system to the tethered diffusion
model of Huang and White °. Ultimately, this work has resulted in the characterization of our
system as a function of spacer length (OA through 19A), which is exemplified in Figure 3.8. In
our system, the characteristic electrochemical reaction time (tec) exhibited a predictable increase
(slower reaction) as the polyadenine spacer length was increased from 0A to 19A. As discussed
in chapter 4, this information was essential in designing our novel, surface-bound, bistable
hairpin switch sensor. Broadly, we believe this information gathered on the distance dependence
of MB-DNA signal in SWV should be beneficial for the development and/or optimization of any

DNA-driven electrochemical biosensors.
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Figure 3.8: The distance dependence of the electrochemical reaction time of MB-DNA is
shown above. As the MB-DNA increases in distance from the electrode, the electrochemical
reaction time (tec) also increases. The insert shows the log scale of the linear relationship
between the nucleotide length and tec.
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Chapter 4

Bistable DNA Switch Sensor using Square-Wave Voltammetry

4.1 Introductory remarks

We have set out to create an electrochemical bistable switch sensor that can detect
nucleic acid, such as DNA or RNA, in a sequence-specific manner by exploiting our
understanding of distance-dependence of SWV current as a function of fswv (see chapter 3). By
modifying the bistable allosteric catalyst DNA design of Zhang and Winfree !, we hypothesized
that a surface-confined MB-DNA signaling strand could be moved closer to the electrode in a
target-dependent manner. If the assay design is adequate, this sensing strategy should provide a
rapid, highly selective, and cost effective approach. This EC sensor, in theory, should provide an
alternative for the use of gPCR for PLA ligation product quantification, extending its application
to protein quantification and providing a novel, non-optical readout for PLA. If coupled with
PLA as a post-PCR readout, this method may also improve the limit of detection of PLAs for

various protein targets.

4.2 Prior work

Electrochemical DNA Sensor
There has been increased interest in the development of fast, sensitive, and cost-effective

DNA sensing devices for DNA-specific detection of clinically, environmentally, and government
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security-relevant nucleic acid targets. 2% These DNA sensors have gained much attention for
their appealing features such as high sensitivity and fast response as well as low power usage,
cost, and reagent requirements.>® Since the creation of electrochemical DNA sensors, numerous
techniques have been developed, most of them applying to the improvement of sensitivity and
selectivity for better electrochemical DNA detection.”** There are various types, such as the
“sandwich-type” which is popularly used.®? A typical “sandwich” DNA sensor utilizes a pair of
DNA probes that are designed to bind to the target sequence. The capture probe is immobilized
on the surface of electrodes, and then the target DNA and the redox tagged molecule are added in
solution and are brought into the proximity of the electrode surface. After the formation of the
complex “sandwich” (capture probe, target, and redox-molecule), the redox moiety is localized
to the surface and produces the measurable electrochemical current signal using a voltammetric
technique. Clearly, DNA immobilization at the surface plays an important role in the
performance of these DNA sensors. Tarlov and co-workers proposed an innovative mixed self-
assembled monolayer (SAM), which consisted of thiolated oligonucleotides and a dilution
molecule called mercaptohexonal (MCH) 2. MCH is beneficial because it not only helps
sensing DNA oligos stand up at the surface, but it can also repel non-specific adsorption of DNA
or matrix proteins that are not useful in the reaction!*. SH-DNA and MCH mixed monolayers
are ideal for EC DNA sensors because they are able to detect DNA targets at low concentrations
with high DNA specificity. In all work presented in this thesis, MCH-stabilized mixed

monolayers have been used.
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DNA Engineering

Much of the pioneering work in DNA engineering has been conducted by the Winfree
group at the California Institute of Technology. Their work consists of molecular engineering
that uses only nucleic acids as a method for constructing mechanical and catalytic components
that can create artificial “DNA circuits” that can feasibly control the processes of cells and
organisms.11>24 In their paper entitled, “Dynamic Allosteric Control of Noncovalent DNA
Catalysis Reactions,” they designed and demonstrated an allosteric molecule of DNA that, in its
active configuration, can catalyze a noncovalent cyclic reaction composed of only DNA strands
participating in hybridization and strand-displacement interactions.

One of the major advantages of using only DNA sequences is that the arrangement of
base pairing interactions is determined by domain complementarities, which exploit the reverse
complementary of DNA sequences and allow these reactions to be designed in a largely
computational manner. They successfully created a catalytic cycle that can be controlled by
adding in a switchable allosteric catalyst strand (AC) to either speed up or slow down the
reaction. The inhibitor (Inh) and an activator (Act) strands, which in this case are two single-
stranded pieces of DNA, controlled the catalytic activity of the allosteric catalyst (AC). The
terms AC-ON and AC-OFF were used to describe the DNA’s transition states in the cycle, which
can be interchanged due to thermodynamics. The AC-ON state consisted of a 10 base-pair
hairpin structure, and the AC-OFF state was an 8 base-pair hairpin; the AC-ON state is more
thermodynamically favored. As depicted in Figure 4.1, where each number represents a domain

(Table 1.1), the AC-ON is converted to the AC-OFF state by reaction with an inhibitor strand

(Inh), which binds to AC at domain 9 and removes domain 10. Similarly, with addition of the
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activator strand (Act), the catalytic activity can be restored as AC-OFF rearranges to the
thermodynamically favored AC-ON state.

Based on this approach, we created a DNA switch sensor for electrochemical readout.
Using the system in Figure 4.1 as a model of our EC sensor design, we simply removed the
Activator step. Our sensing approach consists of an equivalent to AC-ON as our surface-
confined DNA sequence, where the signaling molecule (MB) is held away from the electrode.
Our target DNA strand is represented by the Inh strand in Figure 4.1, such that the MB label is
moved closer to the electrode surface in the presence of target DNA. It should be noted that, in
this analogy, our sensor’s “Signal-ON” and “Signal-OFF” states are mimics of the “AC-OFF”
and “AC-ON” state in Figure 4.1

AC-ON
45 T A0 St

LA A Al

AC-OF} / /g 10 7 8 9 10,

o:oc-.‘o“/”\:: 1 O

8))

~

"9 10 4,57
8 9 10,
8 9 10
Inh:Act 4
8 ) 10
% T 9 10 4,57
. b s Inh:AC-OFI

Figure 4.1: Zhang and Winfree design of an allosteric catalyst state that changed via
the addition of inhibitor (Inh) and activator (Act). Inh binds to AC-ON to form the
Inh:AC-OFF complex. Act binds to Inh: AC-OFF to remove the AC-OFF duplex and
the waste product of Inh:Act. AC-OFF then spontaneously converts to AC-ON.

Reprinted with permission Copyright © (2008) American Chemical Society *
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4.3 Experimental methods

4.3.1 Reagents and materials

All solutions were prepared with deionized, ultrafiltered water (Fisher Scientific). The
following reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (99.5%), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), Sodium perchlorate
(NaClO4) (98.0-102.0%), 6-Mercapto-1-hexanol (97.0%) from Sigma-Aldrich, St. Louis, MO.
Methylene blue-conjugated DNA (MB-DNA) was purchased from Biosearch Technologies
(Novato, CA), purified by RPHPLC. Oligonucleotides were obtained from Integrated DNA
Technologies (IDT; Coralville, lowa), with purity and yield confirmed by mass spectrometry and
HPLC, respectively. Loop-DNA sequence was PAGE purified due to the length of
oligonucleotide. Sequences (listed 5’ to 3) for the EC bistable sensor are listed in Table 4.2.
LabVIEW system design software was used to operate our in-house built temperature controller.

Table 4.1 Domain Sequences

Domain Sequence Length (nt)
a 5’-AAAA-3’ 4
b 5’-GCATGGT-3’ 7
c 5’-GAC-3’ 3
d 5’-ATTTTTCGTTCGTTAGGGTTCAAATC-3’ 26
e 5’-AGACG-3’ 5
f 5’-AAG-3’ 3
g 5’-AAAGAAAAGA-3’ 10
h 5’-AGA-3’ 3

i 5’-AGAAAGAAGAAAGAGA-3’ 16
j 5-TTTCCTCT TTT TCT-3’ 14
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4.3.2 Fabrication of bi-stable switch

There are various software packages can be used to design oligonucleotide sequences,
and the design proposed here should function similarly for many different sequences.?® Our
laboratory typically uses the design software referred to as the Nucleic Acid Package
(NUPACK), with design structures optimized at room temperature. The sequences listed in
Table 4.2 below were designed in such as manner, thus these sequences represent just one
possible set of optimal sequences for such a sensor. The gold-bound SH-DNA sequence
(4A_Thiol) is the same as described in Table 3.1; only domains e through j were designed for
this work. First, random sequences composed of only A, C, and G were generated for domains
e-i. Sequences for the complementary barred domains were constructed accordingly. Next,
DNA structures that were expected to be problematic, such as poly-G regions and poly-A
regions, were altered by hand. The remaining sequences were then designed by NUPACK as
appropriate to form the desired DNA strand complexes (Table 4.2). Finally, the strands were

checked in the NUPACK analysis package to minimize hybridization cross talk.

Table 4.2 Oligonucleotide Sequences used in Electrochemical Bi-Stable Switch

Strand Domains Sequence
4A_Thiol abcd /5ThioMC6-D/AAAAGCATGGTGACATTTTTCGTTCGTTAGGGTTCAAATC
Loop ihgbfe d AGAAAGAAGAAAGAGAAGAAAAGAAAAGAGCATGGTAAGAGACGGATTTGAA
CCCTAACGAACGAAAAAT
MB-DNA i j ]T b TCTCTTTCTTCTTTCTTTTCCTCTTTITCTCTTACCATGC
Target f b g TCTCTTACCATGCTCTTTTCTTT
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4.3.3 Preparation of bistable switch

The preparation of SAMs on the gold electrode is described in Chapter 3. In addition,
while immobilization of 4A_thiol and MCH were taking place, 150 nM of MB-DNA was mixed
with 125 nM Loop for 30 min at room temperature.

4.3.4 Background measurements

With a total assay volume being 500 uL, MB-DNA is used at 150 nM and Loop is set to
125 nM. MB-DNA and Loop were mixed and incubated for 30 min so that the complex can
form (MB-DNA-Loop) prior to introducing it to the gold-immobilized 4A_Thiol strand for 30
minutes. Depending on the number of electrodes used for replicate measurements, in most cases
triplicates (n=3) or more, the volume used is very minimal (75-125 pL) of mixed product MB-
DNA-Loop complex. Once MB-DNA-Loop is added into the EC cell, we let it incubate for 16
hours to reach equilibrium and avoid inconsistencies involving surface hybridization kinetics. To
evaluate the background of the assay, i.e. the Signal-OFF state (Figure 4.2), measurements were
taken via SWV at frequencies (fswv) of 3 Hz, 40 Hz, 100 Hz, 300 Hz, and 900 Hz. Temperature

was held constant at 25 °C by the in-house built temperature controller.

4.3.5 Signal Measurements

After measuring the Signal-OFF complex, we added target strands at varied
concentrations. The concentrations used for this experiment were 0, 10, 25, 50, 75, and 100 nM.
Minute volumes were used to add target, as low as 2 pL. Once the target was added into the
complex, the solution was mixed and incubate overnight (16 h) at 25 °C in the dark. SWV pulse
frequencies remained the same as listed above, and during experimental setup we held the

temperature at 25 °C using the temperature controller. All data was smoothed using 7-point
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moving window averaging. Linear fit baseline corrections were used in Microsoft Excel to

correct for capacitive current background, as described previously 252

Loop-DNA

4A-Thiol- +

DNA

Gol(i Eledrode S—

Background Complex
“Signal OFF"

Figure 4.2: Schematic of the background complex or “Signal-OFF”’ with the bistable DNA
switch based EC sensor.

4.4 Results and Discussion
Signal and Background in the EC bistable DNA switch sensor

The principle of the bistable DNA switch sensor is depicted by Figure 4.3. In our
system, we have created a bistable sensor, thus we have two available binding sites for the EC
signaling strand, MB-DNA. In the absence of Target DNA, the MB-DNA portion will
preferentially bind to the Loop strand, forming 13 base-pairs of hybridization (Figure 4.3, left),
which represents background or the Signal-OFF state. In the presence of the Target DNA strand,

the MB-DNA portion will be pushed away from the Loop strand by toehold-mediated strand
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displacement, and it will shift to bind to the 4A-Thiol strand, which is significantly closer to the
electrode, representing the Signal-ON state of the sensor. Both locations for MB-DNA
hybridization are stable in this hairpin format, but the 13-base complimentarity to the Loop is
stronger than the 7-base complimentarity to the 4A-Thiol strand, which means that MB-DNA
should prefer to bind in the loop—further from the electrode—in the absence of Target. The
Target DNA, which is 23 nucleotides in length, contains a 10-nucleotide toehold that is
complementary to the loop toehold section and partially complementarity to the portion
hybridized with MB-DNA. Similar to allosteric catalyst design by Winfree (see Figure 4.1),
once the Target is added, the competition between MB-DNA and Target for binding to the Loop
strand allows MB-DNA to find the alternative conformation, i.e. bound to the 4A_Thiol near the
gold electrode. If our DNA strand displacement and the bistable switch design concept is

accurate, the system should function according to Figure 4.3.
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N—

gold electrode

Signal-OFF Signal-ON

Figure 4.3: Schematic of Electrochemical Bi-Stable Switch (DNA). The multi-colored
highlighted areas of the schematic represent the target binding sites. In Signal-OFF, the
MB-DNA(red), which strongly (13bp) binds to the loop strand (black). The green and
pink portions represent the partial complementarity binding between the target
sequence and the MB-DNA sequence. In Signal-ON, the MB-DNA is forced to bind
with the thiol-DNA strand (7bp) in pink. The location switch of the MB-DNA should
then enhance electron transfer.
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Bistable Switch Assay Performance

As stated in chapter 3, SWV is one of the most commonly used electrochemical
techniques for this class of biosensor, and the technique provides unique information related to
the distance of the MB-DNA from the electrode. Our bistable switch sensor is therefore well
suited for SWV readout. In the absence and presence of Target, we observed a well-defined MB
redox peak around -0.24 V (vs Ag/AgCI) for our bistable switch sensor, consistent with the
reduction potential of MB in this buffer (HEPES, pH 7.0). As predicted, by varying fswv, we
found that our sensor exhibited the desired “signal on”-like behavior (increased current in
proportion to Target) particularly at higher frequencies. A large increase in MB current was
observed in the presence of all Target concentrations tested, suggesting formation of the
presumed  bi-stable  Signal-ON 2001z

5.00E-07

complex. A Langmuir isotherm

4.00E-07 -

type curve was observed by plotting

3.00E-07 -

the current signal from SWV at 900

Current (A)

2.00E-07 -

Hz as a function of target-DNA

1.00E-07

concentration as the calibration

LOD: 4.4nM

0.00E+00

0 20 20 60 80 100
Concentration (nM)

curve in Figure 4.4. From this plot we Figure 4.4: The dynamic range of Signal-ON

current at 900 Hz covers target concentrations

observed a dynamic range of 4.4 to 100 from 4.4 to 100 nM.

nM. A best fit line was calculated using the non-linear least squares curve fitting with MS Excel
solver to illustrate the trend. The Signal-OFF (background) and Signal-ON state were further
tested at either 0 or 100 nM Target. The increase in peak current was observed for all
frequencies shown in the voltammetric scans in Figure 4.5 for the Target-bound, Signal-ON

state. The Signal-ON state showed a ~6-fold increase in comparison to the target-free, Signal-
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OFF state. When we examine the frequency dependence of the assay response, there is a
noticeable increase in current, particularly at high fswv. (Figure 4.6). Interestingly, it appears
that the sensor response changes from a square-root dependence on fswv at low [Target] to a
more linear dependence on fswv at high [Target], which would be predicted from a shift in
position closer to the electrode in the Signal-ON state (Figure 4.7). Based on this evidence, we
strongly believe the mechanism underlying this new sensor architecture is based upon target-
induced strand displacement.

For the data shown in Figure 4.8, the following equation (eq 1) was used to calculate the
signal gain (SG, %).

Signal Gain (%) =[(1-1o0) /lo] * 100 (1)

Where | is the baseline-subtracted peak current in the Target-free solution, and 1 is the
baseline-subtracted peak current obtained in the presence of Target DNA. We have plotted 3 Hz
and 700 Hz in Figure 4.8, showing the signal gain of our sensor in comparison to the
concertation, in which the target binding increases the redox current. This data, shows the
potential for greatly improved sensitivity because the background signal nearly approaches zero,
and the gain is enhanced at higher fswv. The calculated R? value from the linear range (0 to 50
nM) of 700 Hz data was determined to be 0.9894, giving an LOD of 4.8 nM. As also shown in
Figure 4.8, using a using a fswv below ~10 Hz results in high electrode to electrode variability

and poor measurement reproducibility.
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Figure 4.5: Peak current response curves for target-free and target-bound states for 100 nM
EC-DNA sensor obtained using SWV at various frequencies.
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Figure 4.6: Sensors’ response to various target-bound concentrations (0 nM,
10 nM, 25 nM, 50 nM, 75 nM, 100 nM). Error bars represent the standard
deviations of measurements taken from 3 independent electrodes.
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Figure 4.8: The signal gain of the bistable sensor is relatively large. Shown above are the
sensor responses using SWV at various concentrations of fully complementary target-DNA
at 3 Hz and 700 Hz. Electrode-to-electrode variability is enhanced at low SW frequencies
(<10 Hz).

Error bars represent the standard deviations of measurements taken from 3 independently
fabricated electrodes.

4.5 Conclusions

In this chapter, we have described the development and proof-of-concept of a bistable
DNA switch that can be immobilized to gold electrodes as a self-assembled monolayer and used
as an electrochemical DNA sensor using square-wave voltammetry. The sensor exhibited a LOD
of 4.4 nM for Target DNA. The obvious response of the sensor toward Target DNA, along with
its increasingly linear dependence on fswv at higher Target concentrations, suggest that the
sensor is behaving as predicted by our design shown in Figure 4.3. Although the sensing
technology is still in a proof-of-concept stage, and thus not ideal for mining and exploration
applications, the method can potentially be employed for cost-effective, on-site analysis of DNA

in a wide range of samples in the future.
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4.6 Future directions

After further development of this bistable sensor, an obvious future direction is to use this
assay to improve limits of detection and sensitivity of proximity ligation (PLA) to quantify
adiponectin, insulin, leptin, and other targets relevant to diabetes and obesity research. This
bistable DNA switch EC sensor should be able to provide an alternative method for the use of
gPCR for PLA quantification and provide a non-optical alternative for post-PCR readout of
amplified PLA ligation products (see chapter 2). For example, once the product has been
amplified for 5-10 cycles via PCR, steps to cut the ligated product from the connector oligo with
lambda exonuclease could be used, and the this amplified ligated product could then be added
into the bistable DNA switch EC

Adiponectin

'r

sensor and quantified via SWV as a

sensitive, non-optical readout of Ab1 ' ‘ ‘“ ' Ab1
protein concentrations. Alternatively,
this sensor could be used to detect P
other nucleic acids such as messenger ,,,,,,,,,,,,,,
RNA (mRNA) to evaluate gene
expression. In this way, a single
platform would be capable of
detecting both gene expression

(mRNA) and protein levels (PLA with

bistable DNA switch readout) in a s

gold electrode gold electrode
sample of cells or tissue.
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