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Abstract

Having a generalizable point-of-care (POC) detection method for diagnostic
biomarkers would greatly enhance healthcare management and disease diagnosis, while also
improving physiological understanding. POC methods are cost-effective and provide in-home
measurements by excluding sophisticated labs and trained personnel. Biomolecules such as
proteins, small molecules, and nucleic acids are present from minuscule concentrations to high
concentrations in the human body, and there is thus far no single method available to detect all
of these classes of molecules due to their diversity and specificity. As the gold standard
approaches, enzyme-linked immunosorbent assay (ELISA) and mass spectrometry coupled
with other techniques such as liquid chromatography (HPLC) and gas chromatography (GC)
are being used in clinical laboratories to detect most analytes at low limits of detection (LOD)
with high precision and accuracy. Although the advancement of technology allows for the
automation of laborious steps and reduces the need for trained personnel, expensive

instrumentation limits its widespread usage.

As a complementary technique, electrochemical biosensors provide high sensitivity and
cost-effectiveness, and some have been shown to work directly in human fluids by measuring
analytes in real-time. The Easley research group recently developed a DNA-based bowtie
sensor architecture for versatile detection of analytes, including small molecules and their
larger protein binding partners (e.g. antibodies), in human serum. The bowtie sensor is built
through on-electrode enzymatic ligation of three oligonucleotides for electrode attachment,
target recognizing, and electrochemical signaling. This sensor is promising due to its easy
synthesis, cost-effectiveness, and most importantly, its ability to be easily modified for
detecting a wide range of clinically relevant analytes. Presumably, these sensors could be

further developed for POC applications in the future.

The goals of my research are to further improve the sensitivity of these DNA

bowtie nanostructured sensors, validate their generalizability, and use them to quantify

clinically important targets in clinical samples.




Chapter 1: Discusses the recent developments in biosensing methods and electrochemical

DNA-based sensors and their applications in clinically relevant biomolecule detection.

Chapter 2: Describes the development of a bowtie sensor with DNA-epitope conjugates for a
versatile electrochemical protein detection platform. We hypothesize that a given protein’s
antibody-binding epitope (a peptide), when covalently attached to the DNA nanostructure, can

be used for sensing the native protein.

Chapter 3: Describes the development of an electrochemical DNA-based bowtie sensor for

clinical cortisol (stress biomarker) quantification using in-house DNA-steroid conjugation.

Chapter 4: Focuses on strategies of enhancement and sensitivity improvement of the DNA
bowtie sensor. Using enhanced electrochemical labels and added probe flexibility, we propose
that sensitive and reproducible current enhancements can be achieved to promote sensing of a
wider range of clinically relevant analytes. Later describe a development of method to achieve
small molecule detection (steroids) and quantification in serum samples. Our hypothesis is that
small molecule analyte-DNA conjugates can be incorporated into the nanostructure for analyte

sensing.

Chapter 5: Focuses on understanding signal and background in a thermally resolved
electrochemical proximity assay (ECPA) using square wave voltammetry (SWV) and testing
an automated, valve-controlled microfluidics system for electrode fabrication and analyte

detection in a DNA-based surface assay platform.

Chapter 6: Summarizes this dissertation and provides insight into future projects stemming
from this work. Several concepts proposed to achieve real-time sensing of analyte in whole
blood. Moreover, methods are proposed for miniaturized sensing by incorporating

microfluidics and electrochemistry.
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Chapter 1

Introduction: Electrochemical Detection Methods for Clinically Relevant Bio-analytes

1.1 Detection of Clinically Relevant Biomolecules

Detection and quantification of analytes in the human body is a vital process to treat diseases
and maintain a healthy life %2, Modern tendency of having personalize medication would
provide long lasting healthy life. Point-of-care (POC) testing can be defined as detecting
biomolecules next to the patient rather than in a laboratory setup. Personalized medication
point-of-care (POC) testing is well-suited due to its inherent features, such as portability, low
cost, fast results, and retained sensitivity compared to lab-based tests 3. As gold standard
methods, healthcare providers utilize mass spectrometry coupled with other techniques,
enzyme-linked immunosorbent assay (ELISA), AlphaLISA, and surface plasmon resonance
(SPR)-based assays to provide accurate and precise results ® 4. Even though the automation
of these methods through the use of high-end instrumentation eliminates drawbacks such as
labor-intensive processes, they are unable to be used as point-of-care (POC) methods due to

their expensive and large instrumentation setups °.

As such, researchers continue to seek strategies such as minimization of workflow and
device miniaturization. Microfluidics, electrochemistry, colorimetry, and temperature probes
have all been proposed to achieve this goal &1’ Covid-19 test kits and pregnancy test kits are
well-known POC devices based on lateral flow immunoassays. These kits can be obtained over
the counter, which reduces laborious laboratory testing and assay time, but they provide
qualitative rather than quantitative results 8. Although POC methods are meant to operate in a
limited resource setting, a key feature is that the assay should be sensitive and should provide

accurate results regardless of the environment.

1



Electrochemical (EC) biosensors aid in overcoming these issues by providing assays that
are quantitative, high sensitivity, and low cost while also being functional in human body fluids
directly and capable of miniaturization for POC detection *’. For example, continuous or near-
continuous EC measurements for glucose, lactate, and neurotransmitters (dopamine, serotonin,
glutamate, etc.) are available with customized enzymatic biosensors. However, this approach
cannot easily be extended to detect other targets due to target-specific redox chemistry or its
ability to be oxidized by a specific enzyme > 21 Aptamer-based (E-AB) or nucleic
acid/peptide-based EC biosensors have been investigated more recently to quantify clinically
relevant analytes in bio-fluids in a fast, reagentless manner, sometimes even in whole blood or
living animals > 1% 12 Although E-AB sensors provide promising results, finding a suitable
aptamer for a wide range of targets is challenging, due to its requirement of being structure
switching and complex selection process, making it harder to generalize??. Other
electrochemical assay techniques such as DNA-based steric hindrance and nanoscale DNA
molecular pendulum assays are capable of monitoring targets within several minutes in
complex fluids and do not require structure-switching molecules to recognize targets, showing

their potential applicability as more generalizable POC method 5 101215,

Recently our group introduced a novel architecture, the DNA nanostructure sensor, for
more versatile detection of analytes ® 7. Similar to other methods, this approach leverages
DNA-analyte conjugates > 1> 1 within the sensor architecture. Distinguishing features of our
approach include being highly modular and providing a consistent signal response with a
variety of targets. & ‘Using the same core DNA nanostructure architecture, our sensors have
been validated in 98% human serum for a variety of targets: small molecule drugs (tacrolimus)
and biotechnology controls (biotin, digoxigenin), a peptide drug (exendin-4), and larger
antibodies (anti-digoxigenin, anti-tacrolimus, anti-exendin). Thus, the sensor has been

validated for generalizability for multiple analyte classes, all detectable in the nanomolar or



picomolar range. Due to the general shape of the DNA nanostructure, within this dissertation

we have referred to our sensor as a “bowtie sensor.”

1.2 Biosensors

Biosensors are analytical devices that generate measurable target-specific signals upon
recognizing target molecules. It is composed of three units: a bio-transducer (biosensing
element), a signal transducer, and a signal processing unit. The response of the biosensor should
be sensitive, selective, and reproducible. The biosensing element is the most important unit of
the biosensor. It should specifically interact with the target molecules and should not have any
cross-reactivity with other similar types of molecules. When target analytes are bound to the
biosensing element (biomolecular recognition site), they change the signaling mechanism of
the sensor, which can be monitored with help of the signal transducer and signal processing
unit (Figure 1). The biosensing element can be an antibody, protein, enzyme, nucleic acid,

aptamer, etc?. Below, let us look at some of the important biomolecular recognition molecules.
1.2.1 Proteins

Proteins are basically composed of amino acids and can be categorized according to the number
of amino acid chains as primary, secondary, tertiary, and quaternary. Tertiary and quaternary
structures have 3D structures where they are more sensitive to environmental conditions.
Antibodies (Ab) and enzymes are proteins. Antibodies are made up of amino acid chains where
they have folded into an approximate Y shape. They are produced by the immune system in
response to antigens (a toxin or other foreign substances) and provide protection by initiating
the removal of the antigen. There are two fragment of antigen-binding (Fab sites) that
selectively recognize and interact with antigens by noncovalent binding 23. Although they are
noncovalent binding events, high affinity makes a strong interaction and allows the immune

system to neutralize the antigens. Antibodies have been used as a common target recognizing



unit for biosensing as they pose high affinity, selectivity, sensitivity towards the analytes. Not
only that, but also, they can be biologically generated for most targets by introducing the
analytes (foreign antigens) into host animals. Recent developments have used mere fragments
of antibody binding sites such as nanobodies which consist of only the variable part of an
antibody 4. As this provides various advantages over conventional Ab methods such as heat
stability, small size, pH stability, less immunotoxicity etc., researchers tend to replace

conventional Ab with nanobodies.

Enzymes can catalyze specific reactions and regulate the rate of the reaction. Some
biosensors are made up of enzymes that catalyze a reaction and produce an easily detectable
product. The recognizing element can be linked to the presence of an enzyme, and analyte can

be quantified by the depletion of the substrate or the increment of the product.

Peptides are small molecular chains that have two or more amino acids linked together
by peptide bonds. These naturally available or synthetically prepared peptides have been
extensively studied for biosensing 7. For example, glucagon or somatostatin are peptides

whose levels are indicative of metabolic issues or diabetes.

Proteins

DNA, RNA Proteins
Small molecules DNA, RNA
Antibody Small molecules
enzymes Antibody
cells enzymes
bacteria aptamers

Virus

Analyte —» Recognition —p Transducer —p Signal Processing
element unit and Signal

Figure 1 Basic components of a biosensor. Recognizing unit interacts specifically with the analyte
where the change is monitored by the signal transducer. The signal processing unit further processes

the signal and produces a readable output.



1.2.2 Nucleic Acids

To diagnose genetic or infectious diseases, nucleic acid-based sensors have often been utilized.
Most of these sensors are based on the fundamental recognition of a targeted strand by
sequence-specific DNA hybridization, which can be monitored using a capture probe, linking
the binding to the capture probe to some signaling element, or often by linking the binding to
an enzymatic amplification reaction using a polymerase. Even if there is a single mismatch, it

can be detected via these sensors 2°.
1.2.3 Aptamers

Aptamers are synthetic, small DNA or RNA molecules that have been selected from random
libraries to specifically bind to a target molecule 6. The target can be a small molecule up to a
macromolecule, or even whole cells. When an aptamer binds with a target, it will sometimes
undergo a change in conformation by intramolecular DNA interactions. Today, aptamers are
more accessible to purchase by users, making them a feasible choice for biosensing. Refer to

section 1.5.1 for more information on aptamer sensors.

1.3 Conventional Biosensing Techniques

1.3.1 ELISA

The enzyme-linked immunosorbent assay, or ELISA, is one of the most successful, worldwide
adapted clinical assays due to its high sensitivity, accuracy, and reproducibility of the results
14 ELISA was first invented in 1971 by varying the format of the radioimmunoassay (RIA).
Since then, this assay has been used to quantify proteins, peptides, hormones, vitamins, drugs,
bacteria, viruses, etc. A solid substrate, a recognition element, a signal amplification unit, and
a readout method are the four basic units of the ELISA 2. Over the past few decades,

methodological improvements have resulted in several types of ELISA based techniques. They



can be categorized as direct ELISA, indirect ELISA, sandwich ELISA, and competitive

ELISA.
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Figure 2 Different types of ELISA techniques.

1.3.1.1 Direct ELISA

In direct ELISA, enzyme-coated primary detection antibody (labeled antibody) binds directly
to the antigen (target) where it is already incubated in an ELISA plate (Figure 2). As the
enzyme horseradish peroxidase (HRP) is commonly used, and it is covalently attached to the
primary antibody * 28, Addition of the substrate to the plate results in a color change
(oxidization) by the HPR enzyme, if the target is present. By measuring the absorption of the
color, analyte concentration can be calculated. Because of fewer steps, direct ELISA is rapid
compared to the other methods, and it is considered the simplest version of ELISA. One

disadvantage is low sensitivity.

1.3.1.2 Indirect ELISA

In indirect ELISA there is an additional step compared to direct ELISA 28, Here a secondary
antibody has been introduced where it binds to the primary antibody (Figure 2). The primary

antibody recognizes the antigen, while the secondary antibody binds to the primary antibody



and also conjugated with a labeled enzyme (HPR). This approach results in higher sensitivity
than direct ELISA. In addition to the need to adsorb analyte to the surface, one other drawback
is it can result in false positive signals due to the potential cross-reactivity of the secondary
antibody. In addition to quantifying antigens, this assay can be used to detect a specific

antibody in samples by replacing the primary antibody incubation step with the test sample.

1.3.1.3 Sandwich ELISA

This is the most widely used format of ELISA. This approach requires two antibodies that
recognize different sites of the same antigen. The target (antigen) should have at least two
different binding sites (epitopes) in order to be used in this protocol. One of the two antibodies
is coated on the ELISA plate, and the other antibody is labeled with HRP. The target is
sandwiched between two antibodies (Figure 2). Among the different ELISA types, sandwich
ELISA has the highest sensitivity and selectivity, as it requires two antibodies for the same

target 2°. Furthermore, the need to adsorb the analyte to the surface is avoided * %,

1.3.1.4 Competitive ELISA

In competitive ELISA, pre-loaded adsorbed analyte molecules (or analyte analogs) compete
with external analyte for binding to a limited amount of enzyme-labeled antibodies. In this
way, the approach can be used to detect small molecules. If this assay is used to detect
antibodies, both analyte and pre-added antibodies compete with a limited amount of antigen

which can be detected by measuring developed color after a certain time.

The ELISA technique has been improved significantly during the past several
decades,®® and some of these developments can be seen in Figure 3. Among these
improvements, digital ELISA developed by the Walt laboratory is one of the best achievements

since it can detect as low as zeptomolar concentrations (102 — 10°*° M) of analyte in complex



samples such as blood, utilizing a relatively small volume of sample and compartmentalizing
it into ~50 fL micro-wells **. This compartmentalization allows digitizing of the detection
method as well as using enzyme amplification. This method is referred to as single-molecule
arrays (SiMoA). Since it has an extremely low limit of detection, this assay can be used to
detect rare cancer cells, neurotransmitter diseases, etc. Apart from that, there are various

amplifications, assay improvements, and detection methods have been tested .

Quanterix sells fully automated digital ELISA-based or SiMoA based instruments which can
quantify up to 6 biomarkers in a single assay run. This instrument is flexible and efficient by
supporting rapid results and high throughput. Because it controls assay conditions precisely,
they claim that previous calibration curves can be reused, which reduces the complexity of the
assay. However, the instrument remains very expensive, and it limits its usage and widespread

availability.

Although ELISA provides a high sensitivity and reproducibility it suffers from several

drawbacks. In general, the requirement of highly trained personnel, expensive instruments and
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Figure 3 History of improvement of ELISA assay. ELISA technique has been improved a lot during
past decades by achieving ultra-sensitive measurements, multiplexing, expanding generalizability and

high throughput .

Reprinted with permission from Reference 30, Copyright © (2002) Elsevier.



reagents, numerous washing steps, and time-consuming long incubations limit its usage. In

order to replace ELISA, various other simple techniques have been developed.

AlphaLISA is an alternative technique for complex ELISA (developed from the sandwich
ELISA). It is a simple homogenous (no-wash) drop and read assay. This assay uses luminescent
amplification to achieve higher sensitivity, a wider dynamic range, and small sample sizes
compared to traditional ELISA °. As an advantage, this method can be used to study large,

complex proteins.

AlphaLISA uses two beads where one works as a donor (photosensitizer) and the other one
works as an acceptor (chemiluminescent). When the donor is excited at 680 nm, it releases
more than 60,000 singlet oxygen (*O2) per bead per second. If the donor and the acceptor are
in close proximity (< 200 nm), singlet oxygen can travel and interact with accepter by
producing luminescence at 615 nm. Figure 4 left show the complex that forms during the
process. First, the target is mixed with acceptor beads which are immobilized with capture
antibody and biotinylated secondary antibody. Later, donor beads are introduced which will
bind to the biotin. If the target is present the whole complex can be formed by bringing the
acceptor and donor into close proximity where it can cascade single oxygen to the accepter.
The resulting luminescence at 615 nm is proportional to the target concentration. Since one
molecule can provide so many 'O, per beads per second, this method greatly amplifies the
signal, providing very sensitive measurement. This technique is available commercially to test
clinical samples. One of the main drawbacks is the requirement of specialized instruments with

appropriate optics to measure chemiluminescence upconversion.
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Figure 4 AlphaLISA is a mix-and-read assay where it transfers singlet oxygen when only the target
is present. The emission peak at 615 nm confirms the target present and is proportional to the target

concentration °.

Reprinted with permission from Reference 9, Copyright © (1969) Nature Publishing Group.

1.3.2 Proximity Ligation Assay (PLA)

Fredriksson, et al. developed a sensitive homogeneous protein detection method based on
proximity effect, ligation, and DNA amplification 1. To use PLA, the analyte should have two
different binding sites for the recognizing unit (aptamers/antibodies). Antibody/aptamers are
bioconjugated with additional DNA tails. Once dual antibody/aptamer-DNA tails, connector
DNA, and target are mixed, first target binds with two antibodies/aptamers and brings DNA
tails into closer proximity (red and blue strands in Figure 5). Since two DNA tails of
antibody/aptamers are now in close proximity they can hybridize strongly with the connector
DNA (black). T-4-DNA enzyme ligase the two tails together as one side (5) is phosphorylated
and the other side is designed with the 3° to make a covalent bond. Then this combined
sequence can be amplified using PCR. Tagman probe (green) binds strongly with the ligated
DNA tails as shown in Figure 5. In the amplification process, DNA polymerase exonuclease
activity digests the probe, separating the quencher and fluorophore and resulting in higher
fluorescence signal. Without the target, the hybridization energy of the two strands is too weak,
and ligation and amplification do not occur. As this method also uses amplification, PLA has

been proved for high sensitivity and low LODs, down to zeptomolar levels.
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Figure 5 Highly sensitive proximity ligation assay. Aptamer binding sites (black) recognize the target
and form the target-aptamer complex while bringing the DNA tails (blue and red) into closer proximity.
Connecter DNA strands now can bind with DNA tails where the ligase enzyme can bond two tails
together making a single DNA strand. Then this newly formed sequence binds strongly with Tagman
DNA and can be amplified by PCR®.,

Reprinted with permission from Reference 31, Copyright © (2002) Nature Publishing Group.

1.3.3 Molecular Pincer Assay (PA)

This method follows the same principle as PLA in section 1.3.2., and it also can be used to
detect targets with two binding sites (epitopes). The two probes (antibodies) are bioconjugated
with DNA strands. When the target is bound with two probes, the DNA strands are in closer
proximity and can hybridize. The number of base pairs that are subjected to hybridization
should be carefully chosen so that they do not hybridize in the absence of the target (Figure
6). The detection method is based on fluorescence resonance energy transfer (FRET) 2. The
two ends of DNA strands (blue and red strands in Figure 6) are modified with a fluorescence
acceptor and a donor. For FRET to occur, accepter and donor should come to a close proximity,
around 10 to 100 A. As the target binds with the antibody, it brings the quencher and doner
into closer proximity where FRET takes place and a large emission peak at 670 nm confirms
the FRET. Fluorescein and Cy5-labeled signaling oligonucleotides excite at 490 nm and
guench donor emission at 520 nm. The emission peak at 670 nm confirms the presence of the

target and it proportional to the target concentration *2. As a mix-and-read assay, the pincer

11



assay is a very user-friendly immunoassay, although it does need specific optical instruments

for fluorescence and FRET measurements.
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Figure 6 Principle of molecular pincer assay. Antibodies are labeled with signaling DNA probes
(fluorescein and Cy5-label). Target binding brings the Ab together where the doner and accepter are in

close proximity, facilitating FRET. C) show the FRET peak at 630 nm, confirming the target’s presence
33

Reprinted with permission from Reference 33, Copyright © (2008) American Chemical Society.

1.4 Electrochemical Techniques for Biosensing

Electrochemical techniques have been used in the past several decades as an alternative
technique to replace complex bioassays such as ELISA, RT-PCR, and alpha-LISA being
simple, portable, low-cost, and more importantly, a sensitive technique 4. As the most
successful electrochemical biosensor, glucose monitoring device has achieved tremendous
improvement with cutting-edge technology. Dexcom, Abbott, Signos, and other companies sell
continuous monitoring glucose biosensors that can monitor the analyte in human blood with
good temporal resolution for up to 12 days and provide feedback about limiting levels and
about glucose level changes with different foods. Although glucose biosensors have achieved
high levels of usage and commercial success, the technology cannot easily adapt to quantify
other clinically important molecules, as the detection of glucose specifically depends on an

enzyme (glucose oxidase, GOx). Alternative recognizing elements other than an enzyme have

12



been tested to detect various other important bioanalytes. Some methods are discussed in

section 1.4.4

Electrical
contacts

Microneedie

: Sensing

probe

Figure 7 Continuous monitoring of glucose, essentially in real-time. Sensors can be attached to the
body as shown in the figure and mobile phone is used to monitor glucose fluctuation throughout the

day *3.

Reprinted with permission from Reference 3, Copyright © (2018) Springer Nature.

Reprinted from reference 2.

1.4.1 Commonly Used Electrochemical Detection Methods

The target recognizing element and transducer (section 1.2) provide a specific change when it
interacts or binds with the target. Electrochemical detection methods convert this change to a

readable current or voltage change which specifically depends on the target concentration.
Typically used electrochemical detection methods are,

1) Cyclic voltammetry (CV)

2) Square wave voltammetry (SWV)

3) Differential pulse voltammetry (DPV)
4) Chronoamperometry

5) Coulometry

13



1.4.2 Cyclic voltammetry (CV)

One of the most commonly used techniques is to quantify analytes as well as to understand the
reaction mechanisms is CV 34 In CV, the potential of the electrochemical cell is ramped
linearly versus time between two points while current is monitored. By plotting the current at
the working electrode versus voltage of the applied potential (potential at the working
electrode), a cyclic voltammogram can be obtained and it can be used to calculate analyte
concentration. CV can be used to quantify molecules down to nM ranges. As a drawback, CV
measure both faradic and non-faradic currents, which lowers the signal to noise (S/N) ratio.
Fast scan CV (FSCV), ultra-fast scan CV, and/or modification of electrodes (microelectrodes)
have been studied to achieve better LOD. Detection of dopamine (neurotransmitter) of FSCV

with microelectrodes can be mentioned as an improvement of CV with high temporal resolution

35, 36

1.4.3 Square Wave Voltammetry (SWV) and Differential Pulse Voltammetry (DPV)

SWV is one of the most powerful electrochemical techniques, and it has been used in analytical
techniques and kinetic measurements. SWV was first developed by Ramaley and Krause *' in
1969, and Osteryoung and coworkers 3 later described it in a more detailed manner in 1985.
As a pulse voltammetry technique, SWV is capable of effectively minimizing capacitive
current (non-faradic current) by waiting for it to decay and measuring a signal with a higher
fraction of faradic current. Moreover, it gives a differential current output that provides more
faradic current. As a combination of effective background subtraction and differential output,
SWYV provides more sensitive measurements than other pulse voltammetry techniques. Figure
8 shows the typical potential waveform applied for SWV. In the forward square pulse (positive
voltage), oxidation of the analyte is taking place, whereas in reverse square pulse (negative
voltage) reduction of the analyte is taking place. At the end of each pulse, a forward or reverse
current is measured in a narrow window. Non-faradic current decays faster (exponential),

14



eventually to zero current, while faradaic currents from freely diffusing analytes decays slowly
and reaches a diffusion-limited steady state current. Thus, waiting to take the measurements at
the end of the foreword/reverse pulse effectively minimizes the non-faradaic currents, which
produce more sensitive measurements *. Step size (AEs), Pulse height (AEy), and pulse width
(tp) can be adjusted or should be evaluated for each analyte to achieve optimum conditions.
The frequency of the measurement (fsw) = 1/2tp can also be optimized to achieve fast

measurements.

Although SWV has been used extensively to study diffusion-limited analytes, more recently it
has been used to study surface-adsorbed probes or analytes for biosensing. More details on the
nuances of using SWV for surface-adsorbed analytes, and what type of modifications are

needed to overcome this drawback, are discussed in O.
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Figure 8 Pulse waveform used in SWV. At the end of both forward and reverse measurements, current
measurements are taking place where non-fardic current is minimum (due to fast decay). As results high

S/N measurements are possible with lower LOD®,

Differential pulse voltammetry (DPV) is a similar technique as SWV (in fact, SWV is a special
type of DPV), but SWV provides more sensitivity than DPV since it can minimize non-faradic
current effectively. In amperometry techniques, current is measured where the applied potential
is kept constant. The frequency study of SVW can be converted to chronoamperometry. More
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details can be found in 0. In coulometry charge passed between two electrodes in a certain time
is measured. There are various studies that have been carried out to understand and study

chemical reactions and study analytes by utilizing the above different techniques *.

1.4.3.1 Recently Developed Electrochemical Biosensors for Sensing Clinically Relevant
Analytes

There are various types of DNA-based biosensors that have been developed and utilized to

detect important biomolecules in complex biofluids using electrochemical techniques.

Additionally, different approaches have been used to improve the S/N ratio and LOD, which

can be seen in Figure 9. Furthermore, depending on the nature of the assay, they can be

classified into different groups.

1.4.4 Structure Switching (Aptamer-based) Electrochemical Biosensors

Aptamers are laboratory synthesized, small DNA or RNA stands that specifically recognize
and bind to a target. The aptamer selection process is called systematic evolution of ligands by
exponential enrichment (SELEX), where a target is mixed with a large number of DNA/RNA
molecules in a library, and target-bound DNA/RNA are isolated for further analysis or
enrichment. An aptamers can sometimes change its confirmation after it binds with a target. In
the early 2000s, Dr. Kevin W. Plaxco and others utilized these conformational changes of
aptamers to develop electrochemical biosensors that can detect various targets 25. In early
studies, these sensors were being used to detect targets as single drop and read manner 2, but
later the binding mechanism of the system (between aptamer and target) was extensively
studied, and developed a real-time detection platform by selecting and engineering aptamer

sequences to achieve reversible binding 2.
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Figure 9 Classification of DNA based electrochemical biosensors.

To use aptamers in an electrochemical detection platform, aptamer strands need to go through
two modifications. One end of the aptamer should be modified with a thiol link (Figure 10 (a))

so that it can make a self-assembled monolayer on the gold electrode.
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As an important element, a redox reporter should also be bioconjugated to the aptamer strands
as shown. As redox reporter, methylene blue (MB) or ferrocene (Fc) have been widely used as
they are shown to work well with complex biofluids. Figure 10 shows the monitoring of
plasma phenylalanine in live rats with 11 uM precision for several minutes with a 12 s temporal
resolution using an E-aptamer-based sensor “°. Let us review how this sensor works. Before
the target is bound with the aptamer, MB mostly stays away from the surface resulting in a
weak electron transfer signal (at fsww = 300 Hz). When the target bound with the aptamers, it
undergoes a conformational change that repositions the redox reporter closer to the surface.
and the MB can now easily interact with the gold surface, resulting in a higher electron transfer
signal (at fsww = 300 Hz). This difference in electron transfer rate can be detected by any
electrochemical techniques such as CV, SWV, etc., and it is proportional to the target
concentration. As another feature of SWV, the same sensor can be made to work as a “signal-
on” or “signal-off” sensor based on the SWV frequency (Figure 10 (E)). For the sensor shown
in Figure 10 at higher frequencies, target-free sensor results in a weak SWV current, whereas
a target-bound sensor produces higher currents (faster electron transfer kinetics as being close
to the surface). But in lower frequencies (10 Hz), target bound sensors produce a weak signal
(fast transfer kinetics help to reduce most redox molecules), and the target-free sensor has a
higher signal (slower decay of redox reporter). This result in an intermediate turnover
frequency which is referred to as the “non-responsive frequency (fnr).” The current at the far
does not change with varying target concentration. As another advancement of an E-aptamer-
based sensor, this fnr has been utilized to achieve calibration-free sensors (Figure 10 (F)) in
complex biofluids. This is important because direct contact of electrochemical biosensors in
complex biofluids can subject to degradation of the sensor over time. fnr can be used to correct
the signal drift. As an alternative drift correction method, a two-redox reporter system (i.e., MB

and Fc in the same sensor) has been utilized in complex biofluids.
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Figure 10 E-DNA aptamer sensor. Continuous monitoring of metabolite (phenylalanine) in a living rat

utilizing an E-aptamer-based sensor.*°

Reprinted with permission from Reference 40, Copyright © (2021) American Chemical Society.
Structure-switching electrochemical-based aptamer sensors are a powerful sensing technology
that can provide real-time monitoring of analytes in the living body (Figure 11). This sensor
architecture has been extensively studied for stability in undiluted blood with various
approaches such as agarose gel*!, protective coating??, etc. In the future, some of these sensors

would help to monitor life-threatening analytes accurately and potentially save many lives.

Theoretically, this sensor can be considered as a generalizable sensor. But finding a new
aptamer for specific clinically relevant bioanalytes is challenging, as the SELEX process does
not guarantee to produce an analyte-specific aptamer. Apart from that the candidate should
provide a significant, EC measurable confirmational change. To utilize it as a continuous
monitoring sensor, this selected aptamer should have a moderate binding constant. If binding
is of high affinity, the aptamer may need to be re-engineered to achieve reversible binding and
increase the Kg or weaken binding. Due to these complexities, users may still find this

technique elusive for target detection 2.
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Figure 11 Projected future of structure switching aptamer-based E-DNA sensors that can monitor
clinically important molecules in real-time in living bodies for days by providing personalized
pharmacokinetics.®

Reprinted from reference 8.

1.4.5 Non-Structure Switching DNA-Based Assays

1.4.5.1 Electrochemical Steric-hindrance Assay and Advancement

Dr. Vallée-Bélisle and coworkers communicated a competitive electrochemical steric
hindrance hybridization immunoassay for detecting proteins and macromolecules in whole
blood. As the working principle, surface-hybridized, large analyte molecules hinder the
movement of incoming signaling molecules, thereby giving electrochemical current inversely
proportional to the target concentration . Dr. Kelley and co-authors developed such an assay
to monitor small molecules, and they improved the LOD to pM levels by adopting unique gold
nanostructure-based sensors 1°. Gold nanostructure surfaces with a three-dimensional structure
has a much higher surface area for signal amplification compared to planar electrodes. These
nanostructured microelectrodes sensors are capable of detecting attomole levels for DNA and

RNA, although they are not reagent free.

1.4.5.2 Electrochemical Proximity Assay (ECPA)

Another highly sensitive assay, the electrochemical proximity assay (ECPA), was developed

by our group for protein detection, capable of sensing fM levels of proteins such as insulin.

20



Like sandwich ELISA, ECPA is flexible and can theoretically be extended to any protein target
with two antibody or aptamer probes. As it uses two recognizing units to detect the target, this

method is sensitive and provides low LODs. More information can be found in chapter 5.

1.4.5.3 Electrochemical Scaffold Type Assays (DNA double strands derived)

The electrochemical scaffold sensors usually consist of a double standard DNA molecule in
which one DNA strand is attached to the gold surface via a thiol bond, and the other DNA
strand is complementary to each other (Figure 12 top right). Redox reporter and target
recognizing unit can be attached to either surface-attached DNA or complementary DNA. As
a common mechanism, the target-free double-strand DNA sensor is rigid. Redox reporters
(MB) mostly stay away from the surface by producing weak currents. Heavy target-bound
sensors further slowdown the sensor by affecting the tethered diffusion and MB electron
transfer kinetics. Another factor is steric hindrance by the bulky target can hinder the electron
transfer by MB. As a result, the sensor results in a lower current which can monitor by SWV
4. E- pendulum assay ° (Figure 12 bottom) is a similar type where it uses chronoamperometry
to measure the target recognition unit. Here, they have used Fc and applied a more positive
voltage (+500 mV) than the reduction potential of FC (+200 mV). Positive voltage attracts
target-free negatively charged double standard DNA molecules faster whereas target-bound
sensor attracts slowly due to higher mass. Earlier, Ulrich Rant and co-authors utilized the same
principle to measure fluorescence to monitor targets (DNA nanolever #?). As a drawback of
these types of sensors, double-strand DNA can be subjected to deconvolute over time due to

complex matrix effects.
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Reprinted with permission from Reference 4, Copyright © (2013) Royal Society of Chemistry.

Reprinted with permission from Reference 5, Copyright © (2021) Springer Nature Limited.

1.4.5.4 Electrochemical DNA Nanostructure Assay

The Easley research group recently developed a DNA nanostructure sensor architecture ® which
we refer to herein as a DNA bowtie sensor to improve the flexibility toward detection of various
analytes, including small molecules, peptides’, proteins, or larger molecules (antibodies) in
human serum. The DNA nanostructure is constructed by using on-electrode enzymatic ligation
of three oligonucleotides to facilitate electrode attachment, anchor binding, and
electrochemical signaling (Figure 13 (a)). These bowtie sensors offer several advantages such

as ease of synthesis, cost-effectiveness, and the ability to be easily modified for the detection
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of a broad range of clinically relevant analytes. In the future, these sensors could be further
developed for use in POC applications. More details about DNA nanostructure bowties and its

working principle are discussed in Chapter 2 through Chapter 4.
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Figure 13 Electrochemical DNA nanostructure bowties for a generalizable assay. (A) The
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Reprinted with permission from Reference 5, Copyright © (2019) American Chemical Society.

Reprinted with permission from Reference 6, Copyright © (2022) American Chemical Society.

1.5 Conclusions
Detection of biomolecules with a high precision and accuracy is crucial, as it can directly affect
the health of a person. Although commonly used analytical techniques such as ELISA, MS,

HPLC, etc. can provide accurate results, the time consuming procedures, expensive bulky
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instruments, and requirement of trained personnel hinder the widespread usage of these
methods as POC techniques. Therefore, utilizing simple, fast, and sensitive miniaturized
instruments based assays are ideal for at home measurements or POC. As electrochemical
based sensors meet all the above requirements, researchers extensively studied electrochemical
based sensors for biosensing. This chapter has summarized several current methods available
for biomolecule detection, with their strengths and weaknesses. The chapter also discussed why
electrochemical DNA-based electrochemical sensors are ideal for POC or DIY assays. The
remaining chapters of this dissertation build from this foundation and describe several

customized electrochemical assay systems that were developed during my graduate studies.
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Chapter 2

Building a Nucleic Acid Nanostructure with DNA-epitope Conjugates for a Versatile
Electrochemical Protein Detection Platform*

*The work in this chapter has been submitted as a research article*

2.1 Introduction

Generalizable, point-of-care (POC) detection methods for clinically relevant proteins would
greatly enhance healthcare management and disease diagnosis. Since POC methods tend to be
cost-effective and user-friendly, they support at-home testing by patients 2* 1>, As the current
benchmark technique, enzyme-linked immunosorbent assay (ELISA) has been used for
detecting numerous clinically relevant analytes, and in some cases even single-molecule
detection is achieved with high precision 4. However, the needs for multiple washing steps,
highly trained personnel, and expensive instruments has prompted the development of
alternative, cost-effective, simpler methods'® 4. One more streamlined assay, AlphaLISA, is a
bead-based lumines-cent amplification approach to quantify analytes in complex biofluids  °.
Although it provides a better dynamic range, lower limit of detection, and easier workflow, the

requirement of having expensive instrumentation limits its widespread usage.

As such, researchers continue to seek strategies such as minimization of workflow and
device miniaturization *¢. Microfluidics, electrochemistry, colorimetry, and temperature probes
have all been proposed to achieve this goal® 1”448 Covid-19 test kits and pregnancy test Kits
are well-known POC devices based on lateral flow immunoassays. These kits can be obtained
over-the-counter, which reduces laborious laboratory testing and assay time, but they provide

qualitative rather than quantitative results*®. Although POC methods are meant to operate in a

25



limited resource setting, a key feature is that the assay should be sensitive and should provide

accurate results regardless of the environment.

Electrochemical (EC) biosensors aid in overcoming these issues by providing assays which
are quantitative, high sensitivity, and low cost while also being functional in human body fluids
directly and capable of miniaturization for POC detection’. For example, continuous or near-
continuous EC measurements for glucose, lactate, and neurotransmitters (dopamine, serotonin,
glutamate, etc.) are available with customized enzymatic biosensors. However, this approach
cannot easily be extended to detect other targets due to target-specific redox chemistry or its

ability to be oxidized by a specific enzyme!® 19-21.50,

Aptamer-based (E-AB) or nucleic acid/peptide-based EC biosensors have been
investigated more recently to quantify clinically relevant analytes in biofluids in a fast,
reagentless manner, sometimes even in whole blood or living animals® > 17-5! Although E-
AB sensors provide promising results, finding a suitable aptamer for a wide range of targets is
challenging, due to its requirement of being structure switching and complex selection process,
making it harder to generalize??. Other electrochemical assay techniques such as DNA-based
steric hindrance and nanoscale DNA molecular pendulum assays are capable of monitoring
targets with-in several minutes in complex fluids and do not require structure switching
molecules to recognize targets, showing their potential applicability as more generalizable POC

method 5,10, 12,15

Shortened, antibody-binding epitopes have long been utilized for diagnosis with sensors,
treatment, vaccine design, and disease prevention °2. Improvements in biotechnology and
bioinformatic tools have made it easier to map and synthesize such epitopes. Instead of
employing the full antigen, a synthetic portion (epitope) can be used to trigger specific

reactions, detect biomolecules, and produce vaccines. For biosensing of proteins, specifically,
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antibody-binding epitopes can be used in sensors to avoid using the large, native protein
molecule, which can be conformationally sensitive or even unstable *. In one example, to
quantify antibodies with a simple smartphone-based workflow, Merkx and coworkers
developed a chemiluminescent proximity-based sensor through clever placement of two
peptide epitopes*®, Both the Kelley®* and Lai groups® have used bioconjugates of peptide
epitopes to detect HIV antibodies using EC. The Rant*> ¢ and Plaxco®’ groups have also made
EC sensors of proteins by leveraging epitopes or protein domains attached to DNA-based
sensors with copper dependent nitrilotriacetic acid (NTA) binding to histidine tags on the
peptides or proteins. These strategies have the potential to greatly expand the list of analytes

accessible to EC sensors.

Recently our group introduced a novel architecture, the DNA nanostructure sensor, for more
versatile detection of analytes. & 7 Similar to other methods, this approach leverages DNA-
analyte conjugates™ 2 ¥ within the sensor architecture. Distinguishing features of our approach
include being highly modular and providing consistent signal response with a variety of targets
6.7 Using the same core DNA nanostructure architecture, our sensors have been validated in
98% human serum for a variety of targets: small molecule drugs (tacrolimus) and
biotechnology controls (biotin, digoxigenin), a peptide drug (exendin-4), and larger antibodies
(anti-digoxigenin, anti-tacrolimus, anti-exendin). Thus, the sensor has been validated for

generalizability for multiple analyte classes, all detectable in the nanomolar range.

However, more generalized protein sensing has not yet been accomplished with this
architecture. Because our signaling mechanism depends on the rate of tethered diffusion ¢ of
the labeled nanostructure, attaching a larger protein to the DNA structure will reduce the
current significantly, and antibody addition will have little to no effect on the current regardless

of whether the protein analyte binds or not.
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In this work, we show that by using a smaller DNA-peptide (i.e., DNA-epitope) conjugate
as the recognition oligonucleotide in our nanostructure, a larger protein can be quantified
through antibody displacement from the surface. We show that by conjugating the
nanostructure with the minimized antibody-binding epitope of a protein, a significant level of
tethered diffusion of our sensor is maintained, allowing quantification of subsequent anti-body
binding. In turn, this antibody binding can be used to sense the presence of the larger protein
analyte. This novel protein sensor was verified using creatine kinase (CK), a biomarker of
muscle damage, myocardial infarction, overexertion/rhabdomyolysis, and neuromuscular
disorders. Similar to our recent work 7, we then used antibody displacement for a fast, indirect,
EC immunoassay of CK protein which was functional in 98% human serum within the clinical
range of concentrations. This approach not only extended the generalizability of the DNA
nanostructure sensor—Ilikely to any generic protein with a known antibody—but it also
provided a method to quantify a protein in the nanomolar range which was thus far not

measured with direct EC methods.

2.2 Reagents and Materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The
following reagents were used as received. Magnesium chloride hexahydrate, tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP), 6-mercaptohexanol (MCH), gold etchant, and
chromium etchant, creatine kinase MM (CK-MM) fraction from human heart were from
Sigma-Aldrich. CK peptide epitope was synthesized by Life Tein. The anti-CK-MM antibody
(ab174635) was purchased from Abcam. Sodium chloride (NaCl), dimethyl sulfoxide (DMSO)
was from BDH. Gold-sputtered on glass (GoG) (5 nm Cr adhesion layer, 100 nm Au layer)
was purchased from Deposition Research Lab, Inc (St. Charles, MO) with dimensions of 25.4

mm x 76.2 mm x 1.1 mm. AZ 40XT (positive photoresist) and AZ 300 MIF developer were
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obtained from Microchemicals. Polydimethylsiloxane (PDMS) was purchased from Dow
Corning. Protein-oligo conjugation kit was obtained from Solulink, and 2kD molecular weight
cut off (MWCO) Vivacon® 500 centrifugal concentrators from VWR. Custom, methylene
blue-conjugated DNA (MB-DNA) was pur-chased from Biosearch Technologies (Novato, CA)
and purified by RP-HPLC. Thiolated DNA was obtained from Integrated DNA Technologies
(IDT; Coralville, lowa), with purity confirmed by mass spectroscopy. T4 DNA ligase (400,000
units) and adenosine triphosphate (ATP, 10 mM) were from New England Biolabs.
Prescreened human serum samples were acquired from BiolVT. Sequences of DNASs used in

this work are listed in Table 1

2.3 Experimental Methods

2.3.1 Preparation of Gold Electrodes

First, a photomask for the 2 mm diameter electrodes (18 identical electrodes on one mask) was
designed in Adobe Illustrator, and the file was sent to Fineline Imaging (Colorado Springs,
Colorado) for printing a positive photomask (Figure 14 (a)). To achieve a photoresist pattern
on GoG slides, a standard photolithographic procedure was used, followed by AZ photoresist
and AZ developer. Then to remove excess gold and chromium, GoG slides were introduced to
gold etchant followed by chromium etchant for 30 s and 15 s, respectively. To remove
remaining positive photoresist from the GoG slides, each slide was heated with DMSO at 150
°C for 30 min. Finally, electrodes were rinsed for 30 s with deionized water followed by ethanol

and dried with nitrogen (Figure 14 (d)).
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Figure 14 Fabrication process of electrodes. (a) Adobe illustrator designed photolithographic mask
for gold-on-glass (GoG) electrodes (18 total) (b) Etched gold electrodes after post baking (pattern
can be seen clearly). (c) Master 3D-printed mold (d) resultant gold eltrodes top 2 mm and bottom

0.5 mm (e) PDMS wells created using master 3D mold (f) final EC cells ready for sensor fabrication.

2.3.2 DNA Monolayer Assembly

Electrodes were cleaned with freshly prepared piranha solution prior to plasma oxidation. The
piranha solution (H2S04:H203, 3:1) was dropped on to the electrode surface and was washed
away with deionized water after 1 min. Then, PDM S wells (see Figure 14 (e)) and gold
electrodes were sonicated for 2 min in methanol and placed at 100 °C for 5 min. Next, both the
electrodes and PDMS wells were plasma oxidized in an air plasma for 45 s (Harrick Plasma
Cleaner). After permanently attaching the GoG slides and PDMS wells together, TCEP was

used to reduce thio-DNA (5 pL of 10 uM thio-DNA with 5 pL of 3 mM TCEP) at room

30



temperature for 1 hour. This mixture was diluted to a final concentration of 30 nM of thio-
DNA using buffer (10 mM HEPES with 10 mM MgCI2 at pH 7.0), then the diluted solution
was added to the electrodes (see Figure 14 (f)) and incubated for 2 more hours. Next, 3 mM
6-mercaptohexanol (MCH) in buffer was dropped and incubated further for 1 hour. Lastly, to
minimize protein adsorption onto PDMS or glass (surface passivation), the whole
electrochemical cell was filled with 0.1 % BSA in buffer and was left for 30 min. After these
steps, electrodes were ready to construct the nanostructure or could be stored up to a week at 4

°C.

2.3.3 Bioconjugation of Creatine Kinase Peptide Epitope and Anchor-DNA

To conjugate creatine kinase peptide (CK peptide) with anchor DNA, both were separately
activated with S-HyNic and S-4FB, respectively using the Protein-Oligo Conjugation Kits
(Solulink), then aliquoted and stored at -20 °C. Next, when it was time to construct the
nanostructure, both were mixed with recommended buffers and incubated at room temperature
for 3 hours (Figure 17) to create DNA-epitope conjugates. These conjugates were subsequently

used to construct the nanostructure, as described below.

2.3.4 Additional Methods for DNA-epitope Conjugation

A peptide desalting spin column was prepared by using a 2 kDa molecular weight cut-off
filtration column with 1X modification buffer. 90 uL of 3.7 mM CK peptide epitope was
centrifuged at 14,000g for 15 min followed by reverse spin at 2,5009 to collect the desalted
peptide. Then, 5 uL of S-HyNic in anhydrous DMF and 1X modification buffer was added and
incubated for 3 h at room temperature. Finally, S-HyNic modified creatine kinase was desalted

using 1X conjugation buffer as mentioned above, ready for the next step.

The oligo desalting spin column was prepared by using a 0.5 mL, 7 kDa molecular weight cut-
off Zeba desalting column with 1X modification buffer. 30 uL of DMF and 20 pL of S-4FB

reagent were then added to 60 pL of the desalted oligo and vigorously vortexed to mix. This
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oligo modification reaction mixture was incubated at room temperature for 2 h followed by
centrifugation at 15,0009 for 2 min to pellet any insoluble reaction by-products. To remove
excess S-4FB from the modified oligo solution, the reaction mixture was centrifuged at 1,500g
for 2 min using a 0.5 mL, 7 kDa Zeba column with 1X conjugation buffer. Finally, the
concentration of the purified, activated oligo was measured using a Nanodrop 1000

spectrophotometer using the A280 absorbance method.

HyNic-modified CK peptide was diluted with 0.1% BSA buffer to a final concentration of 1000
UM, Then, 1000 uM of HyNic-modified creatine kinase, 10 uM of S-4FB modified DNA,

10X turbolink buffer and 1X modification buffer were mixed and kept at 4°C, overnight.

2.3.5 DNA Nanostructure Construction by On-electrode Enzymatic Ligation

Once the electrodes included both thio-DNA and MCH self-assembled monolayers, they were
ready for nanostructure assembly. A mixture containing 100 nM activated anchor DNA or
amine-anchor DNA, 100 nM MB-DNA, 1.0 mM ATP, and 1.0 pL of 400,000 U T4 DNA ligase
in buffer (0.5 MgCl2, 0.1 % BSA, 10 mM HEPES, pH 7.0) was dropped onto the electrode
surface, and this system was incubated at room temperature for 6 hours. Electrodes were then
washed with deionized water for 30 s to remove excess reactants and unligated nanostructures.
Finally, measuring buffer (0.5 NaCl, 0.1 % BSA, 10 mM HEPES) was introduced, and the

measurement-ready nanostructure sensors were stored at 4 °C.

2.3.6 Electrochemical Measurements.

A Gamry reference 600 potentiostat was used for all EC measurements. To maintain precise
temperatures during EC measurements, an in-house built Peltier system was used (Figure 44).
Temperature stability was also assisted by a mini-block heater (VWR) when measurement were
not being made. When a sensor was ready for measurements, a silver/silver chloride (3 KCI)
standard reference electrode (BASI) and platinum counter electrode (CH instruments) were

introduced to a PDMS-defined well with a GoG electrode (custom electrochemical cell).
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Square wave voltammograms (SVW) were measured from -0.450 to 0 V (versus reference)

with a step size of 1 mV, a pulse height of 25 mV, and SWV frequencies from 100 to 900 Hz.

Sequence Abbreviation DNA sequence, listed 5’ to 3’

name

Thiolated thio-DNA /5Phos/ CTG TGC AAG AAC TCA CAG CCT CACCTC
DNA TTC CTA AAA A /3ThioMC3-D/

Anchor anchor-amine- /5Phos/ GAG ACA CTG TGT CGT CTC CGG TTG AAG
connector DNA TGG AGA iIAmMMCS6/ TAG GAA GAG GTG AGG

DNA

Methylene | MB-DNA /dT MB/ CTC CAC TTC AAC CG

Blue DNA

Table 1 Single-stranded DNA sequences used in nanostructure construction.

Sequence name Amino acid sequence,

CK-peptide epitope NTHNKFKLNYKPEE
(Antibody-binding epitope only)

Factor Xa protease enzyme cleavage site NTHNKFKLNYKPEE-IEGR”-
incorporated CK-peptide epitope QONGONGOQNGQNGQNGQNGONGQ

(Used in the sensors)

Table 2 Amino acid sequence used in the nanostructure construction.

2.3.7 Anti-creatine Kinase Antibody Detection.

To obtain the calibration curve for anti-CK-MM antibody, solutions were added directly to the
measurement-ready sensors. For steady-state measurements, first the SWV program was run
in the measuring buffer (100 uL) to get a baseline, then this solution was removed and replaced
with 100 pL of anti-CK-MM antibody solution (1 nM to 100 nM) and incubated at 37 °C for
30 min. The solution was removed again and measuring buffer (100 pL) was introduced for
the final SWV measurement. For kinetic measurements without CK-MM protein, after
obtaining baseline measurement, 100 pL antibody in measuring buffer was added, and

measurements were taken every 3 minutes for 1 hour.
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2.3.8 Creatine Kinase Protein Quantification

A competitive immunoassay protocol was followed to detect CK-MM protein. Once the
nanostructure was ready, 50 nM of anti-CK-MM antibody was pre-incubated with various
concentrations of CK-protein for 30 min at 37 °C. After obtaining the baseline measurement
of each electrode in measuring buffer, the protein/antibody mixture was added onto the
electrodes and incubated for another 30 min, followed by the addition of measuring buffer for
final SWV measurements from 100 to 900 Hz. SWV data was processed with a linear baseline
fit, and currents were reported as peak heights. The calibration curve was generated by
averaging the peak responses at 500, 650, and 900 Hz with three different electrodes for each

concentration.

2.3.9 Measurements in Human Serum

Small volumes of CK-MM protein and anti-CK-MM antibody were spiked into the serum
samples to achieve 98% serum with the analyte present. For the buffer control sample, a small
volume of antibody was spiked to achieve 99% of serum. Then the samples were incubated at
37 °C for 30 minutes. After the baseline measurement in measuring buff-er, 40 pL of each
mixture was incubated on the electrode for 1 hour. Finally, electrodes were washed with

measuring buffer, and SWV measurements were done at 400 Hz in measuring buffer.

2.4 Results and Discussion

2.4.1 Benefits of the DNA Nanostructure Sensor

In our recent work, we introduced the electrochemical DNA nanostructure for versatile
detection of clinically relevant analytes 7. As it follows enzymatic ligation of three different
short single stranded DNA on the electrode surface for immobilization, recognition and
signaling, the nanostructure becomes a stable, single molecular unit on the electrode surface
(Figure 15). The nanostructure is somewhat flexible and subjected to tethered diffusion and

Brownian motion at the surface!®, with a short oligonucleotide spacer to avoid detrimental
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double-layer effects on the double stranded DNA formation.” When a large enough target
molecule is bound to the nanostructure, this movement slows, likely due to a combination of
increased molecular weight and steric hindrance effects. Hence, diffusional motion of
methylene blue near the surface slows and provides an EC-based quantification method to

analyze the target molecule’s presence.

A key benefit of our DNA nanostructure architecture is that the central DNA strand (red strand
in Figure 15), containing the binding unit, can be easily substituted without largely modifying
the EC signaling mechanism. This is in contrast with aptasensors or E-AB sensors, which rely
heavily on the binding-induced conformational changes of the aptamers and can exhibit much
more variable EC responses with different targeted analytes. As shown in Figure 15, with our
sensors, we first attach the thiol-DNA strand (blue) to the electrode surface, then we
enzymatically ligate the binding strand (red) and signaling strand (brown) using T4 DNA
ligase. Since the binding strand (red) can be easily substituted, the DNA nanostructure can be
readily adapted to sense a wide variety of targets (Figure 15, lower left). We have thus far
validated this concept with small molecule drugs (tacrolimus) and biotechnology controls
(biotin, digoxigenin), a peptide drug (exendin-4), and larger antibodies (anti-digoxigenin, anti-

tacrolimus, anti-exendin). © 7

35



ﬁ A‘i N ‘ Peptide epitope Excess reagents
)

) 9
Generic Protein
Anchor DNA
% MB- DNA( w w
)Faster \F]s!or

SAMs of thiol-DNA on gold T4-DNA ngase

and ATP
\l/ Wash

small molecules peptides R
(ref #6) #9 (ref #7) Faster B
peptide epitope Sensor ready for Ab binding
(this work) (Consistent assay response)

Figure 15 On-electrode assembly and ligation of the E DNA nanostructure. Peptide-epitope
conjugation to the anchor DNA strand provides adaptability for sensing of a generic protein analyte,
and on-electrode assembly permits simple washing of unlighted nanostructures, excess reagents, and
other impurities. The final nanostructure is a single molecular unit with three covalent modifications
(thiol-to-gold, peptide conjugate, and MB-DNA). Bottom left panel: Sensing via peptide epitopes (this
work) expands the nanostructure sensors to detect generic proteins, a unique feature compared to prior

work (refs 6 and 7).

Another benefit of this approach is cost savings. We have shown previously that the modular
synthesis approach (three separate strands) for the surface-bound DNA nanostructure can pro-
vide very significant cost savings compared to commercial solid-phase synthesis of each
customized structure (all three strands in one).® Lastly, because the final sensor consists of one
single molecule of DNA with three synthetic modifications which is chemically attached to the
gold electrode, the sensor can withstand various washing steps without significant loss of
nanostructures. This issue permits simple washing of the DNA ligase and excess reagents from

the surface after ligation, as shown in Figure 15 (right).

36



2.4.2 Improving the Sensor for Generalized Protein Detection

However, as mentioned above, generalized protein sensing has not yet been accomplished with
this architecture. While large antibodies can be easily detected, since they slow the tethered
diffusion of the sensor significantly, and small molecules or peptides can be detected using
indirect antibody displacement methods, ® 7 most proteins of interest are too large to adapt to
either of these methods. This issue was addressed in the current work by making DNA
conjugates with the minimized antibody-binding epitope of the protein of interest. To validate
the concept, we selected a larger protein as the analyte, creatine kinase (CK-MM; 86.2 kDa),
an enzyme ex-pressed in various cells and tissues that catalyzes the transformation of creatine
to phosphocreatine with the help of ATP to provide energy to cells in need.*® Levels of CK-
MM in blood can elevate upon muscle damage, myocardial infarction,
overexertion/rhabdomyolysis, or neuromuscular disorders,> thus a rapid and direct EC sensor
would be clinically advantageous. As shown in Figure 16, the antibody-binding peptide
epitope (purple) of the CK-MM protein (cyan) was attached to the DNA nanostructure, which

permitted quantitative biosensing of either the anti-CK antibody or the protein CK-MM.

DNA conjugated with i

peptide epitope ’

from CK CK-MM
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; \Faster \Fas(er * \Fm:-r
\ : anti-CK-MM \ .
. (antibody)
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Figure 16 A more generalizable protein sensing approach was developed for the DNA

nanostructure and applied to CK-MM sensing through a competitive immunoassay workflow.
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2.4.3 Choice of Peptide Epitope and Bioconjugation to DNA

Based on the commercial source of the antibody, the synthetic peptide sequence used as the
immunogen to select the antibody is a 14 amino acid (14-aa; 1.7 kDa) segment of CK-MM (aa
5-18). We reasoned that this peptide was the ideal choice for antibody binding in our assay
system, thus we used the sequence as part of the peptide epitope attached to the DNA
nanostructure (purple segment in Figure 16). As in our recent work for exendin-4 sensing, ’
here we used a 2 kDa molecular weight cutoff column to purify the S-HyNic activated peptide
(Figure 28, top left) during DNA-peptide conjugate synthesis. Since the 14-aa immunogen
segment (1.7 kDa) was very close in size to the column’s cutoff value, the peptide length was
necessarily increased to 40-aa (Table 4), giving a 4.4 kDa peptide that would be easily retained
by the column. Originally, the intention was to use this larger 40-aa peptide (4.4 kDa) to
simplify peptide activation with S-HyNic, then to cleave the peptide down to an 18-aa segment
after bioconjugation was complete. For this reason, we incorporated a cleavage site of Factor

Xa protease enzyme and an additional segment for solubility enhancement (QNG repeats).

The final conjugate, i.e. DNA coupled to the CK peptide epitope, is referred to herein as the
“DNA-epitope conjugate.” One way to confirm successful synthesis of the DNA-epitope
conjugate via solution-phase conjugation is to compare the SWV current of the conjugates and
the amine-tagged nanostructure (blank). Compared to the blank, there was a 40% decrease in
SWV signal observed at 40 Hz, suggesting that the CK peptide epitope attachment to DNA
caused a decreased tethered diffusion rate (Figure 17, right). To remove the excess amino acid
linkage from the DNA-epitope conjugate, the system was incubated with factor Xa protease
enzyme (in 100 mM NaCl, 10mM HEPES, and 0.1 % BSA) at room temperature for 3 hours,
with the anticipation of an increase in signal during cleavage to a smaller, 18-aa segment of
attached peptide. However, the current did not change during protease treatment. Without a

significant difference in signals between enzyme-treated and untreated nanostructures, we
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decided to omit the factor Xa protease treatment and use the complete, DNA-epitope conjugate

(with 40-aa peptide segment) for all remaining experiments in this study.
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Figure 17 Bioconjugation process of DNA to oligonucleotides. DNA-epitope conjugate synthesis
through chemical activation of both the CK peptide epitope and anchor DNA. SWV current
from nanostructures with unmodified anchor DNA (amine-tagged) (blue data) was compared
to that of DNA-epitope modified nanostructures (purple), confirming bioconjugation. Error
bars report standard deviations of triplicate electrode preparations.

2.4.4 EC Sensing of CK-MM Antibody

Although this work was primarily designed for sensing CK-MM protein using an indirect
approach (Figure 16), the first step was to confirm that anti-CK antibodies could be quantified
with these electrodes. Thus, an additional application of these DNA nanostructures would be
in generalizable, direct EC sensing of immune responses by detecting antibodies that bind
various peptide segments. For example, virus or bacteria exposure, allergic reactions, or
autoimmune reactions could be monitored rapidly and potentially at the POC with such sensors.
To evaluate the system at this stage, varying antibody concentrations were added to the
prepared nanostructures containing DNA-epitope conjugates. Antibodies caused a significant
decrease in faradaic current using SWV readout. Figure 18 shows the dynamic range of the

antibody-responsive version of the nanostructure sensor to be from 0 — 50 nM, with a 3¢ limit
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of detection (LOD) of 5 nM anti-CK-MM. Based on kinetic data (Figure 19, left) collected for
60 min after adding 70 nM of antibody (blue data), the sensor is capable of quantifying antibody
in as little as 3 minutes, which bodes well for future POC applications in infectious disease or
immune system monitoring. In fact, a similar concept could be used to detect any other
antibody by conjugating its minimized peptide epitope sequence to the DNA nanostructure

Sensor.
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Figure 18 Antibody sensing mode. Direct detection of anti-CK-MM antibodies was first
achieved with the nanostructure sensor. Calibration showed a dynamic range up to 100 nM and
a 30 LOD of 5 nM.

2.4.5 Potential Causes of Reduced Binding

Interestingly, this sensor’s response to antibody addition was smaller than other antibody
sensing responses in our previous reports, ® 7 such that the 10-15% signal drifting effect in
buffer became more prominent (Figure 18, shaded area). The signal drift in these and similar
sensors is well known and can be accounted for in calibrations, and recent work has proven
that electrochemical desorption of the monolayers on the electrode surface can be a major

driving force for signal drift.%° Since we carried out SWV at multiple frequencies and scanned
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from -0.450 to 0 V in all measurements, it is likely that EC desorption was a significant factor

in our work as well.

With respect to the minimized response to antibody binding, it is possible that the peptide-oligo
conjugate purity or stability are contributing factors. In our original work with these sensors, ®
streptavidin and anti-digoxigenin antibodies exhibited 70-80% signal suppression, and an
antibody response from binding to a commercially synthesized DNA-small molecule conjugate
(DNA-tacrolimus) gave about 65% signal suppression. In follow-up work in sensing the
peptide drug, exendin-4, we synthesized the DNA-peptide conjugates in house, and these
sensors showed a lower response at 45% signal suppression. ” Similarly, in this work, DNA-
epitope conjugates were synthesized and purified in-house, and the antibody binding resulted
in a maximum of about 32% signal suppression. Considering all this work, it is clear that
peptide-oligo conjugates are more challenging to synthesize and purify compared to small-
molecule conjugates. It is likely that improved responses could be achieved with more rigorous
purification procedures such as liquid chromatography instead of using simpler MW cutoff
columns. However, to minimize reaction scales with precious reagents in this proof-of-concept
work for sensing generic proteins, use of chromatographic separation was considered out of

the scope of the current work.

2.4.6 EC Sensing of CK-MM Protein

Although the antibody binding response was smaller than initially predicted, the sensor could
still quickly quantify antibody binding in the nanomolar range. Thus, the next step was to
evaluate the competitive immunoassay workflow (Figure 16) to permit sensing of the protein
itself, CK-MM. For all these experiments, a known amount of anti-CK antibody (50 nM) was
incubated with various concentrations of CK-MM at 37 °C for 30 minutes before adding to the
sensor surface. To determine the fixed antibody concentration, the calibration curve in Figure

18 and a real-time titration curve were used; the calibration saturated at about 50 nM antibody,
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and the titration showed a maximal response from 50 nM with diminished responses from
higher concentrations (70 and 100 nM). Initial characterization of the sensor response kinetics
(Figure 19, left) using 0 and 70 nM CK-MM showed that the protein could be distinguished
from the blank within only 3 minutes, although waiting for 20-30 minutes provided larger
signal differences. As in previous studies, ® 7 this nanostructure sensor is thus capable of rapid
sensing of the analyte, in this case being more generalizable to other proteins that were

previously inaccessible to rapid EC sensing.

Calibration of the sensor against CK-MM protein was carried out using the competitive
workflow and with 50 nM antibody. As shown in Figure 5 (right), the sensor was evaluated in
triplicate (3 electrodes each) by adding as much as 100 nM of CK-MM. The sensitivity was
determined to be approximately 0.08 % nM ?, and the 36 LOD was determined to be 14 nM.
The clinical range of CK-MM lies between 3 to 37 nM (shaded region in Figure 19), including
male and female data, (2023 add-125) overlapping with the sensor’s dynamic range. While the
sensor range should be extend-ed to lower concentrations in the future to provide true clinical
utility for healthy patients, conditions such as acute rhabdomyolysis due to crush injury often
give CK-MM levels that exceed 200 times the upper reference limit.%* Therefore, this sensor
could be immediately useful for rhabdomyolysis monitoring, an application that would benefit

from its rapid sensing capabilities.

Finally, the sensor was challenged in the presence of a complex sample matrix, 98% human
serum. Because the measurement mechanism relies on antibody binding to a minimized peptide
epitope that is covalently attached to DNA, it is important to confirm the binding will occur in
the presence of clinically relevant interfering components. Test serum samples were spiked
with a mixture of 50 nM antibody and 70 nM CK-MM, while control serum samples were

spiked with 50 nM antibody only. After electrode incubation for 1 hour to ensure signal
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stability, triplicate SWV measurements of these samples were compared to those in a
background of only measurement buffer, and the data is shown in Figure 20. Comparing the
differences in signal suppression between buffer and 98% serum matrices, the sensor in serum

was able to recover 90% of the signal in buffer, boding well for future applications for fast,

clinical CK-MM detection.
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Figure 19 Protein sensing in the nM range with the DNA nanostructure. The kinetic study (SWV at
900 Hz) showed the ability to differentiate CK-MM protein within 3 minutes (left). The calibration
(right) showed a linear dynamic range up to 100 nM CK-MM and an LOD of 14 nM, and this range

overlapped with the normal human clinical range (healthy males and females) shown shaded in pink.
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Figure 20 The sensor was functional in 98% human serum, with signals comparable to those in buffer
(90% recovery).

2.5 Conclusions
In this work we have presented a new way to detect clinically relevant proteins by
conjugating minimized antibody-binding peptide epitopes to our DNA nanostructure. Here, as

a proof-of-concept of generalizable protein sensing, DNA-epitope conjugates were made for a
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sensor targeting CK-MM protein, which is a biomarker for clinical conditions—muscle
damage, myocardial infarction, overexertion/rhabdomyolysis—that necessitate rapid
measurement capabilities. The sensor was proven functional and capable of CK-MM
measurements in only 3 minutes, and the dynamic range overlapped with the human clinical
range. While improvements in DNA-epitope conjugate purification is needed in the future, this
work notably provides the first clear evidence that our nanostructure sensors can be adapted

toward more generalizable protein sensing.
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Chapter 3

Electrochemical Sensing of Cortisol in Human Saliva and Serum Using DNA-

Steroid Conjugation with a Versatile DNA Bowtie Sensor*

*This work is being prepared for publication as an article.

3.1 Introduction

Severe stress can adversely affect all mental and physical functions leading to slowing
down or halting efficient productivity, and prolonged stress can be dangerous leading even to
suicide ®2. As the main stress hormone in humans, cortisol controls many processes including
metabolic function, blood pressure, cardiovascular activity, etc. A chronically high level of
cortisol can lead to Cushing's syndrome, which exhibits symptoms such as fatigue, obesity,
back hump, and fragile bones, or it can lead to post-traumatic stress disorder (PTSD), which
can increase the risk of suicide. In contrast, low levels of cortisol can result in Addison's
disease, which exhibits symptoms including fatigue, weight loss, abdominal pain, and
darkening of skin folds . Cortisol levels in blood and saliva can change in a matter of minutes.
Since the hormone is responsible for many functions and processes in the body, detecting
cortisol levels quickly and easily would greatly improve the accuracy of cortisol level

determinations. More importantly, it would improve our understanding of the human body®*.

Cortisol can currently be measured using methods such as radioimmunoassay (RIA),
enzyme-linked immunosorbent assay (ELISA), fluorescence immunoassay (FIA), and

chemiluminescence immunoassay (LIA) in either saliva or blood . The current processes for
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measuring cortisol can take several hours to days to obtain results, and sample preparation,
handling, and measurement require special instrumentation and trained personnel. An easy and
fast point-of-care (POC) detection method is essential to avoid these circumstances and to

better understand the role of cortisol in the body.

Electrochemical biosensors offer quick, portable, and user-friendly operation, requiring
minimal system knowledge, and can be conveniently adapted as point-of-care (POC) or do-it-
yourself (DY) assays without compromising their sensitivity.®% ¢ DNA based electrochemical
sensors such as aptasensors*® %, pendulum assay™ ®, and scaffold sensors® 4+ 57 are some of
the extensively studied assays for various clinically relevant analyte detection. Even some have
shown to operate in real time in living animals?": %, showing the capabilities of E-DNA based
sensors. Different electrochemical-based sensing approaches have been developed and tested
for the quantification of cortisol levels in complex biofluids ®°. Some available techniques
include immunoassay-based sensors’® and direct cortisol aptamer-based sensors®? 7. Despite
the multiple studies that have been communicated, none of them have yet resulted in a
commercial assay due to the need for improvements in areas such stability in complex
biofluids, overall cost, insufficient sensitivity to reach the clinical range of measurement, and

long-term stability of the assays.

The electrochemical DNA bowtie sensor®, published by the Easley Lab, is a versatile
detection platform that is synthesized by ligating three different short DNA strands. These
strands are used for attachment, target recognition, and electrochemical detection, resulting in
the formation of a single, stable molecule on the gold surface. The senser has been tested for
detection of antibodies ® 43, small molecules®, peptides’, and proteins via their epitopes®,
showing its widespread usage for generalized analyte detection. In this study, we present an

economically favorable way to bioconjugate cortisol to oligonucleotide (to target recognizing
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unit) and used this to quantify cortisol in human saliva and serum samples. Moreover, we
studied the change in cortisol levels in the saliva samples of two donor patients by collecting
samples at several points throughout a single day. As a possible POC approach, the bowtie
sensor was tested as a mix-and-read assay to detect cortisol in both human saliva and serum

samples within 3 minutes.

3.2 Reagent and Materials

Deionized, ultra-filtered water from Fisher Scientific was used to prepare all the solutions. 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate,
mercaptohexanol (MCH), Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), gold
etchant, dimethyl sulfoxide (DMSO) and chromium etchant were from Sigma-Aldrich. sodium
chloride from BDH. Gold-sputtered on glass (GoG) (Au 100 nm with Cr adhesion layer 5 nm)
from Deposition Research Lab, Inc (St. Charles, MO). AZ positive photoresist and AZ MIF
developers were obtained from Microchemicals. polydimethylsiloxane (PDMS) from
Ellsworth. RP-HPLC purified Custom made, methylene blue-conjugated DNA (MB-DNA)
was purchased from Biosearch Technologies (Novato, CA). All other DNA strands used in this
study were purchased from Integrated DNA Technologies (IDT; Coralville, lowa). T4 DNA
ligase (400,000 units) and adenosine triphosphate (ATP, 10 mM) were from New England
Biolabs. Prescreened human serum samples and saliva samples were acquired from BiolVT.
Cortisol, Hydrocortisone 3-(O-carboxymethyl) oxime, NHS, DMF and EDC from Sigma

Aldrich. Antibody used in this study purchased from Abcam. All the DNA strands used in this

study is mentioned in Table 3.

Sequence Abbreviation DNA sequence, listed 5’ to 3’
name

1PEG- PEG thiol /5Phos/ CTG TGC AAG AAC TCA CAG CCT CAC CTC
Th[l)?\llfjlot‘ed (Flexible thiol) TTC CTA A/iSP18 /3ThioMC3-D/
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Anchor anchor-amine- /5Phos/ GAG ACACTG TGT CGT CTCCGG TTG AAG
connector DNA TGG AGA [iIAMMC6/ TAG GAA GAG GTG AGG
DNA
Methylene MB-DNA /dT MB/ CTC CAC TTC AAC CG
Blue DNA

iSP18 - 18-atom hexa-ethyleneglycol spacer.

Table 3 Thiol-DNA sequence used in this study.

3.3 Experimental Methods

3.3.1 Preparation of Gold Electrodes

To prepare 2 mm gold electrodes (18 in total for a one GoG glass slide), the procedure
mentioned in section 2.3.1 was followed. As the thiol DNA, we used 1PEG thiol DNA as it
gave a higher initial background current (section 4) than 4A incorporated DNA (Table 3).

Optimization results can be found in section 4.5.5.

3.3.2 DNA Monolayer Assembly

First, a fresh piranha solution (H2SO4: H20, 3:1) was prepared. Then a drop of piranha solution
was added immediately to each 2 mm electrode for 1 minute followed by a final D.I water
rinse. To prepare the gold electrodes and PDMS for plasma oxidation, both were placed in a
100°C oven for 5 minutes. Next, they were separately subjected to plasma oxidation inside the
plasma oxidizer for 45 seconds. Then both were attached together and place at 60 °C for another
1 minutes. Then a possible leakage was tested (unsuccessful plasma oxidation), if the glass
slide and PDMS are feeling off easily, they were plasma oxidized again. Meanwhile, TCEP
(10 mM) and 1-PEG thiol-DNA (10 uM) were mixed and incubated in a 200 uL centrifuge vial
for 1 hour. Then mixture was diluted with buffer (10 mM HEPES,10 mM MgCl. at pH 7.0) to
a final concentration of 30 nM. TCEP reduced 30 nM DNA was added to electrodes (within 30
minutes after plasma oxidation) and incubated for 1 hour at room temperature. Then 3 mM 6-

mercaptohexanol (MCH) was incubated for 1 hour. Then whole electrochemical cell was filled

48



with 0.1 % BSA in buffer for 30 minutes to minimize a possible protein adsorption to PDMS

(Surface passivation).

3.3.3 Bioconjugation of Cortisol to Oligonucleotides

The procedure was modified from a previously reported study “2. Cortisol hormone-oxime
(1.00 equiv.), N-hydroxysuccinimide (NHS) (1.10 equiv.), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (2.00 equiv) were measured into a 4 mL
scintillation vial on the benchtop, with a stir bar. The 4 mL vial was sealed with a septa cap
and degassed with nitrogen gas for 5 minutes. After degassing, dry DMF (1.00 mL), from an
SDS, was added under N2, by syringe. The reaction mixture was allowed to stir at ambient
temperature (23 °C) for 2.5 hours. The resulting reaction mixture was diluted with EtOAc (30.0
mL), washed with water (3x10.0 mL), and dried with Na2SO4 (1.00 g). The solids were
removed by filtration and rinsed with EtOAc (10 mL). The resulting filtrate was concentrated
under reduced pressure to give the specified crude product which was used as is without further

purification in the subsequent DNA functionalization step.

Hydroxycortisone-NHS Ester (white solid) was synthesized using hydroxycortisone-
oxime (17.1 mg, 0.0390 mmol, 1.00 equiv.), NHS (4.95 mg, 0.0430 mmol, 1.10 equiv.), and
EDC (15.0 mg, 0.0780 mmol, 2.00 equiv.) according to the above procedure. Confirmation of
the presence of the desired ester was determined by appearance of the known characteristic

NHS-Ester peak at 2.94 ppm in the 1H NMR spectra.1 Crude Yield: 20.6 mg (99%).

3.3.4 Conjugation of Synthesized Hormone-NHS Esters to DNA

The procedure was modified from a previously reported reaction. cortisol-NHS ester was
solvated in dry DMF and added to an aqueous solution of DNA in a 0.2 mL PCR tube. The
resulting mixture was briefly agitated on a vortex mixer and then heated at 37 °C for 12 hours.

The conjugation and purification procedure are mention in section 4.4.3 and section 4.4.15.
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3.4 Results and Discussion

To recognize an electrochemical sensor as an easily generalizable sensor, the target
recognition unit should be easily replaceable without affecting the detection mechanism, while
maintaining specificity to the target. Recently, our lab reported a generalizable electrochemical
DNA bowtie sensor, which was validated for the detection of antibodies (anti-streptavidin®,
anti-digoxigenin®, anti-CK-MM#*3), small molecules (tacrolimus)®, peptides (Exendin)’, and

proteins (creatine kinase)*, and stability of the sensor was also examined in complex biofluids.

The completed bowtie sensor is a single DNA molecule on the electrode surface with
three different tags, a thiol modification at 5 for attachment to the surface, a target recognizing
unit to bind an antibody or large protein, and a methylene blue (MB) to generate
electrochemical signals. The enzymatic ligation of the three DNA strands produces an array of
surface-confined single DNA molecules of the bowtie structure on the gold surface, and the
sensor is not subject to significant hydrolysis, similar to other double helix DNA based sensors
® The binding of an antibody to the DNA bowtie sensor increases the molecular mass, causing
suppression of the sensor's movement, which is directly proportional to the movement of MB
towards the surface. The MB-DNA and target-recognizing units are designed to be in close
proximity to each other to maximize the effect of target binding, and the steric hindrance effect
of the target can also account for signal suppression. An advantage of the nanostructure sensor
is that its working principle does not appreciably change with the nature of the target, as the
position of the MB is fixed. As a result, when the nanostructure is optimized for one particular
target group, the same or similar parameters can be used to detect different targets in the same

group, thus saving time and efforts.

In this study, we used an economically favorable bioconjugation method to

bioconjugate anchor amine-DNA to cortisol (Figure 21) and then used this analyte-DNA
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conjugate in our DNA bowtie sensor to detect cortisol in clinical samples. This represents the
first time we used these sensors to detect a small-molecule analyte which is native to the patient,
and this work is also the first where we detected native levels of a biomarker without spiking

it into the sample.

3.4.1 Economical Approach for Small Molecule-oligo Synthesis in House Conjugation
And Purification

Purchasing of purified, bioconjugated small molecule-oligonucleotide conjugates can be highly
expensive, particularly with custom orders. Small molecules have fewer functional groups
which needed careful selection of the site for bioconjugation with oligonucleotides to prevent
interruption of antibody binding site. Hence purchasing an expensive product does not
guarantee that modified small molecule-oligonucleotide conjugate will bind to the antibody.
Hence, in-house economical methods are needed to test different sites of conjugation and even

test for mass production and possible commercialization.

To test a new target, the “recognizing unit” of the DNA bowtie sensor should be changed,
that change should not significantly alter the antibody binding to the surface, and engineering
the nanostructure to a new target should not alter the specificity and sensitivity. This requires
a careful selection of the site of conjugation on the small molecule to the target-recognizing
oligonucleotide. Most small molecules, withmass less than 1000 Da (e.g., hormones, drugs,
toxins), cannot be used to directly initiate antibody production by simply injecting into an
animal, because they are not immunogenic. As a result, these small molecules need to be
combined with a larger molecule, often a protein such as bovine serum albumin (BSA) prior to
introduction into the animal body. Such a small-molecule-BSA conjugate, which elicits an
immune response, is called a hapten. To conjugate small molecules into BSA and make a

hapten, any existing carboxylic acids or amino groups can be used, or alternatively, reactive
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groups such as carboxylic acids can be conjugated. A good proportion of antibodies generated
in this process will specifically recognize the hapten molecules. Following the same process,
we selected the position 3 of the cortisol molecule to conjugate the product (Figure 21). Then
we followed the procedure mention in section 3.3.3 to conjugate the cortisol oxime molecule
to the DNA, then utilized these conjugates in our sensor to construct a cortisol sensing DNA

bowtie sensor.

(o)
NHS, EDC
)J\/O\ ~ '
HO N DMF, 23 °C
N,, 3 h
Cortisol-3(carboxymethyl)oxime Cortisol-3(carboxymethyl)oxime NHS ester
>85% (HPLC) 99 %

Anchor amine DNA
37C,12h
DNA conjugated with
cortisol

H
\ G \FaStef Cortisol-DNA conjugate

Cortisol-DNA bowtie sensor

APT 14
© DNALigase RT,6h
© ©

Figure 21 Bioconjugation of cortisol to oligonucleotides and construction of electrochemical DNA

nanostructure

3.4.2 Importance of Detecting Cortisol

Cortisol is the main stress hormone in the body and where secretion and regulation of the

concentration help to maintain adaptive human functions under changing environmental
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situations ©°

. The hypothalamic-pituitary-adrenocortical (HPA) axis is responsible for
controlling and secreting cortisol, and the complex negative feedback system response takes
place in a matter of minutes. As a result, cortisol levels in the human body vary throughout the
day. Normal salivary and serum levels are 1-70 nM and 90 — 600 nM, respectively, and the
level can change rapidly throughout the day. Anomalies of cortisol levels can result in a wide
variety of illnesses and syndromes, including insulin resistance, diabetes, cardiovascular

diseases, cognitive decline during aging, pain and fatigue, depression, post-traumatic stress

disorder (PTSD), Cushing’s syndrome, adrenal insufficiency, or Addison’s disease.

3.4.3 Detection of Cortisol

Since cortisol levels change throughout the day, it is necessary to detect cortisol level several
times per day for multiple days to get the correct assessment. Current techniques sch as
radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), fluorescence
immunoassay (FIA), and chemiluminescence immuno-assay (LIA) takes several hours to
provide results, and patients need to be present in person for a few days to provide samples. A
simple, rapid POC assay that can replace the above techniques and would provide hurdle-free

measurements either in saliva or serum samples.

Our fabricated cortisol-DNA bowtie sensor was used to detect cortisol levels in measuring
buffer, saliva, and serum samples. First, the stability of the sensor was tested by only incubating
in measuring buffer, followed by initial SWV measurements. With only a 4 £ 2% initial signal
drop, this data indicates the sensor is stable and did not degrade significantly in buffer within

a 30-minute time period.
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Figure 22 Working principle of the cortisol bowtie sensor with calibration curves. (a) To quantify
cortisol, we follow a two-step protocol where the first Ab is mixed with cortisol in a vial, and then it is
incubated in the electrode. (b) The blank contains only the antibody and causes maximum signal
suppression of the Ab. Mixing the Ab with cortisol (cor) recovers the signal back. (c) Calibration curve

in measuring buffer. (d) Calibration curve in filtered saliva.

To understand the antibody response of the cortisol bowtie sensor, a titration with antibody can
be used. The sensor on the gold surface demonstrated fast binding kinetics with the antibody,
as shown by the 65% signal suppression (see Figure 25) within 30 minutes when exposed to a
10 nM concentration of the antibody. To generate a calibration curve in measuring buffer (0.5
M NaCl, 10 mM HEPES and 0.1 % BSA), first we tested a two-step workflow following a
competitive immunoassay workflow (Figure 22). After obtaining the initial SWV signals, a
constant amount of anti-cortisol antibody (10 nM) was incubated with varying known amounts

of cortisol (1 -100 nM) for 30 minutes at room temperature. The mixture was then introduced
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and incubated in the electrode for another 30 minutes. Then the measuring buffer was
introduced to get the final measurement (Figure 22 (c)). Generating a calibration curve in
saliva is challenging, because cortisol is natively present in the samples. To remove cortisol
from the saliva samples, the samples were filtered using columns with a mass-based cutoff
mark. While not an exact match to the saliva sample matrix, this approach provides a
reasonably close approximation. Preliminary data showed high fluctuations among
measurements. To minimize these fluctuations, a high concentration of NaCl and HEPES
buffer was spiked to achieve 0.5 M NaCl and 10 mM HEPES, which increased the signal-to-
noise ratio. Finally, to generate the calibration curve in filtered saliva, the same protocol was
followed as the buffer. The resulting calibration curve is shown in Figure 22 (d). Both in buffer
and saliva cortisol levels were quantifiable from the LOD of 1 nM up to 100 nM, overlapping

well with the normal (non-elevated) human clinical range of 1 — 70 nM.

3.4.4 Testing Native Saliva Samples °

Saliva specimens were obtained from two healthy individuals at various intervals throughout
the day to assess the fluctuations in cortisol levels (Figure 23 (a) to (c)). The results closely
align with previous findings in the literature, revealing peak cortisol concentrations in the
morning (at 8:00 am) and lower cortisol levels later in the day . This effect has been confirmed
by many studies. In fact, some studies suggested that morning cortisol levels vary widely
enough that the measurement can overlap with those in patients with Cushing’s syndrome "3,
Correct assessment of cortisol levels for diagonalization requires several time points
throughout the day. A quick POC sensor such as our DNA bowtie sensor can thus be beneficial

accurate cortisol measurements at different points throughout the day.

Whenever a biosensor is developed for detecting a specific biomolecule, it is necessary
to evaluate its accuracy to ensure that the sensor's results are in agreement with the established

standard methods available. To test the accuracy of the cortisol bowtie sensor, the same saliva
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samples acquired from the two patients were utilized to test cortisol content using a competitive
ELISA as the standard method. The correlation of the bowtie sensor results, and ELISA values
are aligned closely with an R? of 0.989 (Figure 23 (d)), suggesting that the bowtie sensor is

usable for cortisol monitoring in human saliva.
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Figure 23 Detection of cortisol in native samples of saliva and serum and validation of results using
gold standard ELISA.

3.4.5 Testing in Human Serum

The non-elevated cortisol levels in human serum range from 90 - 600 nM. Since the obtained
cortisol bowtie sensor detection range is from 1 nM — 100 nM, in order to bring all serum
samples within the sensor detection range, they were simply diluted nine times with the
measuring buffer before testing. Then, the samples were tested using both the bowtie sensor
and ELISA, as outlined in the experimental section. To determine the unknown cortisol

concentrations from the resulting SWV currents or percentage changes, a fitting function was
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applied to the calibration curve. Once the curve was fitted, the unknown concentration was
calculated using the equation. The calculated values of the unknown cortisol concentrations in
the serum samples were compared to the ELISA results, and the correlation was strong with an
average R? value of 0.999 (Figure 23 (d) and (f)). These results demonstrate the bowtie

sensor's capability to accurately determine cortisol levels in human serum samples.

3.4.6 Rapid Sensing Workflow

To be considered a point-of-care (POC) or do-it-yourself assay (DY), a method should be
simple, accurate, and fast. Our bowtie sensor is simple and fast for detecting antibodies, but for
other analytes, we follow a two-step workflow, which results in a somewhat slower process.
Nonetheless, the method is still simpler and faster than most other available methods. To
minimize the detection time and workflow, we mixed Ab (10 nM) and varying analyte
concentrations, waited for 30 seconds, and then dropped the mixture onto the electrode. SWV
signals were then recorded every 2 minutes, following an initial background measurement.
(Figure 24). These data show an adequate separation between analyte and the background in
both saliva and serum within 4 minutes. The total time for the experiment was 4 minutes and
30 seconds, which is a significant improvement over the previous 1-hour time procedure.
Furthermore, it eliminates the preincubation process, demonstrating the sensor's potential as a
candidate for POC monitoring of cortisol. Also, good signal separation was observed after 16
minutes, enabling accurate calibration curves to be obtained for both saliva and serum. The
cortisol bowtie sensor can thus be developed into a simple and inexpensive assay with a total
time of 16 minutes, similar to lateral flow assays such as Covid-19 test kits or pregnancy test
kits. However, the cortisol bowtie sensor has an advantage over these qualitative assays as it

outputs a quantitative result.

57



(a) (b)

+ I 7
2 e I T T
—_ ® 4 I T 1
o © s .
£ f wis TTEpg
o i F
o 20 ¢ ¢ .
= } b 3
S e 99
& % ¥ g ®
g -40 - i } & 9
= -48 -
B ¢ .
: 3
-60 . . . 64 . . . $
0 4 8 12 16 0 4 8 12 16
Time (min)
4 0 nM cortisol (saliva or serum)
¢ 16.3 nM cortisol (saliva) ¢ 100 nM cortisol (serum)
16.3 nM cortisol (buffer) 100 nM cortisol (buffer)

Figure 24 Rapid sensing of cortisol in complex biofluids. The cortisol bowtie sensor could be used as
a potential POC or DIY assay.

3.4.7 Toward Real Time Monitoring of Cortisol

Since cortisol can affect almost any function in our body, real-time detection of this hormone
would enhance our understanding of its effects and help us prevent unhealthy conditions.
Moreover, real-time cortisol monitoring would provide insights into how cortisol levels are
influenced by environmental factors. This approach could also benefit individuals with
Addison's disease, who do not produce enough cortisol, by enabling personalized dosages of

cortisol to be determined through continuous monitoring.

In this study, we used a high concentration of cortisol as a proof of concept for the possible
regeneration of the sensor to enable reuse. After incubating the cortisol bowtie sensor with
antibodies for 30 minutes (as shown by the light blue and purple curves in Figure 25, a high
concentration of cortisol (200 nM) was used to remove the adsorbed antibodies (light blue

curve in (Figure 25) from the surface. The results showed 10% signal recovery after 1 hour,
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indicating some competitive removal of antibodies. However, the multivalent effect of the
surface and antibodies made it difficult to remove the antibodies, so additional experiments
using denaturing agents such as urea or experimental parameters such as high temperature are
needed to accelerate the process.
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Figure 25 A possible way to desorb antibodies from the sensor to regenerate the cortisol sensor.

3.5 Conclusion

In this study, we developed an economically favorable approach for common steroid-
oligonucleotide bioconjugation by attaching cortisol to the target-recognizing DNA unit of the
bowtie sensor. The success of the bioconjugation was confirmed by sensing anti-cortisol
antibodies, which resulted in a 63% signal drop for 10 nM of the antibody compared to the
background. The sensor was then used to generate calibration curves in both measuring buffer
and saliva. To stabilize the sensor's functionality in saliva, we spiked the sample with salts
(NaCl) and buffer (HEPES). The limit of detection (LOD) of the sensor was 1 nM, and a
dynamic range of 1 nM to 100 nM was observed, overlapping nicely with the clinical range in
saliva. Next, we used the sensor to detect cortisol levels in native samples of saliva and human

serum. The sensor output concentrations were validated by performing ELISA. Finally, we
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tested the sensor for possible point-of-care (POC) use as a mix-and-read assay where cortisol

levels were detected within 4 minutes in complex biofluids.
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Chapter 4

Highly Sensitive DNA Bowtie Sensor for Sex Hormone Detection Using DNA-analyte

Conjugates and Multiple Redox Labels

*This work is being prepared for publication as an article.

4.1 Introduction

DNA-based electrochemical biosensors have been extensively leveraged for biosensing®’.
Electrochemical non-structure switching assays such as E-DNA scaffold®®, pendulum sensors®,
and steric hindrance® have been incorporated to quantify various clinically relevant
bioanalytes in complex biofluids within minutes, with low limits of detection (LOD) ranging
from nM to pM. These sensors suffer from a lack of long-term stability in complex biofluids
or buffer medium, as they inherently come with natural degradation due to one-sided
equilibrium with the medium® 43, Structure-switching E- DNA aptasensors?! 4% 7 have opened
a new path by enabling the monitoring of biomolecules in living bodies. Feedback controlled
personalized pharmacokinetic could be achieved with these sensors where most assays cannot
accommodate. Although this approach could be generalizable with the SELEX process, which
can theoretically find an aptamer for any target of interest, in reality it mostly fails as a
generalizable target detection approach 22. To be utilized as an E-DNA aptamer sensor, the
selected aptamer needs to have considerable structure-switching capabilities. More often,
reengineering is required to achieve moderate binding and continuous monitoring capabilities.
As this is a complex procedure, testing a new target could take several months, but the

procedure does not guarantee a functional sensor 22,
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The sensitivity of electrochemical sensors can be improved by modifying or optimizing the
molecular assay, instrument, and interrogating techniques. Nanostructured surfaces > ™ have
been tested for improved signal-to-noise ratio (S/N) by increasing the surface-to-volume (S/V)
ratio. Introducing roughness and shrinking ™ ™ 76 are other techniques that can be utilized to
improve (S/N). As another approach, changing the redox reporter ’’, incorporating dual redox
re-porters 2% 5! and polymerized redox reporters® ’® are evaluated in terms of sensitivity
improvement and stability. As the interrogation techniques square wave voltammetry (SWV),
cyclic voltammetry and differential pulse voltammetry (DPV) are commonly used due to
higher sensitivity . Yet methods needed to be evaluated as they were originally designed
for diffusion limited sensing. Another possible way to improve sensitivity is to include
multiple redox labels at the site of labeling, however this approach has not yet been explored

in the realm of DNA-based EC sensors. Here, we show evidence that this approach is useful.

Electrochemical DNA bowtie sensors © have been validated in our previous work and in this
dissertation (Chapters 2 and 3) as a versatile sensing platform that can be easily constructed
by ligating together three short standard DNASs (electrode attachment, target recognizing, and
signaling) to generate a stable sensing unit on the surface ® " 43, The bowtie sensor's modular
design enables it to be adaptable to various analytes. As a unique feature, the mechanism of the
sensor does not change with the target. To detect a new target, a new analyte-DNA conjugate
can be incorporated, and well-characterized commercial antibodies can be used as the binding
unit. The platform has been used thus far to quantify small molecules®, peptides’, antibodies*,
and proteins® in complex biofluids. The approach is flexible and can be utilized as either a
simple drop-and-read method or a mix then drop-and-read method. Additionally, it does not
require sophisticated instruments or trained personnel. It has even been demonstrated that the
assay can detect analytes within 6 minutes, making it a potential point-of-care (POC) or do-it-

yourself (DIY) assay © 7%,
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In comparison to aptamer-based assays all we need to do is synthesize an analyte-DNA
conjugate, which can be done within a few days or less than a week, while aptamer selection
can take months to a years??. Here, we used an in-house conjugation method to conjugate three
major sex hormones (testosterone, progesterone, and estradiol) to oligonucleotides and used in
DNA bowtie sensor to detect the sex hormones. To improve the sensitivity, we modified the
1-MB-oligonucleotide signaling strand to 5-MB-oligonucleotide (decorating with multiple
methylene blue (MB) molecules to improve the initial signal of the sensor by a factor of 5 or
more). The sensitivity of the modified version of MB was compared to the single MB version
and it was improved by a factor of 5 to 10. Furthermore, it improved the LOD of the system

and more importantly, it greatly enhanced the reproducibility of the system.

In work described within this chapter, we have collaborated with the Karimov group from
Auburn University, experts in chemical synthesis, to generate appropriate analyte-DNA

conjugates to use within our DNA bowtie sensors.

4.2 Reagents and Materials

All solutions were prepared using ultra-filtered DI water (Fisher Scientific). The reagents used
in this study were as follows: magnesium chloride hexahydrate, 6-mercaptoethanol (MCH),
tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), gold etchant, and chromium etchant
from Sigma Aldrich; sodium chloride (NaCl) from BDH; dimethyl sulfoxide (DMSO) from
VWR; and chromium (V1) oxide from Sigma Aldrich. Gold-sputtered gold on glass (GoG) (5
nm Cr adhesion layer, 100 nm Au layer) with dimensions of 25.4 mm x 76.2 mm x 1.1 mm
was purchased from Deposition Research Lab, Inc (St. Charles, MO). AZ 40XT (positive
photoresist) and AZ 300 MIF developer were obtained from Microchemicals.
Polydimethylsiloxane (PDMS) was purchased from Ellsworth Adhesives. Testosterone,

progesterone, estradiol, testosterone 3-(O-carboxymethyl) oxime, and progesterone 3-(O-
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carboxymethyl) oxime, sodium phosphate, anhydrous DMF, deuterated methanol, and O-
(carboxymethyl)hydroxylamine hemihydrochloride were purchased from Sigma Aldrich.
Custom MB conjugated DNA (MB-DNA) was purchased from Biosearch Technologies
(Novato, CA), and thiolated DNA was obtained from Integrated DNA Technologies (IDT;
Coralville, lowa) with purity confirmed by mass spectroscopy. T4 DNA ligase (400,000 units)
and adenosine triphosphate (ATP, 10 mM) were from New England Biolabs. Prescreened
human serum samples were acquired from BiolVT. The sequences of DNAs used in this study

are listed in Table 4 and Table 5.

Anti-testosterone Ab (ab 116597) from Abcam. Anti-progesterone Ab (P1922) from Sigma
(abbreviated as PAblin this article), anti-progesterone Ab (ab20236) from Abcam (abbreviated
as PADb2 in this article), Anti-progesterone Ab (MA-1-83403) from Thermo Fisher (abbreviated
as PADb3 in this article) used as received. Anti-estradiol Ab (ab131413) and Anti-estradiol Ab

(ab116648) from Abcam abbreviated as Eabl and Eab2 in this study were used in this study.

4.3 Experimental Methods
4.3.1 Preparation of Gold Electrodes

To create 2-mm diameter electrodes, a photomask with 18 identical electrodes was designed in
Adobe Illustrator and sent to Fineline Imaging for printing a positive photomask (refer to
Figure 15). A standard optimized photolithographic process was used to achieve a photoresist
pattern on the GoG slides, followed by the use of AZ photoresist and AZ developer. To remove
excess gold and chromium, the slides were treated with gold etchant and chromium etchant for
30 seconds and 15 seconds, respectively. Positive photoresist remaining on the GoG slides was
removed by heating them with DMSO at 150°C for 30 minutes. Finally, the electrodes were

rinsed with deionized water for 30 seconds, followed by ethanol, and dried with nitrogen.
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4.3.2 DNA Monolayer Assembly

First, electrodes underwent a cleaning process to remove impurities. Freshly prepared piranha
solution (H2SO4:H202, 3:1) was used to remove impurities before plasma oxidation. The gold
surface was treated with piranha solution for 1 minute, and then rinsed with deionized water.
The PDMS wells and gold electrodes were sonicated in methanol for 2 minutes and heated at
100 °C for 5 minutes. Air plasma was used to plasma oxidize both the electrodes and PDMS
wells for 45 seconds (Harrick Plasma Cleaner). Once the GoG slides and PDMS wells were
permanently attached, thiolated DNA was incubated on the electrodes to create a self-

assembled monolayer of thiol-DNA.

To reduce the thiol-DNA, TCEP (10 uM thio-DNA: 3 mM TCEP 1:1) was mixed with the
thiol-DNA for 1 hour and then diluted to a final concentration of 30 nM of thio-DNA using
buffer (10 mM HEPES with 10 mM MgCl. at pH 7.0). The buffer did not contain NaCl to
avoid interrupting the ligation reaction. The diluted solution was added to the electrodes and
incubated for several hours. Afterward, 3 mM 6-mercaptohexanol (MCH) in buffer was applied
and incubated for 1 hour. To prevent protein adsorption onto PDMS or glass, the entire
electrochemical cell was filled with 0.1 % BSA in buffer and left for 30 minutes. The electrodes
were then ready for the construction of the DNA electrochemical nanostructure on the gold

surface.

For the construction of the DNA electrochemical nanostructure, 100 nM anchor recognizing
unit bioconjugated DNA (anchor-Steroid-DNA or anchor-digoxygenin DNA) and 100 nM 1-
MB DNA or 5-MB DNA, 1 mM ATP, T4-DNA ligase were mixed, and 20 uL of the mixture
was incubated on each electrode for 6 hours at room temperature. To prevent evaporation, the
electrodes were covered with parafilm and placed inside a petri dish containing DI water. After

6 hours, the electrodes were washed with DI water for 45 seconds to remove non-ligated
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nanostructures and other impurities. The measuring buffer (0.5 M NaCl, 0.1 % BSA, and 10

mM HEPES) was introduced and stored until used.

Sequence Abbreviation DNA sequence listed 5 to 3’
name
Anchor anchor-amine-DNA | /5Phos/ GAG ACA CTG TGT CGT CTC CGG
connector (Starting DNA TTG AAG TGG AGA [IAMMC6/ TAG GAA
DNA strand for GAG GTG AGG
bioconjugation)
1- 1-MB-DNA T[MB]CTC CAC TTC AAC CG
Methylene
Blue DNA
5- 5-MB-DNA [MB] C [MB] G [MB] A [MB] C [MB] CTC CAC
Methylene TTC AAC CG
Blue DNA

Table 4 Single-stranded DNA sequences used in nanostructure construction.

Sequence | Abbreviation DNA sequence listed 5’ to 3’

name

Thiolated | thio-DNA /5Phos/CT GTG CAA GAA CTC ACA GCC TCA
DNA (4A-thiol DNA) CCT CTT CCT AAA AA/ [3ThioMC3-D/
Thiolated | thio-DNA /5Phos/CT GTG CAA GAA CTC ACA GCC TCA
DNA (6A-thiol DNA) CCT CTT CCT AAA AAAA/ [3ThioMC3-D/
PEG PEG thiol DNA /5Phos/CT GTG CAA GAA CTC ACA GCC TCA
Thiolated CCT CTT CCT A/iSp18/ /3ThioMC3-D/

DNA

2-PEG PEG thiol DNA /5Phos/CT GTG CAA GAA CTC ACA GCC TCA
Thiolated CCT CTT CCT A/iSp18/1Sp18/ /3ThioMC3-D/
DNA

Table 5 Single-stranded thiol DNA sequences used in nanostructure construction.
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4.4 NHS Esterification of Hormones

NHS, EDC
DMF, 23 °C
N2, 3 h

Hormone-Oxime Hormone-NHS Ester

Progesterone-Oxime & NHS Ester: R'=H, R>=COCH3, R*=H
Hydrocortisone-Oxime & NHS Ester: R'=COCH,0H, R?=0H, R*=0H

Figure 26 NHS esterification of hormones after purchasing or synthesizing of hormone-oxime.

4.4.1 General procedure for NHS Esterification of Hormone-oximes (GP1)

The procedure was modified from a previously reported reaction.”® The specified commercial
hormone-oxime (1.00 equiv.), N-hydroxysuccinimide (NHS) (1.10 equiv.), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (2.00 equiv) were measured into a 4 mL
scintillation vial on the benchtop, with a stir bar. The 4 mL vial was sealed with a septa cap
and degassed with nitrogen gas for 5 minutes. After degassing, dry DMF (1.00 mL), from an
SDS, was added under N2, by syringe. The reaction mixture was allowed to stir at ambient
temperature (23 °C) for 2.5 hours. The resulting reaction mixture was diluted with EtOAc (30.0
mL), washed with water (3x10.0 mL), and dried with Na2SO4 (1.00 g). The solids were
removed by filtration and rinsed with EtOAc (10 mL). The resulting filtrate was concentrated
under reduced pressure to give the specified crude product which was used as is without further

purification in the subsequent DNA functionalization step.
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3-Progesterone-NHS Ester (S1)

3-Testosterone-NHS Ester (S3) 11a-NHS-succinate- 17p-Estradiol-NHS Ester (S5)
progesterone (S4)

Figure 27 Synthesized hormone-NHS esters.

4.4.2 Synthesis of 3-Progesterone-NHS Ester (S1)

Progesterone-NHS Ester (white solid) (Figure 27 top left) was synthesized using
progesterone-3-oxime (15.0 mg, 0.0390 mmol, 1.00 equiv.), NHS (4.95 mg, 0.00430 mmol,
1.10 equiv.), and EDC (15.0 mg, 0.0780 mmol, 2.00 equiv.) according to the general procedure
(GP1). Confirmation of the presence of the desired ester was determined by appearance of the
known characteristic NHS-Ester peak at 2.94 ppm in the *H NMR spectra’. Crude Yield: 15.0

mg (79%).

4.4.3 Synthesis of 3-Hydroxycortisone-NHS Ester (S2)

Hydroxycortisone-NHS Ester (white solid) (Figure 27 bottom left) was synthesized
using hydroxycortisone-oxime (17.1 mg, 0.0390 mmol, 1.00 equiv.), NHS (4.95 mg, 0.0430

mmol, 1.10 equiv.), and EDC (15.0 mg, 0.0780 mmol, 2.00 equiv.) according to the general
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procedure (GP1). Confirmation of the presence of the desired ester was determined by
appearance of the known characteristic NHS-Ester peak at 2.94 ppm in the *H NMR spectra’?.

Crude Yield: 20.6 mg (99%).
4.4.4 Functionalization and NHS Esterification of 11a-hydroxyprogesterone

Commercially available progesterone was purchased and functionalized to obtained NHS
ester (Figure 28).

(o]
DMAP NHS, EDC
dioxane, 115 °C~ DMF, 23 °C
Ns, 50 h N>, 3h
92%
11a-hydroxyprogesterone 11a-NHS-succinate-

11a-hemisuccinylprogesterone (S4)

(Commercial) progesterone (S5)

Figure 28 Functionalization and NHS esterification of 11a-hydroxyprogesterone.

4.4.5 Synthesis of 11a-hemisuccinylprogesterone (S4)

The procedure was modified from a previously reported reaction. 8 A 10 mL Schlenk
tube was evacuated and backfilled nitrogen three times. To the Schlenk tube, with a magnetic
stir bar, under N., was added 11a-hydroxyprogesterone (150 mg, 0.454 mmol, 1.00 equiv),
succinic anhydride (168 mg, 1.68 mmol, 3.70 equiv.), and DMAP (83.2 mg, 0.681 mmol, 1.50
equiv). Dry dioxane (4 mL) was added to the Schlenk tube by syringe, and the tube was sealed
and heated at 115 °C for 50 hours. The resulting reaction mixture was let cool to ambient
temperature, and then cooled to 0 °C in an ice bath. At 0 °C the reaction mixture was acidified
to pH=1 with 1 M HCI (2 mL). The acidified reaction mixture was then extracted with DCM
(3x4.00 mL) and the extract was dried with Na,SO4, which was removed by filtration. The
filtrated was concentrated under reduced pressure and the resulting crude reaction mixture was

purified by isocratic flash column chromatography (silica gel, 4/96 MeOH/DCM) to give 11a-
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hemisuccinylprogesterone (S4) as a white solid. Yield: 180 mg (92%); TLC; Rf = 0.29 (5/95
MeOH/DCM); [a]2°: +138° (¢ 0.00358 g/mL CHCls); *H NMR (500 MHz, CDCl3) & 5.78 —
5.73 (m, 1H), 5.29 (td, J = 10.6, 5.1 Hz, 1H), 2.81 — 2.60 (m, 3H), 2.58 — 2.49 (m, 3H), 2.46 —
2.28 (M, 5H), 2.27 — 2.16 (m, 1H), 2.10 (s, 3H), 2.08 — 2.01 (m, 1H), 2.01 — 1.83 (m, 2H), 1.78
—1.58 (m, 3H), 1.47 (t, J = 10.9 Hz, 2H), 1.38 — 1.21 (m, 5H), 1.14 (qd, J = 13.1, 4.2 Hz, 1H),
0.73 (s, 3H); *C NMR (126 MHz, CDCl3) 6 208.81, 200.09, 177.29, 171.37, 170.34, 124.67,
71.19,62.92,55.44,54.91, 45.10, 43.75, 39.72, 36.50, 35.02, 33.83, 33.37, 31.55, 31.36, 28.68,
28.66, 24.19, 22.86, 18.11, 14.04; HRMS: (ESI) m/z Calculated for CssH3s0s [M+H]":

431.2428, found: 431.2429.

4.4.6 Synthesis of 11a-NHS-succinate-progesterone (S5)

11a-NHS-succinate-progesterone (S5) (white solid) was synthesized using 11la-
hemisuccinylprogesterone (S4) (10.0 mg, 0.0230 mmol, 1.00 equiv.), NHS (2.91 mg, 0.00253
mmol, 1.10 equiv.), and EDC (8.82 mg, 0.00.0460 mmol, 2.00 equiv.) according to the general
procedure (GP1). Confirmation of the presence of the desired ester was determined by
appearance of the known characteristic NHS-Ester peak at 2.94 ppm in the *H NMR spectra.

Crude Yield: 11.7 mg (96%).
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4.4.7 Functionalization and NHS Esterification of 17p-estradiol

MeOH
AC2O Cr03
Pyridine, 115 °C Acetic Acid
N2, 3 h 23°C,28h
35')% AcO 13%
17p-Estradiol S6
(Commercial)
0
.0
NHS, EDC _H:N \)J\OH
DMF, 23 °C Pyridine, 23 °C
No, 3 h N»,16 h

85%

17p-Estradiol-NHS Ester (S10)

Figure 29 Functionalization and NHS esterification of 17p-estradiol.

4.4.8 Synthesis of 17p-estradiol Diacetate (S6)

The procedure was modified from a previously reported reaction. 8 A 25 mL Schlenk
tube was evacuated and backfilled with nitrogen three times. Under nitrogen, 17f3-estradiol
(500 mg, 1.84 mmol. 1.00 equiv) was solvated in dry pyridine (7.08 mL) and added to the
Schlenk tube, with a magnetic stir bar. Acetic anhydride (1.74 mL, 18.4 mmol, 10.0 equiv.)
was added to the solution and the Schlenk tube was sealed. The reaction was heated at 115 °C
for 3 hours. After cooling to ambient temperature, the reaction mixture was added into rapidly
stirring cold water (175 mL). The precipitated solids were removed by filtration, rinsed with
diluted HCI (pH=4, 60 mL), and allowed to air dry. The resulting solids were then dried under
vacuum at 70 °C to give 17B-estradiol diacetate (S6) as a white crystalline solid, which was
used as-is, in the next step, without further purification. *H NMR data matched that of the

reported compound.® Yield: 586 mg (89% Yield); *H NMR (500 MHz, CDCl3) 6 7.27 (d, J =
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9.1 Hz, 1H), 6.84 (dd, J = 8.5, 2.6 Hz, 1H), 6.79 (d, J = 2.5 Hz, 1H), 4.69 (t, J = 7.8 Hz, 1H),
2.93 — 2.81 (m, 2H), 2.35 — 2.15 (M, 6H), 2.06 (s, 3H), 1.93 — 1.85 (m, 2H), 1.79 — 1.69 (m,

1H), 1.60 — 1.23 (m, 7H), 0.82 (s, 3H).

4.4.9 Synthesis of 6-Keto-17p-estradiol Diacetate (S7)

The procedure was modified from a previously reported reaction.8! Chromium trioxide
(84.0 mg, 0.840 mmol, 3.00 equiv.) was solvated in aqueous acetic acid (88% AcOH in H.0,
2 mL) in a 4 mL vial with a magnetic stir bar. While stirring the chromium trioxide solution,
17B-estradiol diacetate (S6) (100 mg, 0.28 mmol, 1.00 equiv.) was added as a solution in acetic
acid (0.359 mL). The reaction mixture was allowed to stir, capped, at ambient temperature for
28 hours. The reaction mixture was transferred to sep. funnel and diluted with water (6 mL).
The resulting mixture was extracted with Et2O (4x6 mL) and the extract was sequentially
washed with sat. NaHCOs (125 mL), 1 N Na2COs (45 mL), water (45 mL) and dried with
Na>SOgs. The solids were removed by filtration and the filtrate was concentrated under reduced
pressure. The resulting crude reaction mixture was purified by isocratic flash column
chromatography (silica gel, 20/80 EtOAc/Hexanes) to give 6-Keto-17p-estradiol diacetate (S7)
as a white crystalline solid. *H NMR data matched that of the reported compound.® Yield: 13.8
mg (13%); *H NMR (500 MHz, CDCl3) § 7.75 (d, J = 2.7 Hz, 1H), 7.45 (d, ] = 1.3 Hz, 1H),
7.26 (s, 1H), 4.72 (t, J = 7.8 Hz, 1H), 2.76 (dd, J = 16.9, 3.4 Hz, 1H), 2.54 (td, J = 11.3, 4.6 Hz,
1H), 2.43 — 2.35 (m, 1H), 2.31 (s, 3H), 2.29 — 2.19 (m, 2H), 2.07 (s, 3H), 2.04 — 1.92 (m, 2H),

1.74 (ddt, J = 11.2, 9.6, 4.2 Hz, 1H), 1.69 — 1.54 (m, 2H), 1.52 — 1.34 (m, 3H), 0.84 (s, 3H).

4.4.10 Synthesis of 6-Keto-17p-estradiol (S8)
The procedure was modified from a previously reported reaction.®? A 20 mL vial was
charged with 6-Keto-17p-estradiol diacetate (S7) (77.3 mg, 0.209 mmol, 1.00 equiv.) and 2:1

MeOH:THF (3.22 mL MeOH, 1.61 mL THF), and a magnetic stir bar. To the reaction solution
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in the 20 mL vial was added 2 N KOH (0.645 mL). The reaction was allowed to stir, capped,
at ambient temperature for 7 hours. The volatiles were removed under reduced pressure, and 1
M HCI (4 mL) was added to the resulting reaction mixture which caused a precipitation of
white solids. The entire reaction mixture was extracted with EtOAc (3x2 mL), in which the
white solids were soluble, and dried with Na2SOs. The solids were removed by filtration and
the filtrate was concentrated under reduced pressure to give 6-Keto-17p-estradiol (S8) as a
white solid, which was used as-is, in the next step, without further purification. *H NMR data
matched that of the reported compound.* Yield: 49.4 mg (83%); 'H NMR (500 MHz, DMSO)
$9.58 (s, 1H), 7.31 (d, J = 8.6 Hz, 1H), 7.26 (d, J = 2.8 Hz, 1H), 6.99 (dd, J = 8.4, 2.8 Hz, 1H),
4.54 (d, J = 4.8 Hz, 1H), 3.57 — 3.49 (m, 1H), 2.49 — 2.20 (m, 3H), 1.95 — 1.70 (m, 2H), 1.60 —

1.14 (m, 8H), 0.65 (s, 3H).

4.4.11 Synthesis of 6-(O-carboxymethyl)oxime-17p-estradiol (S9)

The procedure was modified from a previously reported reaction. 8 A 20 mL vial was charged
with 6-Keto-17pB-estradiol (S8) (49.4 mg, 0.173 mmol, 1.00 equiv.), 2-(aminooxy)acetic acid
hydrochloride (52.9 mg, 0.484 mmol, 2.80 equiv.) and a magnetic stir bar, and sealed using a
14/20 septa. The vial was evacuated and backfilled three times with nitrogen. Dry pyridine was
added to the vial under nitrogen, and the reaction mixture was allowed to stir at ambient
temperature for 16 hours. The reaction mixture was added to ice cooled, rapidly stirring, 1 M
HCI (35 mL). The resulting mixture was extracted with EtOAc (3x15 mL) and the extract was
washed with brine (20 mL) and dried with Na.SQO4. The solids were removed by filtration and
the filtrate was concentrated under reduced pressure to give 6-(O-carboxymethyl)oxime-17p-
estradiol (S9) as a tan solid, which was used as-is, in the next step, without further purification.
!H NMR data matched that of the reported compound.® Yield: 53.0 mg (85%); *H NMR (500

MHz, MeOD) § 7.33 (d, J = 2.6 Hz, 1H), 7.17 (d, J = 8.5 Hz, 1H), 6.78 (dd, J = 8.5, 2.8 Hz,
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1H), 4.68 (s, 2H), 3.67 (t, J = 8.6 Hz, 1H), 3.16 (dd, J = 18.2, 4.6 Hz, 1H), 2.37 — 1.95 (m, 5H),

1.79 - 1.26 (m, 10H), 0.75 (s, 3H).

4.4.12 Sythesis of 17p-estradiol-NHS Ester (S10)

17pB-estradiol-NHS  Ester (S10) (white solid) was synthesized using 6-(O-
carboxymethyl)oxime-17-estradiol (S9) (10.0 mg, 0.0280 mmol, 1.00 equiv.), NHS (3.54 mg,
0.00308 mmol, 1.10 equiv.), and EDC (10.7 mg, 0.0560 mmol, 2.00 equiv.) according to the
general procedure (GP1). Confirmation of the presence of the desired ester was determined by
appearance of the known characteristic NHS-Ester peak at 2.94 ppm in the *H NMR spectra.

Crude Yield: 10.7 mg (84%).

4.4.13 Bioconjugation of Synthesized Hormone-NHS Esters to DNA

0]

(0] (0]
DMF
+ Ho-N—-DNA L —
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Figure 30 General procedure of bioconjugation of hormone-NHS ester to DNA (GP2).

4.4.14 Desalting Procedure for Oligonucleotides

For a successful bioconjugation, desalting of DNA is required to remove any amine
contaminant. Zeba desalting columns (7000 Da) were prepared by following the steps
mentioned below. First, the spin column’s bottom closure was removed and loosened the top
cap (do not remove cap). The column was placed in a 2.0 mL microcentrifuge collection tube
and was centrifuged at 1,500 x g for 1 minute to remove storage solution. After placing a mark

on the side of the column where the compacted resin was slanted upward (For all subsequent
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processes the marked side was placed outside in the centrifuge instrument), 300 uL of desalting
buffer (0.1 M phosphate, 0.15 M NaCl, pH 8.0) was added to the top of the resin bed and
centrifuged at 1,500 x g for 1 minute followed by discarding the collected solution. The above
step was repeated two more times to properly remove the storage solution. The column is ready
for the sample loading.

After placing a new 2.0 mL microcentrifuge tube to collect the sample, 50-130 pL of
the the DNA sample (anchor amine oligo) was slowly added to the center of the resin bed. Then
the column was centrifuged at 1,500 x g for 2 minutes to collect desalted sample. After
desalting, the concentration of the DNA sample was determined using the Nanodrop 1000

spectrometer. The absorbance at 260 nm was used to obtain the absorbance values.

4.4.15 General Procedure for Bioconjugation of Hormone-NHS Esters to Anchor Amine
DNA (GP2)

Anchor amine DNA was first desalted as mentioned in the section 4.4.15 to prepare for
bioconjugation. The specified hormone-NHS Ester was solved in dry DMF and added to an
desalted anchor amine DNA in a 200 pL centrifuge tube. A molar ratio of 1:100, anchor amine
DNA to hormone-NHS Ester was used to achieve 1:1 successful bioconjugation. After properly
mixing, the mixture was placed at 37 °C for 12 hours with slow stirring. After centrifuge at
15,000 g for 2 minutes the clear solution was taken for further purification. To remove excess
hormone-NHS Esters, the centrifuged solution was desalted as mentioned in the section 4.4.15.
followed by concentration determination using nanodrop 1000. Finally, the bioconjugated

DNA-steroid solution was aliquoted and stored in -18 °C for long term storage.
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4.4.16 3-Testosterone-DNA Conjugate (S11)

3-Testosterone-DNA Conjugate (S11) was conjugated using commercially available
testosterone-NHS Ester (2 mg ) in dry DMF (40.0 uL) and DNA (80.0 uL) in desalting buffer

according to the general procedure (GP2).

4.4.17 3-Progesterone-DNA Conjugate (S12)

Progesterone-DNA Conjugate (S12) was conjugated using progesterone-NHS Ester
(S1) (2.00 mg) in dry DMF (40.0 pL) and anchor amine DNA (80 pL) in desalting buffer

according to the general procedure (GP2).

4.4.18 3-Hydroxycortisone-DNA Conjugate (S13)

Hydroxycortisone-DNA Conjugate (S13) was conjugated using hydroxycortisone-
NHS Ester (S2) (2.44 mg) in dry DMF (40.0 uL) and DNA (80.0 uL) in desalting buffer

according to the general procedure (GP2).

4.4.19 11a-progesterone-DNA Conjugate (S14)

11a-progesterone-DNA Conjugate (S14) was conjugated using 11a-NHS-succinate-
progesterone (S4) (1.76 mg) in dry DMF (40.0 uL) and DNA (80.0 pL) in desalting buffer

according to the general procedure (GP2).

4.4.20 17p-estradiol-DNA Conjugate (S15)

17B-estradiol-DNA Conjugate (S15) was conjugated using 17p-estradiol-NHS Ester
(S9) (1.76 mg ) in dry DMF (40.0 uL) and DNA (80.0 uL) in desalting buffer according to the

general procedure (GP2).
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Figure 31 Bioconjugated steroid-DNA.

4.5 Discussion

Sensitive measurements are key to achieving adequate precision and accuracy of clinically
important results. Here we report a novel approach to significantly improve the sensitivity of
DNA-based electrochemical assays. Generally, signal enhancement or sensitivity
improvements can be achieved by optimizing or modifying either molecular assays or
instruments. For DNA-based electrochemical assays, optimization of the assay can be achieved
by (1) altering probe density, (2) changing the gold surface (introducing gold nanoparticles,
introducing cavitation, changing the gold roughness), (3) optimizing the position of the redox
reporter, or (4) altering the redox reporter ’. Although gold nanoparticles, surface roughness,
and cavitation offer high sensitivity by improving the signal by a factor of 2 or more # reducing

the electrode-to-electrode variation can be problematic due to microscopic variation can lead
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to higher errors. For some assays, this issue can be overcome by using two redox reporters’

correction methods & or using a non-responsive frequency ratio method.

Modification of available redox reporters and utilizing new redox reporters have been
tested for improving the signal to noise ratio of E-DNA-based sensors as well as to achieve
stable sensors readout®®°, Methylene blue (MB) has been utilized as the redox reporter by us
and other researchers as it has shown prolonged stability in complex biofluids and against the
numbers of voltametric scans’’. Other than that ferrocene (Fc) and its derivatives have also
been tested for biosensing to achieve improved stability and sensitivity *°. Recently, a pH-
insensitive redox reporter has been tested for sensing in media that are not buffered, such as

sweat, saliva, or other non-biological environments in comparison to MB °.

In this study, we modified the DNA oligo (signaling strand) by replacing the usual
single MB redox reporter molecule with five MB molecules, as a means of testing a new
approach to modifying redox reporters and achieving enhanced sensitivity. We hypothesized
that decorating the signaling oligo with multiple MB molecules (n = 5) would result in
approximately five times higher initial signal than that of one MB molecule. As the bowtie
sensor works as a “signal-off” assay, an increment of the initial signal would result in higher
sensitivity among measurements and would facilitate a lower limit of detection (LOD).
Furthermore, due to the flexibility of the bowtie sensor, small molecules can be quantified by
following a competitive assay protocol. However, as competitive assays tend to result in lower

sensitivity, enhancing sensitivity would be greatly beneficial.

The electrochemical DNA nanostructure bowtie sensor is a single molecule on gold surface
with three different tags for attachment, target recognition, and signaling. This biosensing
platform can be considered as a more easily generalizable assay as it does not change the

signaling mechanisms upon changing the target. It has been tested to detect antibodies,
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peptides, epitopes, and small molecules and tested the stability and accuracy of the results in
complex biofluids ® /. Compared to the other similar DNA-driven EC assays, the bowtie sensor

is different, because the position of the MB label with respect to the electrode is mostly fixed
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Figure 32 Detection of steroids via the DNA bowtie sensor. A 5-MB decorated signaling oligo resulted

in improved sensitivity.

4.5.1 Square Wave Voltammetry (SWV) for Surface-confined Assays

As a pulse voltammetry technique, SWV is very effective in minimizing non-faradic currents
(as waiting to decay non-faradic current) 3. This is true for freely diffusing redox molecules
such as free MB, Fc, ferrocyanide/ferricyanide, etc. As non-faradaic current decays faster
(exponential decay) to zero where most of the faradic current is available for measurements
(Figure 33 top left) because there are plenty of molecules in the solution to be reduced. On the
other hand, surfaced attached redox reporters also decay as the non-faradic current and reach

zero in a relatively short time window (Figure 33 top right). Thus, waiting to decay to collect
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only the faradaic current is not possible. Moreover, measuring at higher frequencies cannot
eliminate most of the non-faradaic current. Post-processing of data can be performed to remove
non-faradic current by a baseline correction, but this does not eliminate associated error. As an
alternative solution, improving the faradaic current by modifying the assay or optimization of
parameters of SWV can be achieved. We hypothesized that by incorporating several MB
molecules into the signaling oligo (without significantly increasing the non-faradic current),
the signal-to-noise ratio would be greatly enhanced, enabling measurements at SWV

frequencies with high sensitivity.
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Figure 33 Chronoamperometry data shows how faradaic and non-faradaic currents decay differently
for surface confined (top left) versus diffusion limited (top right) molecules. As shown in the signal-to-
background ratios (bottom), while freely diffusing molecules show improved performance at longer
times, for surface confined labels exhibit an optimal time window that must be carefully defined

experimentally.
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4.5.2 Detection of Anti-digoxigenin Ab as a Proof of Concept

To test the hypothesis, we first acquired a 5-MB-labeled DNA from our collaborators at
Innamed, Inc., or we purchased it from Biosynthesis. Then, the digoxigenin bowtie sensor was
prepared as described in the experimental section. As the signaling strand, both 1-MB and 5-
MB-incorporated DNA strands (Table 5) were used to compare and validate our hypothesis.
To understand more about the system, a SWV frequency study (4 Hz to 900 Hz with 18
different frequencies) was carried out. We first used the 4A system and 6A system (Table 5),
in which 3' of the thiol DNA was modified with either four (4A) or six adenines (6A),
respectively. Optimization of the signal in DNA assays with adenine can be found in previous
studies® °2, and further optimization with PEG linkers is discussed later in this study in relation

to sex hormone nanostructures.

According to the results (Figure 34 and Figure 35), our hypothesis is valid at higher
frequencies (>400 Hz), resulting in roughly 5 times increment of the initial SWV signals
(Figure 34 (a)). But lower frequencies (<400 Hz) resulted in surprisingly different ratios (is-
me/iz-me). 30 Hz and above > 400 Hz, the ratio changes from 1.3 to 9.1 with a maximum of
9.75 at 200 Hz for the 4A system (Figure 34). At fswv = 100 Hz, the maximum signal
improvement ratio of 16 was observed for the 6A system. At SWV frequencies <20 Hz, ratios
were <1 which indicates that 1-MB signals are larger at lower frequencies (Figure 34 and
Figure 35 (c)). As the data indicates, the 5-MB incorporated bowtie sensor has higher electron
transfer rates, and when it reaches to low frequencies most of the MB electrons were likely

already reduced compared to the 1-MB system.
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Figure 34 (a) How the background signal of the DNA bowtie sensor behaves upon target binding at
different frequencies for both the 1-MB and 5-MB incorporated systems (b) How the signal suppression
behaves with 50 nM anti-digoxigenin. Below 50 Hz 5-MB system resulted in signal increment instead
of usual signal suppression. (c) The plot shows how fast the electron transfer is taking place. (d)
chronoamperometric plot for the 5-MB system where there is cross-over frequency. (e)

Chronoamperometric plot for the 1-MB system where there is no cross-over frequency.

If there are no interactions, or if the size of the 5-MB and 1-MB are similar, we can expect to
have five-time higher signals in most frequencies. But the 5-MB molecules are attached to
alternating nucleotides, which it has dispersed (8 nm). The various electron transfer kinetics
and different ratios can be accounted for this reason, or it could be due to simply the higher

electron transfer kinetics of 5-MB.

“Signal-off” sensors have some disadvantages, such as non-specific signal changes and the
possibility of sensor degradation, which can lead to false results. One advantage of the
switching between 'signal-off' and 'signal-on’ states is that it can be used to confirm the binding

of antibodies to the DNA nanostructure on a gold surface. At all frequencies, the 1-MB bowtie
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sensor behaves as a signal-off sensor, resulting in signal suppression. One could argue that such

as signal drop may arise due to sensor degradation alone.
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Figure 35 (a) The calibration curve for anti-dig Ab at 500 Hz shows a sensitivity improvement by 4.3
times for 10 nM Ab (b) The Langmuir isotherm was used to understand how the surface coverage
changes with Ab. (c) At lower frequencies, the DNA bowtie sensor incorporating 5-MB functions as a
“signal-on” sensor. (d) Surprisingly, a non-responsive frequency (50 Hz) was observed for the 5-MB
bowtie sensor, where AB binding did not cause any signal change. (e) The 1-MB digoxigenin bowtie
sensor was used to generate a calibration curve for comparison with the 5-MB sensor. While higher
frequencies (=> 400 Hz) showed similar signal suppression values, the current values were five times
higher for the 5-MB sensor, showing an improved sensitivity. (f) The Langmuir isotherm for the 1-MB

system at 500 Hz.

However, for the 5-MB labels, as lower frequencies (<50 Hz) resulted in an increment in
current after Ab incubation, it confirms Ab binding. We observed a non-responsive frequency

at 50 Hz where target binding did not alter the background signal. This unique feature can also
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be used to confirm the validity of the sensor. If there is signal degradation, the non-responsive
frequency should change. However, through calibration, the non-responsive frequency resulted

in the same value (Figure 35 (d)).

SWV signals of higher frequencies >400 Hz are used to compare the sensitivity of the systems.
At 500 Hz, the 4A system showed a current drop of 1.63 pA (n=3) in response to 50 nM anti-
digoxigenin for the 5-MB system, while the 1-MB system exhibited a current drop of 0.162
MA (n=3). This translates to a tenfold improvement in signal drop, a significant improvement
for DNA-based assay sensors, indicating a sensitivity (nM/nA) improvement of 13 times.
Although we have not confirmed why the frequency non-responsiveness (fnr) is present, it can
be attributed to the fast electron transfer rate of the 5-MB system, which decays promptly
compared to the 1-MB system. Moreover, as another possible explanation, since five MB are
dispersed (Table 4), there is a possibility that the addition of the target slows down the

movement of MB, which can then transfer electrons directly with the surface.

To further confirm the presence of the fnr and the "signal-off” and "signal-on" behavior of
the system, as well as to test the LOD values, we carried out anti-digoxigenin Ab calibration
curves for both the 1-MB and 5-MB systems at all SWV frequencies. As hypothesized, the
SWV signal change values at the non-responsive frequency (fnr) of 50 Hz remained constant
(Figure 35 (d)) regardless of the analyte, indicating that this frequency is not affected by the

binding of anti-digoxigenin antibody to the bowtie on the gold surface.

All frequencies below 50 Hz behaved as "signal-on" sensors, resulting in an increase in signal
after analyte incubation. However, as these changes occurred at lower frequencies, the
associated peak currents were also lower. Therefore, further optimization or modifications are
required to push the fnr towards higher frequency ranges. As explained in section 4.5.1, the

surface-confined MB decays exponentially as non-faradaic current (without adding a
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significant non-faradaic current), which improves the initial current significantly.
Theoretically, this would result in higher S/N ratios. The 5-MB bowtie sensor showed a
remarkable 30 pM LOD for anti-dig Ab, compared to a 200 pM LOD for the 1-MB bowtie
sensor (Figure 35 (a) and (e)). Introducing 5-MB to the DNA bowtie sensor has greatly
improved its sensitivity. Since the DNA bowtie sensor's signaling mechanism does not change
significantly with the target, we hypothesized that any target with 5MB incorporated
nanostructures should follow the same trend, resulting in more reproducible and sensitive

measurements. To further test this hypothesis, we chose to detect clinically important sex

hormones.
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Figure 36 (a) and (b) Comparison of the background current behavior with the SWV frequency of the
5-MB bowtie sensor and the 1-MB bowtie sensor for digoxigenin. (c) Analyzed ratio of background
currents of the 5SMB/1MB system in relation to the SWV frequency for both 4A and 6A systems.
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4.5.3 Importance of Detecting Sex Hormones

Sex hormones (sex steroids) interact with steroid hormone receptors and play an important
role in controlling various functions and behaviors in the body, in addition to their role in
regulating the reproductive system % As major sex hormones, progesterone, estradiol, and
testosterone control pregnancy, puberty, menstruation, menopause, sperm sex drive, and they
show phenotypic effects from body weight to mood ° %, Sex hormones mainly secret from

testes or ovaries, with small contributions from the adrenal gland ®.

Testosterone is the most abundant sex hormone (8 — 30 nM) in males, and it controls,
maintain, and develop secondary sex characteristics, libido, growth, and prevention of
osteoporosis. In women, testosterone production is in significantly lower amounts (2 - 10 nM).
Abnormalities in testosterone can cause androgen deficiency (hypogonadism) in males or
androgen excess (polycystic ovary syndrome) in women. Hence, clinical measurement of
testosterone is carried out for diagnosis and treatment. Other than controlling and maintaining
the reproductive system in women, the progesterone hormone plays an important role in several
tissues, such as the mammary gland in preparation for breastfeeding, the cardiovascular system,
central nervous system, and bones®. Estradiol controls the growth of the womb (uterus),
fallopian tubes, and breast development. It also plays a role in changes of the outer genitals,
distribution of body fat, and menopause. Anomalies of these hormone levels can cause adverse
effects in women. In addition, commercial or local sources of milk and water can contain high
amounts of progesterone, and consumption can lead to side effects such as breast tenderness,
headache, upset stomach, constipation, and diarrhea %. Hence, detecting both in vivo and in

vitro can be beneficial in preventing diseases and side effects.
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Figure 37 Confirmation of the successful bioconjugation of sex steroids to DNA bowie sensor.

4.5.4 DNA Bowtie Sensor for Sex hormone Detection.

As discussed above, the 5-MB incorporated digoxigenin DNA bowtie gave higher sensitivity
in measurements and a lower LOD. In this section, we utilized our bowtie sensor to detect
clinically relevant analytes (sex hormones) and validated it in clinical samples. We also used
PEG linkers instead of nucleotides (4A system) to further improve the background currents.
Testosterone, progesterone, and estradiol were bioconjugated to analyte recognizing oligo as
mentioned in section 4.4. Careful selection of the bioconjugation site is crucial as it has a
significant impact on antibody recognition, especially in the case of small molecules with fewer

functional groups where even a minor change can affect Ab binding.

For the testosterone, the position 3 bioconjugated signaling oligo incorporated bowtie
sensor resulted in a significant signal drop of ~80% for 100 nM (68 % signal drop for 10 nM
Ab) (Figure 32 and Figure 37 left). However, the bowtie sensor constructed with 3-
progesterone-oligo (3rd position of progesterone), showed a response to 500 nM of anti-
progesterone antibody (Pabl), whereas there was no significant difference for 100 nM of the
antibody (Figure 38 (a)). After a literature survey and from a commercial source, we found
that the 11" position has been used for bioconjugation of progesterone to various proteins for

antibody productions. Indeed, the 11" position bioconjugated progesterone analyte-DNA
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conjugate incorporated sensor responded to a 10-fold lower concentration of anti-progesterone
antibody (40 % drop for 50 nM PADb2) (Figure 38 (b)). PAbl was abandoned as it did not bind
with the progesterone analyte (data is not shown here). Another anti-progesterone antibody
(PAb3) gave better results, responding to 10 nM with a 31% suppression, but it did not bind
with free progesterone (Figure 38 (c)). The study suggests that testing several antibodies is

also a vital part, just as selecting the right bioconjugation position is crucial.

(a) (b) (c)

04 = 0 1 0 -
&
o -15 -15 1 15 -
[=2]
C
©
=
[&]
g -30 A -30 - 230 A
2
»n
435 - -45 45
® 100 nM anti-PRO (PAb1) 30 nM PRO (PAb2) 10 nM anti-PRO (PAb3)
B 500 nM anti-PRO (PAb1) ® 50 nM anti-PRO (PAb2) = 20 nM pro
(d) (e)
. 2 .
-10 A
< 197 ! 20 - I
xX
g -20 1 -30 1
G -40 4
S -30 -
© 50 A
S
& 40 1 60 -
-70 A
-50 4
m Buffer m 20 nM anti-EST (EAb1) m Buffer ® 10 nM anti-EST(EAb1)
m 200 nM EST 200 nM Activated ® 200nMEST 200 nM Activated
EST anchor EST anchor

Figure 38 Importance of selecting the correct antibody for E-DNA-based sensors. (a) progesterone
responded to 500 nM anti-pro Ab (Pabl). (b) different Ab (Pab2) was able to result a 40 % drop for 50
nM, al10-fold improvement. (c) Pab3 on the other hand gave a 30% drop for 10 nM Ab where it’s a 5-
fold increment but it didn’t recognize the progesterone (analyte). (d) One of the tested anti-estrogen
antibodies (EADb1) gave a 37.2% signal suppression for 20 nM. However, the antibody did not bind to
the free estradiol or the free estradiol-oligo conjugate. (e) Another ab (EAb2) gave a fairly reasonable

signal suppression (57.9 %) for 20 nM where it recognized both free estradiol-oligo conjugate.
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Estradiol was selected according to the commercial sources (details in experimental
section) by following the above-mentioned study. The anti-estradiol Ab (EAb1) gave 37.2 %
for 20 nM. However, it showed no binding affinity towards the free estradiol (Figure 38 (d)) .
Another anti-estradiol antibody (EAb2) showed a 57.9% signal suppression for 10 nM and was
able to recognize both bound estradiol and free estradiol, making it a potential candidate for

constructing a calibration curve.

4.5.5 PEG Linkers to Improve the Flexibility of DNA Bowtie Sensor
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Figure 39 PEG linkers and 5-MB for for enhanced sesitivity.

A previous study ® showed that when the MB was placed inside the diffusion layer, it resulted

in the lower signal as the diffusion layer can interrupt the signaling mechanism . The results
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showed that the maximum background current was observed for thiol DNA with four adenine
oligonucleotides (4A) incorporated (Table 5). In this study, we re-placed the 4A (2.52 nm long)
with a 1-PEG (polyethylene glycol) molecule (internal spacer 18, 2.4 nm long) by keeping
roughly the same distance (Table 5). To study more about the system, we used two PEG
molecules bioconjugated (2-PEG) internal spacer positioning MB strands further away. As
demonstrated in Figure 39(a), the 1-PEG included nanostructure produced a higher initial
background current for the 1MB bowtie sensor compared to the 4A and 2-PEG systems. This
improved signal was expected since oligonucleotides are more rigid than PEG linkers. The
initial signal of the 1-PEG system showed a 21.3% increase compared to the 4A system (1MB),
while there was a further 37% improvement in initial background signal for the 5-MB system.
The signal change for 10 nM anti-testosterone antibody was also studied, and the results did

not show any significant trend.

As another important factor to study is how the surface probe density of thiol DNA
(directly proportional to probe density of DNA nanostructures) affects the signaling mechanism
of DNA nanostructure was studied. As demonstrated in Figure 39 (c), increasing the surface
probe density resulted in higher initial currents (only the 1-MB system was studied), but it
greatly reduced the signal suppression for 10 nM of anti-testosterone Ab. As the probe density
increases, the number of DNA bowtie sensros on the surface also increases, causing them to
become packed together. In this tightly packed state, the addition of an antibody (which
increases the mass of the system) cannot make a significant difference in tethered diffusion. As
the optimum thiol DNA concentration, 30 nM was used for all the experiments. The
concentration of 30 nM was selected by considering several factors, such as higher signal
suppression, better limit of detection, and, more importantly, to achieve the analyte detection
range in a clinical setup. Furthermore, depending on the required LOD and detection range

thiol concentration and Ab concentration can be optimized. For example, the limit of detection
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can be improved by using a lower surface density, but this will narrow the dynamic range. On
the other hand, a higher density would be beneficial as it could improve the dynamic range and

more importantly it could improve the sensitivity of the results.

4.5.6 Detection of Testosterone

After we purified the synthesized testosterone-oligo conjugate molecules with size exclusion
chromatography columns (refer section 4.4 and Figure 37), the successful bioconjugation was
confirmed by the addition of anti-testosterone Ab. To compare how 1-MB and 5-MB
testosterone bowtie sensors behave, we carried out two separate calibration curves to test the
LOD and sensitivity among measurements. (Figure 32, and figure 40). It followed the same
trend which was observed in the anti-digoxygenin system. For 5-MB bowtie sensor, lower
frequencies (<48 Hz) addition of anti-tes Ab increased the signals whereas higher frequencies
resulted in suppression in the signals (Figure 40 (i) and (j)). On the other hand, for all the
frequencies, 1-MB bowtie sensor resulted in signal suppressions for Ab as expected Figure 40
(k). As shown in Figure 40 (g) and (j), we observed a new, non-responsive frequency when
using 5-MB DNA, where the signals did not change with the addition of Ab. This phenomenon
is beneficial as it can be used to generate calibration free sensors, as done by the Plaxco group*®
21 Moreover, as mentioned earlier, if we can further validate the present of non-responsive
frequency in complex biofluids, it can be utilized to account for sensor degradation. The signal
increment of the lower frequency confirms the binding of Ab into the bowtie sensor, whereas
sometimes the signal drop at conventional 1-MB system can often mislead for probe
decomposition. We used Langmuir isotherm to fit data to understand surface adsorption. As
shown in the Figure 40 (b), data fitted well to the Langmuir adsorption isotherm, and we
assumed that the antigen-antibody binding ratio was 1:1. The % signal change due to Ab
binding to the surface was proportional to the coverage values (0). Assuming that the surface

gets saturated at 70 nM, we calculated the fraction of coverage values for other concentrations
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after correcting for buffer drop. Then we used calculated coverage data (maximum and
minimum coverage) of anti-Tes Ab, calculated total numbers of bowtie sensors on surface, and
calculated Kaverage Of Langmuir equation were used to predict the calibration curve values for
testosterone (Figure 40 (e)). There was a close relationship among the original and predicted
data, and we can possibly use this approach to obtain calibration free sensors in the future. As
we noted in the anti-digoxigenin section, we need to carry out more optimization for the lower
frequency, as the lower frequency ("signal-on" bowtie sensor) showed high error bars (usually,

the 1-MB system results in low errors in measurements).

The normal human serum total testosterone range is between 8 - 32 nM. The sensor has
a limit of detection (LOD) of 800 pM, and since the testosterone calibration curve (0-100 nM)
falls within the clinical range, the sensor can be utilized to detect clinical samples. In blood,
most of the testosterone (~98%) is bound to sex hormone-binding globulin (SHBG) and human
albumin %, In men, 44-65% of testosterone is bound to SHBG and 33-54% is bound to albumin,
whereas in women, 66-78% is bound to SHBG and 20-32% is bound to albumin. The remaining
1-3% of testosterone is metabolically active and available for interaction with hormone
receptors %. Moreover, albumin-bound testosterone is also considered active and bioavailable
for receptors, as it has low affinity and fast dissociation kinetics. However, SHBG-bound
testosterone is considered metabolically inactive, as it has a high affinity for testosterone. Since
testosterone binds with plasma proteins, it is necessary to detect all fractions to fully understand
the function or deficiency of testosterone. Moreover, doctors examine additional symptoms to

diagnose and treat testosterone deficiencies.

We further studied how SHBG behaves with testosterone. As shown in the Figure 41 (a),

1:1 mixing of testosterone (10 nM) and SHBG (10 nM) resulted in higher signal recovery

92



compared to the reference (10 nM testosterone). This suggests that some testosterone molecules

are bound to SHBG, thereby reducing the amount of free testosterone available for interaction
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Figure 40 (a) Anti-testosterone Ab calibration curve at 464 Hz (5MB), where the current change is
five times larger than that of the 1 MB system. (b) To determine the binding affinity of the anti-
testosterone Ab, data was fitted to the Langmuir isotherm. c) At frequencies lower than 50 Hz, the
signal increases upon adding the antibody, as the decay of the background signal is faster than the
decay of the signal. d) A sensitive calibration curve of testosterone was achieved with the 5-MB
system, spanning a range of 0-100 nM e) Derived equations from Langmuir isotherm and binding
kinetics were used to predict testosterone calibration values f) Bowtie sensor work as a “signal-on”
sensor at low frequencies resulting positive signal changes after target incubation. g) fnr doesn’t
change with testosterone concentration (h) As a potential calibration free sensor. (i) Shows how
SWV frequency behaves with raw current values for 1MB and 5Mb bow tie sensors. (j) presence of

a non-responsive frequency (k) 1Mb bowtie sensor doesn’t have a non-responsive frequency.

with Ab. In order to recover the total testosterone, we incubated a mixture of 10 nM tes and
10 nM SHBG with 100 nM estradiol. As shown in the Figure 41 (a) (light blue), the signal
recovery of the mixture was similar to free testosterone, showing a possible method to recover
testosterone from SHBG bound proteins. Finally, a calibration curve was carried out in steroid-
free human serum samples. First, 98 % steroid-free serum was tested to generate a testosterone
calibration curve (Figure 41 (b)). The data suggest that the anti-tes can properly bind to the
bowtie sensor in serum medium, similar to its performance in buffer, indicating that the sensor
is functional in serum samples. However, the antibody did not appear to properly bind to the
spiked testosterone in the serum. Further experiments are needed to troubleshoot the issue. It
may be beneficial to try selecting a different antibody with a higher affinity to testosterone. As
a possible solution, the sample was diluted with 50 % buffer, and resulted calibration curve

(Figure 41 (b)) (dark blue) closely resembled the buffer calibration curve.
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Figure 41 (a) how testosterone interacts with SHBG. (b) testosterone calibration curves in serum
samples.

4.5.7 Detection of Estradiol and Progesterone

To further validate the claim of generalizability of the DNA bowtie sensor, we constructed both
calibration curves of estradiol and progesterone (Figure 42). To provide additional
confirmation regarding the higher sensitivity of the 5-MB bowtie sensor, we employ fabricated
estradiol sensors. Compared to the 1-MB system (4.6 nA/nM), a 5.7-fold increase in sensitivity
was observed for the 5-MB system (26.5 nA/nM) for 10 nM anti-estradiol antibody. Since the
initial background current was lower for estradiol (~150 nA) compared to 1-MB testosterone
or digoxigenin (~250 nA\), the enhanced sensitivity of the 5-MB system had a significant effect
on the error bars of the calibration curves, making it a good example of the impact of improved
sensitivity. The 1-MB system had a calculated limit of detection (LOD) value of 10 nM using
the 36 method, while the 5-MB system had a LOD value of 1 nM. Commercial sources indicate
that the clinical range of interest for estradiol detection is from 0.2 nM to 15 nM. Since the
bowtie sensor has a dynamic range of 1 nM to 30 nM, it could be effectively utilized for future

point-of-care (POC) testing of estradiol in serum samples. As expected, the estradiol bowtie
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sensor exhibited a non-responsive frequency, which appeared at 68 Hz, in contrast to the ~50

Hz observed for the other analytes. Figure 42 demonstrates that the 5-MB-decorated
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Figure 42 Quantification of estradiol and progeterone via bowtie sensor. (a) 1-MB incoperated bowtie
sensor resulted calibration curve. (b) 5-MB incoperated bowtie sensor resulted calibration curve. (c)
nonresonsive frequency was obseved but at 68 Hz (d) calibration curve of progesterone at 464 Hz with
5-Mb (e) Same sensor can be used to quantify progesterone as a “signal-on snesor”. (f) nonresonsive

frequency was obseved but at 48 Hz similar to other analyte tested.

progesterone-oligo conjugated bowtie sensor functions as a "signal-on" sensor at lower
frequencies (below 48 Hz) and a “signal-off" sensor at higher frequencies. A non-responsive
frequency was observed with all tested analytes (digoxygenin, testosterone, estradiol,

progesterone). As name implies, the non-responsive frequency doesn’t depend on the analyte
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concentration. Thus, we now have a reference inside the sensor which can be utilized for

correction for sensor degradation and matrix effect correction.

4.6 Conclusion

In this work, we showed that the DNA bowtie sensor’s signaling mechanism remains
mostly consistent even when changing to different analytes. It is likely that we can detect any
target of interest (small molecules, peptides, proteins) simply by changing the analyte-DNA
conjugate in the modular design. In this work, we demonstrate the ease of generalizability of
the bowtie sensor for detecting (small molecules) steroids using an in-house conjugation
approach, where our collaborators in the Karimov lab helped us synthesize several variations

of DNA-steroid conjugates.

We have also tested two strategies to improve the sensitivity of bowtie sensor by introducing
flexible PEG linker and introducing a multi-redox-label (5-MB). 5-MB incorporated bowtie
sensor resulted 5 times higher background signals compared conventional 1-MB incorporated
sensor by largely improving the sensitivity of the sensor among measurements. The 5-MB
decorated bowtie sensor’s current output was largely dependent on SWV frequency.
Surprisingly, at low frequencies (below 50 Hz), the sensor functions as a "signal-on" sensor.
Additionally, there is a non-responsive frequency at ~50 Hz, which does not depend on target
incubation. In the future, this feature can help fine-tune the assay as a calibration-free sensor
and serve as a reference in the sensor itself. While more studies are needed to improve the
sensitivity of low frequencies, measuring the sensor as a "'signal-on" sensor is more convenient.
Moreover, the use of a higher frequency SWV (at 464 Hz) resulted in improved sensitivity for
all tested analytes (anti-digoxigenin, testosterone, estradiol) when compared to the
conventional 1-MB bowtie sensor. As a possible point-of-care (POC) assay, the sensor could
replace conventional, time-consuming, and expensive assays with a single bowtie sensor that
can multiplex the detection of sex hormones with enhanced sensitivity.
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Chapter 5

Understanding Signal and Background in a Thermally Resolved Electrochemical
Proximity Assay (ECPA) Using Square Wave Voltammetry and Integration of

Microfluidics for Automated Detection of Analytes

5.1 Introduction

As discussed in Chapter 1 (section 1.3), ELISA is a highly sensitive technique to quantify
bioanalytes in clinical samples. Although it is a sensitive method, requirement of trained
personnels and time consuming procedures (up to 5-7 hours) limits its widespread usage. ECPA
was developed by Dr. Easley and co-authors and was derived from the sandwich ELISA
approach, and it utilizes proximity effects and electrochemical detection to quantify proteins
99,100 ECPA is a simpler and faster approach than ELISA, and it does not require sophisticated
instruments or highly trained personnel. Based on these advantages, this mix, drop, and read
assay can be developed as a possible point-of-care (POC) assay. Figure 43 shows the schematic
of ECPA. Like the sandwich ELISA, this approach requires two different antibodies where it
recognizes the same target (antigen) but different epitopes. The number of base pairs between
thiolated DNA on surface and MB-DNA is one of the crucial factors of ECPA. It is being
selected to achieve a weak binding (# of bp = 5-9) so that the strands will not bind each other
in free solution. However, in the presence of the target, both antibody-oligo conjugates bind
strongly, as demonstrated in Figure 43, by forcing the binding of thiolated DNA on the surface
and MB-DNA due to proximity effects. Insulin was quantified by utilizing ECPA with an LOD

of 100 fM , showing the high sensitivity of the assay'® (Figure 43 right).

98



However, as ECPA leverages multi-component complexes of proteins and DNA at electrode
surfaces, this makes the assay somewhat difficult to thoroughly characterize with standard EC
methods. In this chapter, we used our customized instrument ®2 to control temperature while
varying square wave voltammetry frequency (Figure 44) and characterized the electrochemical

proximity assay (ECPA) more thoroughly to improve the understanding of the assay system.
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Figure 43 ECPA assay to quantify proteins. The insulin detection limit was 100 fM with a dynamic

range of over 4 orders of magnitude in concentration.®

Reprinted with permission from Reference 99, Copyright © (2012) American Chemical Society.

5.2 Reagent and Materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The
following reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) from Alfa Aesar, tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), 6-
mercapto-1-hexanol (MCH) and insulin from Sigma-Aldrich St.Louis,MO. NaCl was from
BDH. Gold etchant and chromium etchant from Sigma-Aldrich. Multivalent insulin antibody
oligonucleotides were custom synthesized by Mediomics, LLC (St. Louis, MO) using anti
insulin antibodies (clones 8E2 and 3A6) purchased from Fitzgerald Industries. Human insulin
solution was purchased from Millipore Sigma. Methylene blue-conjugated DNA (MB-DNA)

was purchased from Biosearch Technologies (Novato, CA), purified by RP-HPLC. All other
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oligonucleotides were obtained from Integrated DNA Technologies (IDT; Coralville, lowa).
Gold-on-glass (GoG) slides (Au 100 nm, Cr adhesion layer 5 nm) from Deposition Research
Lab, Inc (St. Charles, MO) with dimensions 1” x 3” x 1.1 mm. The silicon wafers are from the
Polishing Corporation of America (Santa Clara, CA, USA). Negative photoresists (SU-8 2015)
and SU-8 developer were received from MicroChem (Westborough, MA, USA). AZ 40XT
(positive thick photoresist) and AZ 300 MIF developer from AZ Electronic Materials USA
(Somerville, NJ, USA), Polydimethylsiloxane (PDMS), SYLGARD 184 silicone elastomer
base, and curing agent from Dow Corning Corp. (Midland, MI, USA), and dimethyl sulfoxide
(DMSO) from anachemia. Bovine serum albumin (BSA) from VWR (West Chester, PA).
Fluorescein was received from Alfa Aesar (Ward Hill, MA, USA). Nikon Ti-E inverted
fluorescence microscope (40X objective, 0.75 NA; Nikon Instruments Inc., Melville, NY,
USA) interfaced to a CCD camera (CoolSnap HQ2; Photometrics Scientific, Tucson, AZ,
USA) was used for Fluorescence excitation and emission. Fluorescence images were collected
by focusing on a region of interest (Figure 51). Then, a green fluorescence filter (Aex =470 +

20 nm, Aem = 525 £ 25 nm) was used to collect final images.

5.3 Experimental Method

5.3.1 Preparation of Gold Electrodes

First, a photomask for the 2 mm diameter or 0.5 mm electrodes (18 identical electrodes on one
mask) was designed in Adobe Illustrator (Figure 14 a), and the file was sent to Fineline
Imaging (Colorado Springs, Colorado) for printing a positive photomask. To achieve a
photoresist pattern on GoG slides, a standard photolithographic procedure was used, followed
by AZ photoresist and AZ developer (Figure 14 b). Then to remove excess gold and chromium,
GoG slides were introduced to gold etchant followed by chromium etchant for 30 s and 15 s,

respectively. To remove remaining positive photoresist from the GoG slides, each slide was
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heated with DMSO at 150 °C for 30 min. Finally, electrodes were rinsed for 30 s with deionized

water followed by ethanol and dried with nitrogen (Figure 14 d).

5.3.2 DNA Monolayer Assembly for ECPA

Electrodes were cleaned with freshly prepared piranha solution prior to plasma oxidation. The
piranha solution (H2SO04:H203, 3:1) was dropped on to the electrode surface and was washed
away with deionized water after 1 min. Then, PDMS wells and gold electrodes were sonicated
for 2 min in methanol and placed at 100 °C for 5 min. Next, both the electrodes and PDMS
wells were plasma oxidized in an air plasma for 45 s (Harrick Plasma Cleaner). After
permanently attaching the GoG slides and PDMS wells together (Figure 14 f), TCEP was used
to reduce thiol-DNA (200 uM ECPA thiol-DNA: 3 mM TCEP, 1:3 ratio ) at room temperature
for 1 hour. This mixture was diluted to a final concentration of 1.25 uM ECPA thiol-DNA
using buffer (10 mM HEPES with 0.5 M NaCl at pH 7.0), then the diluted solution was added
to the electrodes and incubated for 1 more hour. Next, 3 mM 6-mercaptohexanol (MCH) in
buffer was dropped and incubated further for 1 hour. Lastly, to minimize protein adsorption
onto PDMS or glass (surface passivation), the whole electrochemical cell was filled with 0.1
% BSA in buffer and was left for 30 min. After these steps, electrodes were ready to construct

the nanostructure or could be stored up to a week at 4 °C.

5.3.3 Construction of Possible Different Background Complexes and Signaling Complex
of ECPA

Different possible backgrounds are depicted in Figure 46. To fabricate electrodes (only thiol-
DNA), procedure in section 5.3.2 was followed. Then 7.5 uM of 15 nM MB-DNA was
incubated to construct background 1 (only MB-DNA). Background 2 (MB-DNA + Abl) was
prepared by incubating 7.5 UM of 15 nM MB-DNA and 50 nM Ab1l. Background 3 (MB-DNA
+ Ab2) was prepared by incubating 7.5 uM of 15 nM MB-DNA and 10 nM Ab2. To construct

background 4 (MB-DNA + Abl + Ab2) 7.5 uM of 15 nM MB-DNA, 50 nM Ab1 and 10 nM
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Ab1. For the signaling complex all materials in background 4 and 2nM insulin were mixed and
incubated in electrodes. After preparing all the 5 complexes, they were incubated overnight at
4 °C. As the thiol DNA, 7 bp, 9 bp and 12 bp (# of complementary base pairs between thiol-

DNA and MB-DNA) were used and all other complexes were prepared accordingly.

5.3.4 SWV Signal Processing

Collected data (Vstep and igir) was transferred to Microsoft Excel sheet from Gamry600
potentiostat, followed by a baseline subtraction. The data where the methylene blue signal starts
and ends were selected, Then a polynomial equation used to predict background data in MB
signal region and used to generate a baseline fit. This calculated baseline was subtracted from
raw data points to get baseline corrected SWV voltammogram. Following this peak height was

extracted from the SWV curve by Excel MAX function whereby averaging 5 maximum points.

Parameter Symbol | Values Used
Initial voltage Vi -045V
Final voltage \i 0.00 V

Step size Es 1mvV

Pulse height Ep 50 mV

Frequency fswv 4 —900 Hz

Table 6 SWV parameter used for thermal scanning of insulin ECPA.

5.3.5 Thermal Scanning of ECPA

After electrode reaches room temperature, electrode temperature was bought to 15 °C using a
custom build Peltier system (Figure 44)%2. Then a temperature program was used to change
the temperature from 15 °C to 69 °C with 3°C increments. In each temperature SWV signals
from 4 — 900 Hz (16 different frequencies) were collected. Then all the SWV signals were

processed to eliminate background currents as explained in section 5.3.4. As there was a large
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amount of data (3420 different experiments) heat maps (SWV current, frequency and

temperature) were generated for comparison using Image.J.
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Figure 44 Instrument diagram of the system
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Sequence name Abbreviation

DNA sequence (5’ to 3°)

7bP - Thiol-DNA G7-ECPA

/5ThioMC6-D/IGCA TGG TAT TTTTCG TTC
GTT AGG GTT CAAATCCGCG

9bP - Thiol-DNA G9-ECPA

/5ThioMC6-D/AAA AGC ATG GTG ATT TTT
CGTTCGTTAGGG TTC AAATCC GCG

12bP - Thiol-DNA G12-ECPA

/5ThioMC6-D/AAA AGC ATG GTG ACG ATT
TTC GTT CGT TAG GGT TCA AAT CCG CG

ECPA MB MB-DNA

CCACCCTCCTCCTTTTCCTATCTCTCC
CTC GUC ACC AUG C/MB-C7/

Insulin Antibody 1 Abl

I5SAMMCG6//iSp18/CCC ACT TAAACCTCAATC
CAC GCG GAU UUG AACCCUAACG

Insulin Antibody 2 Ab2

TAG GAA AAG GAG GAG GGT GGCCCACTT
AAA CCT CAA TCC A/iSp18/I3AmMO/

40bp Thiolated DNA | 40bp Thio-DNA

/5ThioMC6-D/AAA AGC ATG GTG ACG TGT
GAG AGA TAG GAA AAG GAC AAT AACAA

40bP Methylene Blue | 40bp MB-DNA
DNA

TTG UTA TTG UCC TTU TCC UAT CTC TCA
CAC GUC ACC AUG C/IMB-CT7/

/5ThioMC6-D/ = Dithiol attachment (IDT), /MB-C7/= Methylene Blue (Biosearch), /l3AmMO/
and /5SAmMC6/ = Amine (IDT), /iSp18/= PEG spacer (IDT)

Table 7 DNA sequence used for thermal scanning of insulin ECPA and microfluidic study.
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5.3.6 Master Silicon Wafer Fabrication (Liquid Channels and Control Channels)

Standard photolithography protocol was used to fabricate master wafers for molding liquid
channels and pneumatic control channels. After designing channel layouts in Adobe Illustrator,
the file was sent to obtain a high-resolution (50,800 dpi) plastic film photomask from Fineline
Imaging (Colorado Springs, CO, USA). The silicon wafers were pretreated with 1.0 M H2SO4
at 300 rpm speed for 30 min followed by 30 minutes of water wash (in the shaker). To achieve
a ~30 um layer of SU-8 2015 on the silicon wafer, a spin coater was used (2000 rpm for 45
seconds). After soft-baked at 95 °C for 5 min, it was let to cool down passively at RT. After
properly aligning the mask on photoresist-coated wafer, an in-house built UV lithography light
exposure system was used for UV exposure (2 min). The UV-exposed silicon wafer was

developed in SU-8 developer for 5 minutes followed by a post-bake at 95 °C.

To fabricate fluidic layers positive photoresist (AZ40 XT) was used. Spin coater (2000
rpm for 45) seconds was used to achieve a ~40 um layer of positive photoresist followed by
soft-baked at 65 °C for 5 min and then at 95 °C for 5 min, and at 115 °C for 5 min. After slowly
cooling down to room temperature photomask was aligned and UV exposed for 120 seconds
and hard baked at 65 °C for 1.5 min, 95 °C for 1.5 min, and at 105 °C for 1.5 min. Again, it
was let to passively cool down at RT. Then it was developed in AZ developer for 5 min. Then,
final baking at 120 °C for 10 min was completed to achieve templating of rounded channel

cross-sections.

5.3.7 Microchip Fabrication

3D printed template was aligned on the liquid flow channels contained on the silicon wafer. 45
g of properly mixed PDMS (5:1 ratio, monomer: curing agent) degassed to remove any air
bubbles in a vacuum. Then it was poured onto the liquid flow channel patterned on the silicon
wafer which was covered by an aluminum foil boat (Figure 45) followed by bake at 60 °C for

1 hour. When liquid flow channels are halfway baked, 10.5 g of PDMS precursor mixture (20:1
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ratio, monomer: curing agent) was first degassed and then spin-coater was used to achieve a
layer of ~30 um thickness of PDMS on top of control layer contained Silicon wafer by spin

coating at 2100 rpm for 45 s followed by baking at 60 °C for 30 min.

3D printed template and silicon wafer were removed from cured PDMS to achieve the
EC cell reservoirs with flow channels. Then the PDMS was cut as required and Miltex
disposable biopsy punches were used to punch inlets. Then fluidic flow channels and valve
channel layers were aligned with the help of 3X microscopy. Permanent bonding of two mated
layers was achieved by overnight baking at 60 °C. Then the whole PDMS was removed from
the silicon wafer and cut into individual chips. Then punchers were used to punch control valve
inlets and a connection between the fluidic channel and via channel was made using a 0.35 mm
ID punch. To remove uncured PDMS monomers, the whole chip was washed with methanol
and dried under N2 gas. Electrodes were cleaned as mentioned in section 5.3.2 and permanently
attached to the PDMS plasma oxidization (Harrick Plasma; Ithaca, NY, USA) and these devices

were then ready to use

5.3.8 Flow Control System of Microchip Chips

In-housed written LabVIEW program was used to control pneumatic push-up control valves
on the microfluidic chip where interfaced to a custom manifold of solenoid switches
(LHDAO0533115H; the Lee Company, Westbrook, CT, USA) using a multifunction data
acquisition system (PCI-6259, National Instruments). A pressure regulator controlled; house
nitrogen gas source was used to operate pneumatic solenoid valves with ~20-psi pressure. To
connect control valves on the microchip to the corresponding solenoid valve (90-degree angle)
blunt 304 stainless steel needles (Jensen Global JG22-0.5HPX-90, Santa Barbara, CA) and
Tygon microbore tubing (0.02” I.D. X 0.06” O.D., Cole-Parmer, Vernon Hills, IL) were used.
In the LabVIEW application, When the valve is set in close status, the solenoid switch will be

activated to pressure the nitrogen gas into the dead-end channel of the control layer, filled with
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deionized water to avoid the air permitting into the channels, to deflect the PDMS membrane

up to close the flow channel in the upper layer, which are push-up valve.

5.3.9 Performance Evaluation of the Mixture

When ready to do the experiment microfluidic chip was mounted on top of the stage of the
fluorescence microscope with an incubator (Tokai Hit microscope stage top incubator), with
D.l. water backfilled into the microchip valve inlets (Figure 45 (d)). To understand how the
mixing was taken place in the chip, 100 nM fluorescein (20 pL) was loaded into the probe inlet
where sample and reference inlet were filled with 20 uLL of D.I water. Then the program was
run to achieve fully automated operation where 6 or 5-step peristaltic pumping with 600 ms
pumping time and 50 pump cycles were used. Continuously fluorescence images (150 ms
interval) were acquired with FITC filter cube (Aex = 470 + 20 nm, Aem = 525 + 25 nm) by
CCD camera interfaced with Nikon inverted Ti-E fluorescence microscope including the region

of interest. Images were analyzed from imageJ and Excel.
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Figure 45 (a) Schematic of the microfluidic channel layouts used in this study, fluidic channels are
shown in black and pneumatic control channels (bottom layer) and detection channel (connect top and
bottom layer) in red. (b) Ready to use assembled device (c) Gold electrode placed at the end of the via
to minimize dilution (d) Air value connected to the microfluidic device on top of the microscopic stage.
(e) Zoomed photo of the clear fluidic channels and control values. (f) Long incubation channel for achieving
homogenization of fluids (g) Custom-made reference electrode (h) 3D mold used (i) Photo mask designed

for electrode preparation.

5.3.10 Custom-made Reference Electrode

A custom L-shaped reference electrode was made to minimize the well diameter in the
microfluidic EC cell as shown in Figure 45 (g). The L-shaped reference electrode is made from
2 mm OD glass tubing. Then a 0.5 mm silver wire (Alfa Aesar) was used and epoxy (Loctite,
D usseldorf, Germany) was applied to the one end to seal. Then the tube was filled with 3 M
KCI solution. A thin layer of AgCl layer was generated by applying voltage (9.0 V battery)
with respect to another Ag wire for 10 seconds. After the discoloration (off-white) of the wire,
it was washed with 3 M KCI solution. Then a CoralPor glass frit (BASi West Lafayette, IN)
was used on the other end and sealed using a heat shrink tube. Finally, the prepared reference

electrode was immersed in 3 M KCI overnight before use.

5.4 Results and Discussion

As described in the introduction, ECPA is a mixture of several DNA and antibody-DNA
conjugate probes, and it can lead to the formation of several different complexes. Studying
these complexes is vital to have a better understanding of ECPA. This will help to avoid
unnecessary background formation and further improve the sensitivity of the assay. Let us look
at the different possible backgrounds and signal complexes that can form during the insulin
detection via ECPA (Figure 46). This is possible as ECPA has a 5-part complex (thiol DNA,
MB-DNA, Abl- and Ab2-bioconjugated DNA, and the target). To gain a better understanding,

we prepared all the possible complexes as explained in experimental section 5.3.3. The
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temperature of the EC cell was varied from 15°C to 69°C in 3°C increments by leveraging a
customized Peltier system, enabling observation of DNA melting. Then, heat maps were used

to analyze the large number of data and to fine tune of the assay conditions. For a given number
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Figure 46 All possible complexes that can form during the detection of insulin using ECPA assay.
Since ECPA has a 5-part complex (thiol DNA, MB-DNA, Abl- and Ab2-tagged DNA, and the

target), its background can be a mixture of these components.

of base pairs (7,9, or 12), and considering the typical tethered diffusion dependence of current,
the SWV current trend could be predicted as background 1 > background 2 > background 3 >
background 4. To result in a SWV current, MB molecules should present in the surface via
attached to the complementary thiol-DNA molecules (Figure 46, background 1), and they
should be able to move freely enough to interact with the electrode. As a result, the complex
which can facilitate more attached MB-DNA, faster movement, and less hindered movement
should result in the maximum SWV current. In background 4, there are three reagents mixed
together (Ab1-DNA, Ab2-DNA, and MB-DNA). As we preincubated MB-DNA and Ab2-
DNA for 30 minutes before introducing to the electrodes, it is possible to assume that all the
MB-DNA and Ab2-DNA are attached together. As a result, this complex diffuses slowly, and
there may be antibody-antibody repulsive forces between Abl and Ab2 due to steric hindrance,
which could inhibit the formation of background 4. Hence, the background 4 should

theoretically result in the lowest current. Background 3 should result in the second-lowest
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current since it is still attached to the MB-DNA and the repulsion between Ab-Ab can prevent

the formation of the complex. In the background 2 complex, MB-DNA can diffuse to the

surface thiol-DNA layer,
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Figure 47 Heat maps of melting of possible background and signaling complex of insulin detecting
ECPA. SWV faradaic current was plotted against temperature and SWV frequency. Nucleic acid base
pairs between thiol-DNA and MB-DNA were also changed (bottom to top, 7 — 12 BP).

as it does not interact with Ab2. However, there is a possibility that bulky Abl can prevent the

formation of some complexes. As a result, the current in complex 2 should be lower compared
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to background 1, which contains only MB-DNA. MB-DNA can interact with complementary

DNA to provide higher SWV than the above two complexes.

According to the heat maps, we observed the expected trend for the 12-bp system
(Figure 47, top). However, for the 7-bp and 9-bp systems, we observed a different trend in the
amount of current: Background 3 > background 2 > background 1 > background 4. This
suggests that background 2 and background 3 are more stable (melting points are higher than
other backgrounds). See Figure 47 background 2 and background 3 for 7-bp and 9-bp systems.
This unusual stability of backgrounds can be attributed to the multivalency of the Abl and Ab2
(Figure 48). As antibodies have many primary amine groups (multivalency), it is often difficult
to control the number of DNA molecules attached to an Ab during bioconjugate synthesis.
According to the supplier, the antibody used in this study has an average of 3.5 DNA molecules
per antibody, i.e. the degree of conjugation, DoC = 3.5. Consequently, one Ab oligo molecule
(Abl1-DNA or Ab2-DNA) can bind with more than one thiol-DNA molecules on the gold
surface. Since these are intramolecular interactions, the unusual stability of background 2 and
3 resulted in higher melting points. In the 12 bp-containing complexes, we observed the
expected trend, where background 1 had the highest melting point. This result can be explained
by the fact that background 1 overcomes the multivalency effect due to its higher binding

energy.

Antibody

Oligonucleotides

Figure 48 Multivalency: Multiple conjugation sites on antibody results in multiple oligonucleotides

attached to each.
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ECPA is a “signal on” assay where target incubation increases the current. Weak or no
background signals are always better for “signal on” assays, as target binding increases the
signal. The multivalency of the Ab oligo leads to an increase in the stability of the ECPA
background, which in turn decreases sensitivity and increases the LOD of the assay. To
overcome the multivalency of the system, 1:1 conjugation of DNA to antibody can be used.
This should minimize the background formation due to weaker binding between thiol-DNA
and MB-DNA. Overall, this type of thermal scanning of DNA based electrochemical assays—
through thermovoltammetric analysis—is highly informative to better understand signal and

background complexes, which can help to optimize assay sensitivity.

To find optimum assay conditions in this circumstance, we processed data further. We
generated heats maps by calculating signal and background differences and ratios (Figure 49
top). These data suggested that low temperatures and higher frequencies are better for detection
of insulin. It appears that decreasing the temperature reduces background formation, which
leads to a more significant difference between the signal and background. Thus, even though
multivalency reduces the sensitivity of the assay, we can use thermal scanning of DNA driven
electrochemical assays to find out the best possible combination of temperature and frequency

to achieve optimum sensitivity for the assay.

5.5 Integration of Microfluidics and Electrochemistry

Microfluidics is a powerful technique that controls fluid precisely within micrometer
dimension channels. Improved sensitivity, low LOD levels, cost savings (due to minimum
consumption of expensive reagents), and flexible applications are some of the advantages of
microfluidic devices % %2, For example, microfluidic chips can be used to mimic living
bodies, which allows us to conduct in vitro experiments and gain a better understanding of how

the human body works. Electrochemistry is well-suited for point-of-care (POC) devices due to
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their inherent ability to be miniaturized, low cost, and high specificity. Hence, combining

electrochemistry with microfluidic devices can significantly enhance its performance for point-

of-care (POC) devices %,
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For example, microfluidic integrated electrochemistry-based biosensors allow quantifying

molecules in tiny volumes. In this study, we tested microfluidic chips for potential continuous

monitoring of insulin secretion from islets via ECPA. First, we tested chips for understanding

how the mixing of reagents takes place inside the flow channels. Then we used the

ferrocyanide/ferricyanide redox couple to understand electrochemical detection ability of the

prepared microfluidic chips. Finally, we used 40 bp thiol-DNA and its complementary MB-
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DNA to understand the compatibility of the system for the DNA-based sensor’s function via

electrochemical detection.

5.5.1 Architecture and Operating Microfluidic Chip

The designed microfluidic chip contains two layers of channels (Figure 45 and Figure 50).
The channels in the bottom layer (red) are the control channels consisting of seven pneumatic

channels, which enable valving for fully automated control of the fluidic channels in the top

\ _ ~ standard

Figure 50 Microfluidic chip design for integrating electrochemical detection techniques. The fluidic

channels (black) connect with the electrode through a via (a channel between top and bottom layer).

layer using a LabVIEW program. The top layer (black) contains fluidic channels. A T-junction
is used for reagent and sample mixing while a serpentine-shaped long incubation channel is
used for the homogenization of the two components. A through-membrane via connects fluidic
channels and the electrochemical cell (top and bottom layer). The electrode is placed at the end
of the channel past the via which directly contacts mixed reagents to minimize the diffusion of
solution into the larger EC cell, and the reference and counter electrodes are placed in the EC
cell reservoir close to the gold electrode. To move fluids through the channels, a valve-based
peristaltic pump was used. A 6-step pattern (101, 100, 110, 010, 011, 001) or a 5-step pattern

(100, 110, 011, 001, 101) was used to achieve peristaltic pumping; 0 and 1 represent open and
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closed valves, respectively. The net volume dispensed in each pumping cycle is approximately
equal to the volume underneath by the middle-valve membrane prior to closing. As a result,
sample volumes can be precisely regulated by pumping a certain number of cycles. Compared
to passively driven microfluidic systems, which controls flows by a syringe pump, pressure, or

vacuum flow, peristaltic pumps can provide much higher precision.

5.5.2 Evaluation of mixing

It is important to characterize microfluidic chips to validate the functionality before sensing
analytes. To monitor the mixing performance of the sample and reagents, we initially used 100
nM fluorescein and deionized water. Additionally, we measured the time taken to reach the
electrochemical (EC) cell. At the end of the long channel, fluorescein (4.35 nL min™) mixed
with water, where the mixture next entered to the incubation channel. The fluorescein intensity
was measured at different positions in the flow channels (region of interest) as shown in Figure
51. A steady fluorescence signal (ROI #11) was observed after 8 turns, which is the detection
channel. This confirms that sample and water achieve a homogenized mixture on this device

before reaching the electrode.

5.5.3 Testing of electrochemical measurements

As we wanted to detect moving analytes via electrochemistry, a preliminary test was designed
with a potassium ferri/ferrocyanide mixture to validate the function of electrochemical
detection. The SWV current at 100 Hz was monitored every minute while varying the
concentrations of potassium ferri/ferrocyanide injected into the sample inlet, where a
continuous buffer stream of 0.1M KCI was flowing. Then the sample was mixed with buffer
through incubation channel where the diluted sample flowed to the EC cell via a detection
channel. As expected, SWV peaks were observed (Figure 52 (a)) by confirming detection of
ferri/ferrocyanide. Figure 52 (b), showed that the signal decreased as the concentration of

ferri/ferrocyanide was reduced, indicating successful mixing. Four concentrations were able to
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be distinguished by the chip. It took 3 minutes to result in an SWV peak, which indicated that
the placement of the electrode is vital. For the next experiment, we placed the electrode very

close to the via, where the sample solution can directly interact without getting diluted by the

buffer solution in the large EC cell.

—ROI#11

ROI#10 ——ROI#5

——ROI#9
~—ROI#8
—ROI#7

ROI#6

B)

ROI#4
—ROI#3
~——ROI#2
ROl #1

probes

ROI#10 . via

4000 m ROI
I\N\N\f & \ ! a Neh
3000 N \e.

Fluorescence Intensity

5000+ M M .
j A : / sample

PIYVY O S S N S W S G S - /

3000¢) \ U

10 20 30 40 50 60 reference
Time (sec)

Figure 51 To Ensure sufficient mixing, a fluorescence (probe), water (sample/reference) mixture was
used and the intensity of the fluorescence was measured at a different region of interest (ROI). At
ROI#11 a steady fluorescence intensity was observed, confirming the homogeneity and complete
mixing.

For this, the device was operated by monitoring SWV current and by keeping the buffer and
sample at different concentrations to achieve a temporal sample mode. The buffer flowed
through the reference inlet while changing the concentration of ferri/ferrocyanide at the sample
inlet. The variation of the ferri/ferrocyanide concentration with respect to the change could be

observed Figure 52 (c). The results confirm that the integrated microfluidic electrochemical

detection system operates mostly as expected by mixing of the sample and reference. However,
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due to a possible clog on that channel, the device was less responsive for the first 100 minutes

by slowing down the movement of fluids.

5.5.4 Electrode Fabrication by Automated Microfluidic
As we were performing plasma oxidation to attach PDMS and GoG glass slides permanantly,
we cannot fabricate the electrode prior to plasma oxidation. Plasma oxidation can destroy all

surface-attached molecules. First we attched the microfluidic chip and the GoG glass electrode
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Figure 52 (a) a typical SWV peak for ferri/ferrocyanide peak at positive voltage confirms the integrated
system's function. (b) Different concentrations can be detected by injecting into the buffer. (c)
Temporal sample mode by keeping the buffer and sample at different concentrations.
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by plasma oxidation, and then we used an automated step-by-step fabrication process to
functionalize the electrode. This can be beneficial for large-scale production, as the process is
automated. For the functionalization process, we flowed the solutions as follows. (1) thiol-
DNA, (2) MCH, and (3) BSA for surface passivation. Formattion of the monolayer of thio-
DNA on the surface confirmed by higher capacitance current (1.6 pA) as shown in the Figure
53 (a). The negative charge backbone of DNA molecules is likely responsible for higher
capacitive current. As the MCH layer makes a self-assembled monolayer by filling the space
between DNA, the capacitive current decreased upon addition of MCH in a time dependent
manner. Finally, the biocompatibility of system was enhanced by flowing 0.1 % BSA, where
it further reduced the non-faradic current. This study provided preliminary evidence that that
electrode surface perparation could be achieved efficiently with microfluidics by leveraging

the low volumes and the automation capabilities.
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Figure 53 (a) Multiple, automated electrode preparation steps conducted on-chip. (b) Real-time
detection of 50 nM MB-DNA strands.

5.5.5 Realtime Monitoring of Nucleic Acid

After functionalization of the electrodes with thio-DNA, a complementary DNA (MB-DNA)
was injected into the continuous buffer stream via the sample reservoir. As complementary
MB-DNA binds with the thiol-DNA, a SWV peak was observed. Real-time DNA sensing was

achieved within 1 minute after introduction into the channel (Figure 53 (b), red arrow) using
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an automated microfluidic chip. A saturated signal was observed for MB-DNA after about 20

minutes.

5.6 Conclusions:

In this study, the temperature of the electrochemical cell was varied during SWV measurements
using a custom-built thermal control system. With this unique setup, we were able to generate
heat maps to analyze the large amount of data and to fine tune assays. The electrochemical
proximity assay (ECPA) is a sensitive electrochemical assay available for detection of proteins,
where it leverage two antibody-oligo conjugates. As ECPA is made up of 5 component, (thiol-
DNA, MB-DNA, Abl- and Ab2-bioconjugated DNA, and the target) the measured signal can
result from a complex mixture of those components. Results of the heat map analysis of all
possible backgrounds for 7-bp, 9-bp, and 12-bp systems revealed an unexpected stability of
some backgrounds, which suggested the presence of multivalent antibody-oligo conjugates.
These conjugates can detrimentally affect the sensitivity of the sensor. According to our data,
to achieve the highest difference between the background and signal in these conditions, low
temperature (15 °C) and a high SWV frequency (900 Hz) should be used. This will help to
reduce background formation and lead to higher sensitivity. The results suggested that
thermally resolved SWV is helpful to troubleshoot and optimize electrochemical biosensors

toward achieving maximum possible sensitivity and low LOD.

In the second part of the study, we integrated an automated microfluidic system with
electrochemistry to achieve continuous real-time monitoring of DNA. Moreover, we
successfully demonstrated an automated sensor fabrication procedure where large scale
production can be feasibly achieved by minimizing human errors as well as the saving
expensive reagents. Overall, this study is preliminary, and more optimization is required in

order to quantify insulin secretion from islets in real-time by using ECPA.

118



Chapter 6

Conclusions and Future Directions

6.1 Conclusions

In this concluding chapter, the major accomplishments, their impact, and possible future
directions are summarized, followed by a discussion of possible future experiments, that build

upon my dissertation work.

This dissertation mainly focused on optimization of DNA-based electrochemical assays for
clinically relevant molecule detections, expanding the sensor generalizability, validation of
sensors via standard methods, and testing sensors for potential POC assays. Moreover, assays

were tested to integrate with automated microfluidics.

e We expanded the generalizability of the electrochemical DNA bowtie sensor by
quantifying a larger protein. To quantify any target, we must attach it to the target
recognizing unit of the DNA bowtie sensor as a modular design. However, if the target
is heavy, it may interfere with the signaling mechanism. To minimize interference, we
used an epitope—the minimal binding partner of an antibody—that has minimal impact
on the signaling mechanism. The results show that the sensor can be used to quantify
larger, generic proteins using a minimized binding region of the antigen.

e We successfully bioconjugated several small molecules to the oligonucleotides and

used them in a DNA bowtie sensor to quantify the analytes testosterone, estradiol,
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progesterone, and cortisol, all of which are clinically important to quantify. For the first
time, we were able to generate a calibration curve in serum samples, demonstrating the
stability of our sensor. Furthermore, we utilized the Langmuir isotherm to understand
the adsorption of the antibody to the surface. Additionally, we proposed a method to
predict sensor output data based on the antibody calibration curve and leveraging
binding kinetics. Finally, the gold standard techniques were used to check the validity
of the sensor, and there was a close relationship between our sensor results and
conventional methods.

To improve the sensitivity of the DNA bowtie sensor, we tested two approaches. First,
we incorporated decorated multi-MB-DNA molecules into the modular design of the
sensor. As the MB signal is directly proportional to the number of signaling units in the
system, the utilization of multiple units of MB (5) significantly improved the sensor's
initial signal at higher frequencies (>400 Hz). Surprisingly, the sensor output signal was
largely dependent on the frequency of SWV. At lower frequencies, the sensor works as
a 'signal-on' sensor where the initial background decays faster than the final (analyte)
signal. This is a vital finding as we can use the conventional 'signal-off' bowtie sensor's
output as a more advantageous ‘signal-on’ sensor’¢’. Moreover, we observed a non-
responsive frequency, where the current of that SWV does not change with the analyte
incubation. This unique feature can be beneficial as it can act as a reference on the
sensor itself. A calibration-free sensor and correction due to signal degradation in
complex biofluids are the main benefits from the non-responsive frequency. Addition
of polyethylene glycol (PEG) spacers into bowtie sensor resulted in higher flexibility
and higher current compared to the heavier, more strained 4A linker. As the initial

current is directly proportional to the sensitivity, this modification resulted in higher
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sensitivity. The approach improved sensitivity of the 5-MB modified initial current
more, giving higher sensitivity among measurements.

We highlighted the utilization of temperature as an optimization parameter for DNA
driven electrochemical assays for improved sensitivity. Scanning temperature and
frequency of SWV are beneficial because we can find optimum parameters that
destabilize background followed by stable signal peaks. These optimum parameters
lead to high S/N ratios by improving the sensitivity of the assay. This protocol could be
beneficial for any DNA-driven assay to achieve the highest possible sensitivity.

An preliminary, automated microfluidic system was used to functionalize DNA driven
assays and to measure DNA concentrations dynamically. With further optimization,
such as system would be beneficial for large scale production by minimizing human

errors as well as reducing time, ultimately providing consistent output signals.

121



6.2 Future Direction

6.2.1 Continuous Measurements of Analytes in Whole Blood
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Figure 54 (a) Adjusting peptide or small molecule-antibody binding equilibria through synthetic

“mutations’’ (b) Semipermeable gel layers for trapping antibodies.

As a future goal, we want to improve our sensor to measure analytes in whole blood
continuously. This can potentially be achieved by two different methods: (1) A long
oligonucleotide attached antibody can be incubated on to the surface as shown in the Figure 54
(@), as binding is weaker it will bind to the surface antigen (modified antigen) reversibly. When
introduced, the target (antigen) will bind with the antibody and release it from the surface,

increasing the signal. There are two modifications need to achieve this goal. First, we need to
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find the length from the sensor where it the antibody will only weakly bind to the surface.
Another option would be to use nanobodies to weaken the Ky of the system. (2) In this
approach, there is a gel layer that only permits small molecules to pass, where antibodies are
trapped near the sensor. When there is no target, the antibody is attached to the surface,
reducing signal. When target present, it will bind with antibody due to high affinity where
sensor signal regenerate. These two approaches will be more effective if we can fine tune the

Kq values between target and the antibody, i.e. increase the antibody-analyte off rate.

6.2.2 3D Printed Microfluidics Devices and p-Electrodes for Better Interrogation

Conventional microfluidic fabrication techniques, as described in Chapter 5, are usually time-
consuming, expensive, and require extensive training. However, 3D printing of microfluidic
devices is a cheap and flexible alternative. Figure 55 (c) shows a 3D printed device that was
used to monitor testosterone antibodies in a flowing buffer. The device was printed using an
inexpensive Anycubic resin printer, providing us with more flexibility to redesign and reprint.
In this device, a 2 mm electrode functionalized with the testosterone bowtie sensor was inserted
and sealed from the bottom to achieve a leak-free sensor. If there are any issues on the chip,
we can assemble another sensor within several minutes, compared to several hours using
conventional methods. To further simplify the assay, we can even use microelectrodes, as
shown in Figure 55 (a). Ultimately, these modified sensors should be usable to monitor

analytes from cell secretions or in clinical samples in more of a real-time mode.
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Figure 55 3D printed microfluidics devices and p-Electrodes for better interrogation.
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