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Abstract

Biomarker analysis plays a decisive role in health care. This role is not only limited to
disease diagnosis, but it also involves understanding of biological and physiological functions
in order to monitor health, observe the efficiency of treatment, etc. This calls for a need of bet-
ter methods for clinical analysis in several non-clinical point-of-care (POC) settings, including
analysis for patients at home. On the focus of biomarker detection, many sensitive methods are
being developed. However, only the methods which are inexpensive, sensitive, automated, and
rapid pass as POC systems, which can serve to speed up health improvements, especially in
developing countries. One standout among these methods is the electrochemical sensor. Due
to its inexpensive instrumentation with well-developed miniaturization strategies, electrochem-
istry has proven to be ideal for POC settings. This dissertation focuses on the development of
DNA-based electrochemical methods toward an effective drop-and-read quantification of mul-

tiple classes of biomarkers, namely small molecules, oligonucleotides, and proteins.

In Chapter 1 we discuss conventional electrochemical DNA-based biomarker detection

methods and related developments for POC and real-time systems.

In Chapter 2, the electrochemical proximity assay (ECPA), a sensitive protein detection
and potential POC method developed in our lab is discussed. We have completed studies that
can support the development and quick expansion to quantify biologically relevant molecules.
ECPA was applied to leptin and insulin quantification, and insulin was successfully detected
in the presence of undiluted, un-spiked human serum. We further highlight the importance of
understanding that ECPA sensing complex is made of six components undergoing non-covalent
binding (DNA hybridization and antigen-antibody interactions) on the surface of the electrode,
which is kinetically and thermodynamically different from complex formation in solution. In

addition to that, square-wave voltammetry (SWYV), a relatively complicated but very sensitive

il



electrochemical technique is employed.

Chapter 3 focuses on the understanding of surface hybridization, and its effects on elec-
trochemical kinetics by way of the distance between the redox moiety and the electrode. Most
importantly, we offer a different outlook on interpreting SW'V signal and the efficiency of SWV

frequency, which is useful for any electrochemical DNA-based sensor.

In Chapter 4, we developed an electrochemical oligonucleotide quantification method,
specifically designed for short length nucleotides (~20 nt) in hopes of developing a mix-and-
read quantification for micro-RNA (miRNA). We have developed a system for fine tuning or
optimizing electrochemical DNA sensor by carefully controlling hybridization energies, SWV
frequency, and temperature. In addition to this, we used polydimethylsiloxane (PDMS) elec-
trochemical cells fabricated from 3D-printed polylactic acid molds to reduce the volume of our

sample and reagents (10 pL).

Chapter 5 depicts the development of a generalizable drop-and-read quantification method
which is interchangeable between protein and small molecule. A change in the rate of diffusion
in the redox moiety is used for quantification, and protein is used as an anchor (large molecule
weight) which measurably slows diffusion. By exploiting enzymatic DNA ligation, a DNA
nanostructure was built on the surface of the electrode, providing control over the orientation
of various tags. In this work, we placed the redox moiety in close proximity to an anchor
recognition unit, which helps in aiding signal change by the anchor. As a proof of concept,
streptavidin and biotin were quantified. Digoxigenin and anti-digoxigenin antibody complexes

also show promising results.

iii



Finally, Chapter 6 summarizes this dissertation and provides an insight on future projects
stemming from this work. Concepts toward the development of fully surface-confined, real-
time electrochemical sensors of a wide range of analytes are proposed, and proposals to im-

prove the sensitivity of our nanostructure are also outlined.
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Chapter 1

Introduction: Electrochemical Detection of Biological Analytes

1.1 Analysis of clinically relevant molecules

The overall approach to analysis and treatment of disease is moving towards a multiparame-
ter measurement in the blood [1]. This measurement includes detecting wide ranges of ana-
lytes from single atomic ions like sodium or potassium to large proteins which are involved
in carrying out various biological activities [2]. It has also been shown that for an efficient
treatment, drugs or biomarkers should be quantified regularly to enable personalized medicine,
since pharmacokinetics differs between individuals [1,3]. Kelly et al. divided the clinically
relevant molecules into three subdivisions: small molecules, nucleic acids, and proteins. Some
of the analytes which are considered clinically relevent as of now are separated according to

this subdivision and shown in Figure: 1.1 [2].

Metabolites, vitamins, neurotransmitters, and amino acids fall under the small molecule
category. The intermediates or final products of metabolism are termed as metabolites. Quan-
tifying metabolites will be helpful in diagnostics for metabolic disorders. In many biological
functions in the body, a limited amount of organic compounds or vital nutrients are required.
These compounds are called vitamins. Maintaining the right amount of these micronutrients in
the body is essential, which explains the need for monitoring. Neurons, or nerve cells, commu-
nicate with another neurons and cells through chemical messengers known as neurotransmit-
ters. An imbalance in the amounts of neurotransmitters is associated with many diseases and

mental disorders.



Small molecule

Nucleic Acid Protein
analytes analytes analytes
Metabolites Tumor Cardiac
urea Vitamins Markers Markers
lactate 25(0H)D EGFR Mb
UA . ascorbic acid cfDNA FROHN H-FABP
hypoxanthine . Tg
cholesterol riboflavine cTnT
: bioti Bacterial NAs VEGF
Xanthine lotin NSE GPBB
glucose  pyridoxine .
creatinine Viral NAs AFP CK-MB
p53 sLOX-1
Neurotransmitters miRNAs CD105 cTnl
: VEGFR
2 NT-proBNP
Ep Ct
[I\)IE PDGF-BB Inflammatory
SCCA Ma:llr()ers
HER2 CRP
Amino acids FAcE TTR
CEA
HER3 ISF

Figure 1.1: Clinically relevant molecules: Several small molecules, nucleic acids, and protein analytes
are considered as clinically relevant due to their contribution in metabolism and its nature as biomarker

[2].

Viral and bacterial infections can be diagnosed by analyzing the presence of their nucleic
acids. In addition to this, the formation and growth of cancer cells can be determined by quan-
tification of specific nucleic acids. A correlation has even been discovered between circulating
free nucleic acids and trauma patients [4]. Patient with myocardial infarction exhibit ten times
higher plasma DNA concentrations [5]. Analyzing cell-free nucleic acids (cfNAs) opened a
new path in clinical diagnosis of early stage noninvasive tumors for detection and characteriza-

tion [6].

Proteins are macromolecules with one or more long chain of amino acid residues found

circulating in the body and within cells of all tissues. They execute a wide range of functions



within organisms, like catalyzing metabolism, contributing to signaling pathways, DNA repli-
cation, transporting molecules, etc. Diseases, pathogens, metabolic imbalances, mental disor-
ders, tumor cells, cardiac issues, etc. have effects on the concentrations of proteins involved in
these process [7]. Clinically relevant protein molecules fall under three main categories: tumor,
cardiac, and inflammatory markers. In addition, protein quantification plays a critical role in

research focused on understanding metabolism, cell signaling, etc.

1.2 Biotransducing elements

Biotransducers are biological units which act as target recognition units and also impart a
physicochemical change in the presence of their target. This physicochemical change is used
for analysis, and biotransducer capture is of central importance in biosensing. Due to evolu-
tionary adaptation, these biological units often provide high sensitivity and selectivity toward
their targets. These elements are either found in living systems or synthetically prepared. An-
tibodies, enzymes, aptamers, nucleic acids, etc. are some of the most widely used transducing

elements.

1.2.1 Antibodies

Antibodies are Y-shaped proteins produced in the immune system to counteract the antigens.
They possess two antigen recognition sites, called fragment antigen-binding (Fab sites, which
selectively interact with antigen through noncovalent binding. This binding has very high affin-
ity and selectivity, which has been exploited in biosensors to selectively analyze targeted anti-

gens.

1.2.2 Aptamers

Aptamers are synthetic nucleic acid which compete with antibodies as a biotransducing el-

ement. Through intramolecular DNA binding, aptamers form a three dimensional structure



with binding pockets and clefts, which contributes for a selective and tight binding to cer-
tain targets [8]. Aptamers are isolated from library screening of oligonucleotides by a method
termed systemic evolution of ligands by exponential enrichments (SELEX) process [9]. Since
the aptamers are synthesized and screened in-vitro, their affinities and selectivities can be tai-
lored, which cannot be done in the case of antibodies. Allosteric aptamers have also been
developed [10]. In addition to that, by comparison aptamers are more stable than antibodies,
which makes them convenient for long term storage and testing in non-typical environments.
Finally, customized aptamer structures can be carefully designed, controlled, and synthesized
with nanometer resolution based on the well-known base-pairing interactions and their ease of

synthesis—a feature that is exploited often within this dissertation work.

1.2.3 Nucleic acids

For effective analysis of oligonucleotides, nucleic-acids are used as a biotransducing elements.
This recognition utilizes the sequence spectifc non-covalent binding between the target and
tranducer. Nucleic acids as the transducer captures the central importance in the diagnosis of

genetic diseases [11].

1.3 Conventional technique
1.3.1 ELISA

ELISA was developed in 1971 by two research groups simultaneously [12, 13], by modifying
the radioimmunoassay (RIA) method. In the past fifty years, by this method peptides, pro-
teins, hormones, vitamins, drugs of very-low concentration were selectively quantified [14,15].
Enzyme-linked immunosorbent assay (ELISA) is the current gold standard used by clinicians
around the world for diagnosing and monitoring diseases that inflict biological system(Aydin,
2015). Figure: 1.2 shows the commonly used heterogeneous sandwich ELISA. In this method
the capture antibody is immobilized on the surface of the well, then the sample is introduced to

the well and incubated. Usually, only the target of interest binds to the capture antibody due to



its excellent selectivity. After a rinse step to remove other components and unbounded sample
molecules, the secondary antibody with horseradish peroxidase (HRP, typically used) tag is
introduced to bind with the target molecule. Then the plate is rinsed to remove non-bounded
secondary antibody, and substrate is introduced. HRP reacts with the substrate to generate
color. In about twenty minutes, the stop solution is added to quench the HRP-substrate re-
action. By absorbance reading of the enzyme amplified substrate signal, the concentration of
target can be calculated. The usage of dual antibody binding increases the specificity of the
assay, and enzyme amplification helps in lowering the LOD of the assay. As long as the tar-
get has at least 2 antibodies binding to two separate epitopes, the target can be quantified by

ELISA [16].

Capture Detector

Sample Substrate

Antibody Antibody

Figure 1.2: Sandwich ELISA: To the capture antibody, when the sample is incubated, only the target
of interest is attached. Following the wash step, the detector antibody is incubated. Later, non-specific
binding and excess detector antibody is removed by washing, and substrate is introduced. This enzyme
reaction facilitates an observable color change. The stop solution inhibits the enzyme reaction, and an
absorbance measurement is made.

Even though ELISA is very selective and sensitive, it is not a Point-of-Care (POC) assay.

The method demands a well-trained clinical technician to operate correctly. In addition to that,



ELISA comes in 96-well format, and the reagent should be used in a single sitting. An ELISA
plate cost an average of $500, which represents about $5 for each well. Moreover, there is a
need for doing measurement with standards to calibrate the instrument and duplicate or tripli-
cate measurement is a must to eliminate handling error, which adds up to about $40 per sample.
Typical turnaround time for the ELISA workflow is ~ 6 to 8 hours which makes another draw-
back from the POC perspective. Clearly, this shows that there is a need for further development

in ELISA or other methods for POC assay.

1.3.2 Digital ELISA

ELISA is successful in quantifying proteins of concentration above 1012 M [17]. However,
there is a need for very sensitive quantification methods for diagnosis in cancer [18, 19], neu-
rological disorders, etc. In the process of developing a sensitive assay, Walt, et al. developed a
single-molecule enzyme-linked immunosorbent assay [20—23], which is an extension of ELISA
were the enzyme amplification is done in an micro-well of 50 fLL volume. Since the output is
digital, it is called as digital-ELISA. Figure: 1.3 shows the protocol and components used in
digitalELISA. In case of digitalELISA, the capture antibody is immobilized on the magnetic
beads, and the secondary antibody is biotinylated, and an enzyme is tagged with streptavidin.
In the presence of target, the complex shown in Figure: 1.3a. The magnetic beads are washed
with buffer to remove all the non-specific binding. Then the beads are introduced into an array
of micro-well, the size of array is only 2 mm wide. The device has ~ 50,000 wells with 4.5
um diameter and 3.25 pm depth. The dimension of the well is so small that only one bead
can be confined into it. Once the beads are introduced, the enzyme substrate is introduce and
closed quickly with a silicone gasket. The bead with the target therefore has the enzyme, which
generates fluorescent products quickly within the fL volume wells. Figure: 1.3d, shows the
fluorescent turned on wells, and the concentration of the target can be calculated digitally using

the Poisson distribution.
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Figure 1.3: DigitalELISA: Using standard ELISA reagents single protein molecules are captured with
enzyme label (a). then the beads are loaded into the femtoliter-volume well in which only one bead
can fit in a well, then the substrate is introduced and wells are sealed with silicone gasket and ready
for fluorescence imaging (b). SEM of femtoliter well (c). The bead with the protein generate signal
enzymatically (d). [20]

Reprinted with permission Copyright ©(2010) Nature Publishing Group

In digitalELISA, the sensitivity is improved, and the volume of the sample and other sub-
strate is decreased due to its micro-well nature. Quanterix Corporation, Lexington, MA, sells
a fully automated digitalELISA analyzer, which helps in eliminating the need for clinical tech-
nicians. Technically, this positions the instrument as feasible for clinical POC. However, the
need for expensive (above $ 100,000) sophisticated instrument make it as not suitable for most

other POC formats or do-it-yourself (DIY) measurements.

1.3.3  AlphaLISA

AlphaLISA is a homogeneous mix-and-read assay, which was also developed from the sand-
wich ELISA format [24]. It uses luminescent oxygen channeling for amplification of sig-
nal [25,26]. In this method, two beads are used; one is a photosensitizer, and the other is

chemiluminescent. If these particles are in close proximity (~200 nm), and the photosensitizer



(donor bead) is excited by 680 nm, it releases more than 60,000 singlet oxygens ('O,). This
singlet oxygen can travel to the chemiluminesent bead (acceptor bead) to react only if it is in
close proximity to the donor bead due to target presence, and this produces luminescence at
615 nm. Figure: 1.4 shows the protocol of AlphalLISA. The acceptor beads, which are immo-
bilized with capture antibody, are incubated with sample and biotinylated secondary antibody.
Later, donor beads with streptavidin are introduced, which in the presence of target makes the
complex shown in Figure: 1.4B. This makes the acceptor and donor beads in close proximity,
which helps the !0, to transfer effectively. Reduction of background interference by lumines-
cent signal and amplification by bulk 'O, production makes this method sensitive and easily

generalizable compared to ELISA.
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Figure 1.4: AlphalLISA: A) antibody immobilize acceptor bead forms the sandwich with biotinylated
secondary antibody in the presence of target. B) streptavidin coated donor bead is introduced which
binds with biotinylated antibody placing the acceptor and donor in close proximity. C) 680 nm excites
the donor bead to generate singlet oxygen molecules, this singlet molecule reaches the acceptor bead
and generate series of chemical reactions resulting in emission of 615 nm light [24].




Although AlphalLISA is a highly innovative, no wash, mix-and-read homogeneous im-
munoassay that is more sensitive than ELISA, there is a need for a specialized instrument.
Specifically, optics to permit excitation at 680 nm and emission at 615 nm (higher energy) is
not available on typical fluorescence systems. Again, this issue limits the technology and pre-

vents its use as a POC assay.

1.4 DNA driven assay

In the past decade, ultrasensitive protein detection has been achieved through target-induced
DNA assembly, called the proximity effect [27-29]. Chris Le, et al. in there review arti-
cle Assembling DNA through affinity binding to achieve ultrasensitive protein detection [30]
theoretically explained the proximity effect by a change in local DNA concentration and com-
parison of inter and intramolecular DNA hybridization. Figure: 1.5 shows their depiction of
the proximity effect, in which target molecules stabilize the weak DNA hybridization. When
a weak DNA pair (6 base pair) tagged to two antibodies which specifically binds to a target
in separate epitope is diluted in same buffer to 1 nM, the distance between two DNA will be
~1500 nm, and the volume confining the two DNA will be 1.7 fL.. When the target is intro-
duced, the antibodies bound to it force the DNA close to each other. Now the DNAs are only
20 nm away within volume of only 4.2 zL. If we calculate the concentration of DNA, we arrive
at ~ 400 uM, which is a 400,000-fold increase compared to in the absence of target. At such
high concentrations, even weak hybridization interactions become strong and are spontaneous
at room temperature. Figure: B shows the stability by comparing the melt temperature (Tm) of
inter- and intra-molecular hybridization. The intermolecular Tm of the 6 bp DNA at 1 nM (in
1 mM Mg?* and 50 mM Na*) is only 10 °C (calculated using IDT Oligo Analyzer). If the same
6 bp is in the ends of a single strand making an intramolecular hairpin DNA binding, the Tm
is much higher at 53 °C. The proximity complex with and without target can be conceptually

compared to intra- and inter-molecular binding, respectively.
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Figure 1.5: Proximity effect: A) When two antibody conjugated with weakly hybridizing complimentary
DNA is in a solution with I nM concentration, the distance between them will be 1500 nm and 1.7 fL as
local volume. On introduction of target the distance drops to 20 nm making local volume as 4.2 zL and
400 uM as local concentration. B) Proximity hybridization in the presence and absence of target can be
seen as intra and inter DNA hybridization, with intra being very strong than inter [30]

Reprinted with permission Copyright ©(2013) John Wiley and Sons

1.4.1 Optical detection

Proximity Ligation Assay (PLA)

Exploiting the proximity effect with T4 DNA ligation and DNA amplification by PCR, Fredriks-
son, et al. developed a sensitive homogeneous protein detection method termed the proximity
ligation assay (PLA) [31,32]. Figure: 1.6 shows the schematic view of aptamer based PLA;
when two aptamers bind with the protein target, the binding of connector DNA (black) with
these two aptamers becomes stronger due to the proximity effect. The 5 end of one aptamer is
phosphorylated, and upon connector DNA binding this phosphorylated 5 is placed closer to the
3 and in double stranded state, where the two strands can be effectively ligated by T4 DNA lig-
ase enzyme. With this ligated DNA, the Tagman probe (Green) can bind strongly. The primer
binding sites are shown in boxes, which upon polymerase-chain-reaction the DNA can be am-
plified, which attracts more Tagman probe to bind. At the same time, the DNA polymerase

exonuclease activity digests the dsSDNA while amplifying. This separates the fluorophore from
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the quencher, resulting in fluorescence signal increases. In the absence of protein, this ligation
reaction will not happen, and binding between the Tagman probe and the aptamers is weaker,

giving very little fluorescence signal.
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Figure 1.6: Proximity ligation assay: The aptamer region shown in black, when it binds with the protein
brings the tails to close proximity, which can strongly bind with connector. Upon enzymatic ligation the
tails acts as a single DNA which can be amplified by real time PCR. The primers are shown in boxes
and tagman probe is shown in green [31].

Reprinted with permission Copyright ©(2002) Nature Publishing Group

Pincer assay

Also exploiting the proximity effect, Heyduk, et al. developed a fluorescence assay called the
pincer assay [27,33,34]. This is a homogeneous, mix-and-read assay in which an aptamer pair
or antibody pair can be used as the recognizing unit. Figure: 1.7 shows the schematic view of
antibody based pincer assay. In the presence of target, the DNA hybridization happens by the
proximity effect, which brings fluorophores closer together, enabling fluorescence resonance
energy transfer (FRET). Figure: 1.7C shows the emission spectrum, where only in the pres-

ence of target emission at 670 nm occurs, and in the absence of target there is very little FRET.
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Figure 1.7: Pincer assay: A) Upon target (T) binding the hybridization energy between two DNA with
FRET pair becomes stronger due to proximity effect; B) Different model of DNA conjugate used; C) The
FRET signal is observed only in the presence of target. [34]

Reprinted with permission Copyright ©(2008) American Chemical Society

1.4.2 Electrochemical detection

The proximity effect has also been used in electrochemical detection of protein. Easley, et
al. developed an electrochemical detection method in which DNA assembly happens on the
electrode surface in the presence of the target protein [35,36]. This methodology, along with
its optimization and further development are discussed in Chapter 2. As an improvement to
this method, Ren, et al. developed a ratiometric electrochemical proximity assay shown in Fig-
ure: 1.8 [37]. DNA tagged to antibody 1 is also tagged with methylene blue, an electrochemical
redox molecule. This antibody—DNA complex is bounded to capture DNA on the electrode sur-
face, this DNA is bound to the electrode covalently due to its thiol-modification. The other end
of the surface bound DNA is tagged with ferrocene, another electrochemical redox molecule.
Initially there will be signal from methylene blue but not from ferrocene. When target is in-
troduced with antibody 2, due to the proximity effect, the antibody 1 is removed from the
surface, the thiolated DNA forms a loop placing the ferrocene at the place of methylene blue.
The target introduction results in an increase and decrease of ferrocene and methylene blue
signals, respectively, making a ratiometric sensor. Zhang, et al. also used dual aptamers in a

different configuration and quantified platelet-derived growth factor protein (PDGF) through
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electrochemical detection of proximity dependent complex on electrode surface [38,39]. More

details of electrochemical detection and sensor are presented in following sections.
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Figure 1.8: Ratiometric electrochemical proximity assay: Initially since methylene blue (MB) is closer
to the surface and ferocene (Fc) being far, the IFc /IMB is lower. On introducing the target due to
proximity effect the DNA tagged with MB is removed from surface and Fc is brought closer which
increases IFc /IMB, by which protein can be quantified ratio-metrically [37].

Reprinted with permission Copyright ©(2014) Nature Publishing Group

1.5 Electrochemical Biosensing

In this section we focus on strategies used in amplification-free electrochemical biosensing of
clinically relevant molecule using oligonucleotides immobilized on electrodes. The amplification-
free electrochemical sensors have versatile applications in dip-and-read, point-of-care quantifi-

cation.
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1.5.1 Typically used voltammetry techniques

Cyclic, differential pulse and square-wave voltammetry are suitable for these sensors [40].
Cyclic voltammetry (CV) is the method most commonly used in electrochemistry. In this
method the voltage is gradually swept between two points while current is measured. The
voltammetry is plotted as applied voltage vs current. CV is suitable for quantification of bi-
ological molecules if the target is electrochemically active and the biological concentration is
higher. Schmidt, et al., for example, used carbon nanotube yarn and detected neurotransmitters
in live brain tissue [41]. The limitation of the cyclic voltammetry is the current observed from
electrode capacitance, which makes its signal to noise ratio lower compared to the other two

methods.
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Figure 1.9: Pulse voltammetry: Current re-
sponse to the pulse, initially there is a huge cur-
rent which is not been measured, while measure-
ment is done the signal to noise ratio is higher.
[42]

Reprinted with permission Copyright ©(1985)
American Chemical Society

Square-wave voltammetry

To improve the signal to noise ratio, pulse
voltammetry is introduced. Figure: 1.9 shows
the potential pulse and current response. Un-
like cyclic voltammetry or chronoamperome-
try, pulse voltammetry is not a continuous mea-
surement. The current is measured after a
certain time period (shown in figure). By
this approach, the signal-to-noise ratio is im-
proved as the large amount of capacitance cur-
rent decays in some situations much faster than
the current due to the electrochemical reac-
tion (faradaic), so while measuring the contri-
bution from non-faradic current is reduced to
give a high signal-to-noise ratio [43]. There are
various waveforms of pulses actually used in
pulse voltammetry. Normal, differential, stair-
case, and square-wave, are examples; among
these, square-wave voltammetry (SWV) is the
most sensitive one [42]. Selection of the mea-
suring technique is determined by the faradic
and non-faradic current in the particular experi-

ment.

SWYV is a sensitive voltammetry technique. In this method, not only the capacitance is reduced

but also the signal is increased due to its differential output. Figure: 1.10 shows the SWV

pulse wave format and measuring pattern. It is a combination of a staircase and a square wave,
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Figure 1.10: Potential wave form for square wave voltammetry
https://www.basinc.com/manuals/EC-epsilon/Techniques/Pulse/pulse

since each square-wave cycle has a minute increment in the potential controlled by a step size
input. The frequency input determines the timing of one cycle (1/7), which also determines the
measuring time since measurement is done at the end of each half-cycle, i.e. before the next
pulse. The scan rate in SWV is controlled by both step size and frequency. The output signal
is A i =i - i;. By doing this in case of reversible redox molecule both oxidation and reduction
are measured, and the difference signal is essentially doubled, which helps in increasing the
sensitivity. Finally, due to the SWV pulse pattern being phase- and frequency-locked with the
detection trigger, SWV operates as a lock-in-detection method. As such, a large amount of

measurement noise in this technique is reduced, which also improves signal-to-noise ratio.

1.6 Protein, small molecule and oligonucleotide quantification through electrochemistry
1.6.1 Quantification through structure switching capturing probe

In the past decade, the development of target-induced structure switching oligonucleotides
on the electrode surface were successful in analyzing in a wide range sample matrices [40].
Plaxco and coworkers introduced the method of using target capturing DNA, which under-
goes the change in electron transfer rate between redox molecule tagged to capture DNA and

the electrode, for quantification [44,45]. This is an electrochemical equivalent of aptamer or
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oligonucleotide beacon which alters the distance between FRET pair on target binding [46].
Figure: 1.11 shows the overview of typical oligonucleotide self-assembled monolayer used in
this method. Methylene blue and ferrocene are the most commonly used redox tags, and 6-
mercapto-1-hexanol is used as a spacer and passivating layer. The capturing oligomer binds
with the target in high specificity, and the spacer helps in eliminating the nonspecific binding
on the surface. These features result in a sensitive and selective assay. Even though the LOD is
not as low as the gold standard (ELISA), the less sophisticated and non-expensive instrumenta-

tion and the ability of miniaturization for POC makes this as an exciting platform for diagnosis.
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Figure 1.11: Electrochemical DNA/aptamer sensor: Typically oligonucleotide is thiolated in one end
and tagged with either methylene blue (MB) or ferocene (Fc). 6-mercapto-1-hexanol is used as a spacer

[40].
Permission Not Required for republishing in Dissertation Annual Reviews

Electrochemical distinction of signal from baseline in target induced structure switching
DNA

The change in the structure of DNA by target affects the electron transfer rate between the redox

moiety and the electrode. This change in electron transfer is mainly due to the change in the
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dimension of redox moiety on the surface which alters the distance traveled by it to interrogate
with surface. SWV is the most predominantly used voltammetric technique for quantification.
As we saw earlier in SWV, continuous current measurement is avoided to have a high signal-
to-noise ratio (faradic to capacitance current), and in this situation it is helpful in discriminating
signal from baseline. In addition to the discrimination of signal and baseline, the direction of
percentage change, degree of signal change, and sensor sensitivity are all controlled by SWV
frequency [47—49], which controls the measuring time after the pulse. Figure: 1.12 shows the
change in faradaic current responses following the pulse for linear-DNA probe before and after
the target is bound. As an approximation, the unbound sensor has the electron transfer rate
of capture DNA at 100 s!, which has a higher measurable current at 100 Hz. As the result
of target binding (complementary DNA), the electron transfer rate becomes about 6 s!, which
permits 5 Hz to have higher signal [49]. This guides to switching the direction of signal change
(signal-on to signal-off) by a simple SWV frequency change. The input frequency can be op-
timized to give a sensitive sensor, and this is one of the important measures for these types of

SENsors.

Ion and small molecule quantification

Radi and OSullivan used a guanine-rich DNA aptamer attached to the gold electrode for recog-
nition of potassium (K*) ion [50]. In the presence of K+ the DNA undergoes structure switch-
ing, making the ferrocene redox moiety closer to the electrode surface, which is otherwise far
away (Figure: 1.13A). In this work they used impedance for measurement. Baker et al., devel-
oped an electrochemical aptamer sensor for rapid quantification of cocaine [51]. This sensor
is capable of quantifying cocaine even in unadulterated samples and biological fluids (Figure:
1.13C). They were successful in detecting the target rapidly within seconds. In addition to this,
the sensor is reusable with an aqueous wash at room temperature. Zuo et al., with the ATP ap-
tamer hybridized with complementary sequence on the surface, quantified ATP [52]. The ATP
displaces the complementary sequence and coils the aptamer around it placing the ferrocene

redox molecule closer to the electrode surface (Figure: 1.13B). Ferapontova et al., quantified
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Figure 1.12: SWV response for DNA switch: a) shows the probe model, when DNA target binds with
the capture probe the electron transfer rate is altered due to change in mobility. b) Faradaic current
response for target unbound and bounded probe. Due to high mobility the redox moiety reaches the
surface quickly to give signal resulting more signal at low measuring time and very less signal at later
time no molecule is left to give signal. In case of bound probe the faradic current is lower initially and
gradually dropping, resulting in having higher signal in larger measuring time compared to unbound
probe. (c,d) SWV response at 100 Hz and 5 Hz, higher signal is observed by unbound probe at 100
Hz and bound probe at 5 Hz. This shows that just by switching the frequency the percentage change
dimension can be shifted. [49]

Reprinted with permission Copyright ©(2010) American Chemical Society
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theophylline with an RNA aptamer on the surface of the electrode [53]. The target introduction
induces a positional change placing the redox moiety in close proximity to the surface (Figure:

1.13D).

Protein and antibody quantification

Proteins and antibodies are also analyzed successfully through electrochemical aptamer sen-
sors. In addition to the signal change by positional change of aptamer by target, the property of
these larger targets hindering the flexibility also contributes to the signal change (usually signal
suppression). Plaxco and Heeger developed a label-free, amplification-free thrombin aptamer
sensor, which undergoes signal suppression by thrombin binding [45]. They were successful
in using the sensor in blood serum. Later they improved the sensor to signal-ON by adding
complimentary DNA to the aptamer, which increases the sensitivity of sensor and gives 3 nM
as the LOD [45]. In the same collaboration, picomolar level platelet-derived growth factor was
detected in blood serum [54]. In following years, the Plaxco group has quantified antibodies
using bioelectrochemical switches [55] and tagged peptide epitope recognition units in surface
DNA [56]. In their latest work, protein-protein interactions on the surface were studied, which
is promising in development of various protein sensor that lack a sensitive aptamer [57]. The
Revzin group accomplished simultaneous electrochemical detection of tumor necrosis factor
alpha, interferon gamma, and transforming growth factor by incorporating electrochemical ap-
tamer sensors into microfluidics [58—60]. This method provides near real time quantification,
achieved by the quick reproducibility of the sensors, which makes this method as a rapid, mul-
tiplexalbe, sensitive, and selective approach. These advantages of this technology and simple
instrumentation projects as a good alternative to traditional method in (ELISA), in spite of typ-

ically higher LOD.
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Figure 1.13: Small molecule quantification by E-aptamer: A) Potassium ion recognition by structural
transition of G-rich aptamer to form G-quadruplex [50]; B) ATP quantified by displacement of comple-
mentary strand DNA [52]; C) DNA switch by cocaine placing the MB closer to surface [51]; D) RNA
aptamer for electrochemical detection of theophylline [53].

Reprinted with permission Copyright ©(2006,2007,2008) American Chemical Society (2006) Royal
Society of Chemistry
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Oligonucleotide quantification

Anne, et al. interrogated the flexibility of short DNA on electrode surface through cyclic
voltammetry [61]. 3-ferrocene labeled DNA is immobilized on the electrode, and upon hy-
bridization signal suppression is observed. Around the same time period, the Heeger and Plaxco
groups, using methylene blue tagged hairpin-loop DNA on the surface, quantified complimen-
tary DNA using cyclic voltammetry [44]. Later, linear DNA probes were used to check the
electrochemical signal change by hybridization, and testing and regeneration of probes were
done both in buffer and blood serum [47]. For increasing the sensitivity of the sensor, Idili,
et al. used a clamp-switch signal-on E-DNA sensor which upon target (DNA) binding formed
a triple helix DNA structure [62]. On comparing the mismatched target, the clamp-switch
discriminates the false positive effectively. Wang, et al. used TCEP for enzymeless electro-
chemical signal amplification for sensitive quantification of micro-RNA (miRNA-122) [63].
The sensor is very sensitive with LOD of 0.1 fM, which selectively discriminates miR-122-3p
present in serum. This quick readout of target makes the possibility of development of analyti-

cal systems capable of in-home, POC or DIY applications.

Real time and calibration free measurement using structure switching capturing probe

Plaxco and White have also worked on re-engineering the aptamers [48, 64, 65], understanding
the SWV frequency responses [49], and altering probe packing [66]. In addition to this, in col-
laboration with the Soh lab, aptamer-based real-time tracking of circulating therapeutic agents
in living animals has been accomplished recently [67]. Figure: 1.14 shows the microfluidic
setup for real-time electrochemical quantification. The doxorubicin specific aptamer acts as a
signal-OFF sensor at lower frequency (>30 Hz) and a signal-ON in higher frequency, which
gives a dual conformation of the drug concentration drift. Later a closed loop feedback control
for doxorubicin was developed [3]. Arroyo-Curras, et al. measured four drugs (doxorubicin,
kanamycin, gentamicin, and tobramycin) with the temporal resolution of 3 s in th ebloodstream

of live animals [68]. For calibration free real-time quantification and to counter the signal drift
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Figure 1.14: Microfluidic electrochemical detector for in vivo continuous monitoring (MEDIC):A)
MEDIC chip connected to patients bloodstream to measure pharmacokinetics;, B) Aptamer model used
in the sensor, conformational change happens by target;, C) Through microfluidics the laminar flow of
buffer and blood is achieved; D) Simultaneously both signal-off (blue) using lower SWV frequency and
signal-on (red) is measured which helps in minimizing the drift [67].

Reprinted with permission Copyright ©(2013) The American Association for the Advancement of
Science

due to time and microfluidic flow, dual-reporter can be used [69]. In addition to this, the advan-
tage of the structure switching capturing probe is that they have a frequency dependent signal

change. This makes some threshold frequency having signal unaltered due to target, and the

signal in these frequencies can be used as a reference for ratio-metric quantification [70].

1.6.2 Quantification through non-structure switching capture probe

The electrochemical quantification by change in electron transfer kinetics is successful for a
wide range of analytes. However the need of an aptamer, specifically a structure switching
aptamer, is a hindrance in extension of this approach for versatile development [71]. So, the
exploration in using non-covalently (on the surface) attached redox reporters for bio-molecular
quantification is done by the Kelley [72], Vallee-Belisle [73], and Easley [35] groups. Lu,
et al. immobilized the thrombin aptamer and hybridized with the complementary sequence,
which was tagged with ferrocene. The thrombin displaced the complementary sequence, re-
sulting in signal loss [71]. Chen, et al. used anti-lysozyme DNA aptamers with which ruthe-
nium hexamine ([Ru(NH3)s]*>*) was bound electrostatically [74]. The lysozyme pushed away

the [Ru(NHj3)6]**, which was reflected in the signal for quantification. Das, et al. by using
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nanostructured gold electrode achieved ultrasensitive read out of CA-125 (cancer biomarker) in
serum and whole blood [72]. In this method, antibodies upon interaction with protein blocked
the redox molecules ([Fe(CN)s]*”*) from the bulk solution from reaching the electrode and sig-
naling. Later, they developed an oligonucleotide quantifying sensor using the nanostructured
gold electrode [75-78]. In this method, [Ru(NH3)s]** complex electrostatically adsorbed to the
DNA, and the signal for this complex was amplified by an electrocatalytic reporter system in
which [Ru(NH;3)6]** was regenerated by chemical oxidation of Ru(Il) by Fe** of [Fe(CN)g]*
in the bulk solution [77]. Figure: 1.15 shows this electrochemical readout pattern. Circulating
tumor DNA analysis was successful by using this method. The wild type were blocked using a

DNA clutch probe, which made the sensor more sensitive to the mutant type [76].
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Figure 1.15: Electrocatalytic reporter system: The [Ru(NH;3)s]>* adsorbs on the negatively charged
nucleic acid on surface. Rt is electrochemically reduced, is been regenerated by F&3* ([Fe(CN)s]?")
[77]

Reprinted with permission Copyright ©(2013) American Chemical Society

Quantification by steric-hindrance on the surface

White, et al. showed that the probe density plays a crucial role in the sensitivity of the sen-
sor [66]. For every new sensor strategy the probe packing should be optimized, as higher
packing leads to loss of sensitivity due to steric hindrance. Mahshid, et al. developed a strategy
of exploiting the steric hindrance for quantification [73]. To show the effect of steric hindrance,
they compared the SWV signal from various molecules ranging from 0.2 to 150 kDa. These
molecules were tagged to a DNA, which has methylene blue tag on other end. This DNA hy-

bridized with the surface DNA via 16 bp. Since hybridization energy was the same, the drop
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in the signal as due to the effect of steric hindrance. With this knowledge, indirect quantifica-
tion of larger proteins was developed. The signaling DNA (which has redox moiety) is tagged
to target recognizing unit (Biotin and digoxigenin for quantification of streptavidin and anti-
digoxigenin respectively). If the target is present in the sample, the signaling DNA binds with
the target, which due to steric hindrance is unable to bind with the capturing probe. In the ab-
sence of target, the signal is generated due to lack of hindrance. By this method, larger proteins
can be indirectly quantified, and the system worked in whole blood(Sahar Sadat Mahshid et al.,
2015). This method was extended to indirectly quantifying small molecules [79], then the sen-
sitivity was improved developed using nanostructured electrodes [80]. This work has recently

been followed by an application of detecting signaling factors in stem cell cultures [81].

1.7 Conclusion remarks

Quantification of clinically relevant molecules is becoming very crucial not only in POC di-
agnosis but also in research for better understanding of living systems. We have seen that
sensitive methods often required sophisticated, expensive instruments. Aptamer-based electro-
chemical methods overcome the instrumentation burden, but they are hindered by the lack of
versatility to be applied toward a wide range of targets. One of the drawbacks in generalizing
these sensors is aptamer selection. In most of these sensors, the aptamer, upon target binding,
should undergo a drastic change in the structure to give an observable signal change. We have
also seen methods like steric hindrance assays which ignore the dependence of conformational
change and have been successful in extending the quantification to both small molecules and
large proteins. The drawback in this method is the usage of multiple components in the buffer

which eliminate it from being drop-and-read.

Within this dissertation, the main goal is to develop a method for quantification of small
molecules and large proteins which is suitable for dip-and-read and POC diagnoses. Chapter 2
focuses on the electrochemical proximity assay (ECPA) and its optimization. This work eval-

uates DNA fabrication on the electrodes, instrumentation issues, and attempts to make ECPA
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Figure 1.16: Steric hindrance assay: A) Detection of larger proteins, in the presence of larger protein
the signaling DNA binds with it, so unavailable for surface hybridization due to steric hindrance. With
target has lower signal [73]. B) Strategy for small molecular quantification, in the presence of small
molecule, the target will block the region in the large protein. So signaling molecules can bind with
large protein ending in surface hybridization and generating signal. With target has higher signal [79].
Reprinted with permission Copyright ©(2015, 2017) American Chemical Society
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as a dip-and-read measurement. Chapter 3 focuses on improving our understanding of the sur-
face hybridization, the distance dependence of redox moiety in hybridized mode, the effects of
double layer on the surface hybridization, and finally on better understanding diffusion layer
effects in DNA-driven SWV assays. In Chapter 4, a simple oligonucleotide quantification ap-
proach is developed by exploiting the role of measuring temperature in signal and background.
From the experience and knowledge of our work and literature survey we developed, a strategy
which uses a DNA nanostructure on the electrode surface for quantification of large proteins
and small molecules is explained in Chapter 5. This method, in the future, should provide
a generalizable platform for quantifying multiple proteins, peptides, or small molecules by a
dip-and-read workflow, and this should promote future real time measurements, as discussed

in Chapter 6 (Future work).
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Chapter 2

Electrochemical Proximity Assay and its Advancement

2.1 Introduction

gold electrode

Figure 2.1: ECPA: Pictorial de-
scription of complete complex of
ECPA which has six component
including target [35].

Reprinted with permission
Copyright ©(2012) American
Chemical Society

using the same platform.

On Chapter 1, I have introduced various quantitative and qual-
itative methods used to analyze clinically relevant molecules.
Even with these developments, there remains a need for im-
proved quantification techniques from the perspectives of cost,
sensitivity, and POC detection. Most of the methods address
the issue of sensitivity, but due to instrument sophistication and
the need for expert technicians, there is still a need for better
technology to address the other two issues. To address these,
some point-of-care methods have been developed for selected
analytes, those that are highly specialized to a particular target
molecule [82,83]. For future point-of-care testing, in addition
to high sensitivity and do-it-yourself workflows, more flexible

methods are needed that can function with a variety of targets

For protein quantification in clinical and research laboratories, sandwich enzyme-linked

immunosorbent assays (ELISA) have emerged as the method of choice due to its high sen-

sitivity and—perhaps more importantly—its effective flexibility to a wide range of targets.

However, this method requires expert technicians to accomplish its multiple, tedious steps, in-

strument management, and data analysis. In addition to that, a typical ELISA takes 6-8 hours
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for quantification. These limitations make ELISA unsuitable for POC detection. Dr. Easley's
and Dr. Shannon's groups from Auburn University built from the sandwich ELISA concept
and developed a generalizable protein assay within an electrochemical detection platform that
exploits the proximity effect, termed the Electrochemical Proximity Assay (ECPA) [35]. Like
sandwich ELISA, ECPA is also flexible and can be extended to any protein target with two
antibody or aptamer probes. Figure : 2.1 shows a cartoon depiction of ECPA, where the protein
target has two antibodies targeting different epitopes. The hybridization between methylene
blue tagged DNA (MB-DNA) and thiolated DNA (thio-DNA) is made stronger in the presence
of the target protein by the proximity effect. The electrochemical signal from the methylene
blue is thus proportional to the concentration of target protein. Thrombin and insulin were suc-
cessfully quantified with aptamer and antibody-oligo pairs respectively, with LODs of 50 pM
for thrombin and 130 fM for insulin. Later, a reusable form of ECPA was developed, in which
the electrodes after each use was enzymatically regenerated to the initial state and could be
used again [36]. Thus, the ECPA platform represents an important step forward in developing

generalizable, point-of-care analysis systems with high sensitivity and selectivity.

While ECPA has shown great promise, a number of questions remain concerning the
fundamental signaling mechanism, particularly with respect to the frequency-dependence and
temperature-dependence of signal generation in square-wave voltammetry (SWV). In order to
move beyond the proof-of-concept stage with the technology, it is important to carefully eval-
uate the signal changes accompanying the relatively complex molecular assembly shown in
Figure : 2.1. This chapter gives an in-depth explanation of ECPA and provides new insight into
the roles of SWV parameters on signal and background. In addition to that, we have devised
several advancement of ECPA technology. The present chapter and the following chapters
will be helpful in understanding various factor influencing electrochemical, DNA-based pro-
tein and small molecule sensors. This information should be useful not only in optimizing
ECPA but also with many DNA-based electrochemical platforms for detecting clinically rele-

vant molecules.
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2.2 Reagent and Materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The follow-
ing regents were used as received: insulin antibodies (clones 3A6 and 8E2; Fitzgerald Indus-
tries), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and sodium percholorate
(NaClO,) from Alfa Aeser, tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), 6-mercapto-
I-hexanol (MCH) and insulin from Sigma-Aldrich St.Louis, MO. Insulin antibodies (clones
3A6 and 8E2) are brought from Fitzgerald Industries. Methylene blue-conjugated DNA (MB-
DNA) was purchased from Biosearch Technologies(Novato, CA), purified by RP-HPLC. All
other oligonucleotides were obtained from Integrated DNA Technologies (IDT; Coralville,
Iowa). All measurements were performed using Reference 600 Potentiostat (Gamry Instru-

ments Inc, Warminster, PA).

2.3 Experimental Methods
2.3.1 Preparation of gold electrode and DNA monolayer assembly

ECPA and all other experiments were done with commercially available gold electrodes (CH
Instruments, diameter = 2 mm). As the first step in sensor fabrication, a gold electrode was
cleaned and polished. Freshly prepared piranha solution (H,SO4:H,0,, 3:1) was dropped onto
the electrode and left for 5 minutes. (Caution: piranha solution is dangerous to human health
and should be used with extreme caution and handled only in small quantities.) Piranha solu-
tion is a strong oxidizing agent and freshly prepared has a temperature of 85 °C, a combination
which removes impurities on the surface of gold electrode. Following this step, the electrode
was thoroughly rinsed with deionized water, followed by careful polishing to a mirror-like sur-
face with deagglomerated alumina suspension (0.05 micrometer; Allied High Tech Products,
Inc. Rancho Dominguez, CA). The suspension had been dropped on a polishing mat MicroFloc
(Buehler, Lake Bluff, IL), and the electrode was held perpendicularly while a spinning motion
was done as shown in Figure: 2.2 for 10 minutes. Mark Holtan, another graduate student in our

group, built a robot to do this polishing (shown in Figure: 2.2), which was helpful in automating
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the process and eliminating human errors or person-to-person polishing discrepancies. Then
the electrode was rinsed and sonicated in an ethanol and water mixture (1:1) for five minutes
to remove alumina particles effectively. The gold electrode was further cleaned electrochem-
ically by 5 cycles of cyclic-voltammetry (CV) in 0.5 M H,SO, with a three electrode system
(Ag/AgCl as reference, platinum as counter). The CV scans were from -0.35 to +1.5 V at a scan
rate of 0.1 Vs~!. The electrochemically cleaned electrode was finally rinsed with deionized

water, and it was ready for introduction of the DNA self-assembled monolayer (SAM).

Figure 2.2: Mechanical cleaning of electrodes :A) shows the procedure for mechanical cleaning, where
electrode is holed perpendicular and polished by pattering the motion as 8; B) shows the Arduino
controlled robot build our lab which replicates the mechanical cleaning by hand

Thiol tagged DNA were shipped as disulfides, thus they required chemical reduction by
dithiothreitol or TCEP. We used TCEP for reduction, where 1 pL. of 200 uM thio-DNA and 3
uL of 10 mM TCEP were mixed in a 200 uL PCR tube and placed in the dark for 1 hour at
room temperature. The solution was then diluted with HEPES buffer (10 mM HEPES and 0.5
M NaClOy, pH 7.0) to a concentration of 1.25 uM and a volume of 300 L for an electrode in
a 15 mL shell vial. The electrode was dipped in this solution (making sure the electrode was
not hitting the surface) and incubated at room temperature for another 1 hour in the dark (for
some experiments a 16-hour incubation was used). This thio-DNA concentration (1.25 uM)

was concluded after an optimization experiment, which will be explained in Section: 2.4.3.
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After 1 hour of incubation, the electrode was removed and rinsed with deionized water for 30
seconds (water should be carefully passed on the side and flown over the gold area; no forceful
ejection of water should be applied to the gold). Then the electrode was dipped into 300 pL. of
3 mM MCH for 1 hour in the dark at room temperature. The MCH solution should be freshly
prepared, and since MCH has a foul smell, it is advised to do all these processes in a fume
hood. MCH acts as a spacer molecule between covalently bounded thio-DNA, which is helpful
in reducing the capacitance current in electrochemical measurements. In addition to that, it
also helps to remove non-specific binding between DNA or proteins and the gold surface, and
it contributes toward effective orientation of the thio-DNAs on the gold surface (Figure: 2.3).
Once this incubation was done, the electrode was rinsed with deionized water and transferred

to HEPES buffer. This SAM electrode was ready to be used and could be stored at 4 °C for

( 57
) E S~ M) o

Figure 2.3: Mercapto-hexanol on surface:MCH acts not only as a filler but also helps in orientation of
thio-DNA on gold surface

about a week.

S S S S S

2.3.2 Antibody-oligomer conjugation

In ECPA, the insulin antibodies (clones 3A6 and 8E2) were conjugated with the amine tagged
DNA Abl and Ab2 respectively using Antibody-Oligonucleotide All-In-One Conjugation Kit
(Solulink), and the manufacturers instructions were carefully followed. Figure : 2.4 explains
the chemistry behind the conjugation, and the experimental steps are described on the right
side. Briefly, the antibodies and amine-tagged DNAs were separately activated with S-HyNic
and S-4FB. Later, the activated molecules were mixed, and excess of DNA oligos were used to

make sure all the antibodies were tagged with one or more DNAs. After a two hour incubation
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at room temperature, conjugated antibodies were separated from the excess oligonucleotides
by magnetic affinity beads. The final concentrations of the conjugates were determined by the
Bradford protein assay. In some project herein, customized antibody-oligonucleotides were

synthesized and purified by Mediomics, LLC.

solid phase oligo synthesis

Figure 2.4: Solulink antibody-oligomer conjugation: Amine tagged DNA was attached to amine of the
antibody through the bioconjucation reaction shown in the figure

2.3.3 Steps involved in ECPA

Reusable ECPA is a fast protein quantification method which can take less than 15 minutes for
a cycle of measurement and regenerating the probe surface. The theory behind the regeneration
is explained in Section: 2.3.4. ECPA workflow can be operated as homogeneous or hetero-
geneous. As a homogeneous assay, the sample is mixed with antibodies-oligomers/aptamers

and the signaling MB-DNA. The electrode with SAM is dipped into the mixture, and SWV



measurement is done after 1 hour [35]. The heterogeneous method is preferred for mea-
surements in biological matrices and cell secretion measurements [36]. For that, a multi-step
procedure is followed. Once the gold electrode is ready with the thiolated-DNA, first 10 puL
antibody-oligomer/aptamer is introduced, which has nucleotide sequences complimentary to
the thiolated-DNA. The number of base pairs in this binding should be at least 15 so that the
equilibrium strongly favors binding at room temperature. After three minutes of incubation,
the antibody-oligomer/aptamer is removed, and the electrode is rinsed in HEPES buffer for 30
sec. Later, the electrode is dipped into the sample (~200 pL) and incubated for 3 min at room
temperature. Following a buffer rinse for 30 s, the second antibody-oligomer/aptamer (10 uL)
is incubated for 3 min. This forms a complex where the target is sandwiched between two an-
tibodies/aptamers. This complex on the surface is then introduced into the MB-DNA solution
(500 pL), and SWV measurement is done after 3 minutes. This MB-DNA was complimentary
to the oligomer in the second antibody/aptamer and binds with it strongly. In the presence of
target, due to the proximity effect, the other end of MB-DNA binds with the thiolated-DNA
strongly and forms the complex as shown in Figure 2.5. In the absence of the target, there will
be no second antibody-oligomer/aptamer, and the binding between the MB-DNA and thiolated-
DNA is very week by design, making the background complex formation negligible. The SAM
was enzymatically regenerated, as discussed further in the next section, to prepare the electrode

for further cycles.

2.3.4 Reusable ECPA

In the presence of target protein, the ECPA complex has five components bound together,
(thiolated-DNA) (AB1/Apt-1) target (AB2/Apt-2) (MB-DNA). Thiolated-DNA was bound
to AB1 and MB-DNA. To effectively remove the complex and regenerate the thiolated-DNA,
deoxy-Uracil RNA nucleotides were incorporated into the sequence of AB1-oligomer and MB-
DNA. Using uracil-DNA excision mix, which is a mixture of HK-UNG and Endonuclease 1V,
the HK-UNG enzyme specifically cleaves the uracil nucleotide out of the DNA backbone, then

Endonuclease IV cleaves the nucleotide-less backbone. This makes the binding between the
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Figure 2.5: ECPA Protocol: Figure shows the ECPA cycle, where the complex is built in steps and after
measurement it is been removed by exonuclease enzyme reaction [36].
Reprinted with permission Copyright ©(2014) American Chemical Society

ABI1 and thiolated-DNA much weaker and promotes dissociation. Cleaving the MB-DNA
destabilizes the proximity effect. This was done by dipping the electrode with complex into the
enzyme mixture for 7 min at 37 °C [36]. Following a water rinse, the thiolated-DNA was ready
for the next cycle. Figure 2.6 depicts the steps involved in regeneration of the thiolated-DNA

SAM.

2.3.5 Insulin mesurement

The DNA sequences used for insulin ECPA are shown in Table 2.1. Special modifications are

shown in bold, and the deoxy-uracil RNA nucleotides are shown in blue color in the sequences.
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Figure 2.6: Enzymatic regeneration of thiolated-DNA on surface: The uracil DNA excision mix re-
moves the complex from thiolated-DNA, which can be reused [36].
Reprinted with permission Copyright ©(2014) American Chemical Society

The G5-thio, G7-thio, and G10-thio hybridize with MB-DNA with 5,7, and 10 base pairs. In-
sulin antibody clones 3A6 and 8E2 were conjugated with AB1 and AB2 respectively using a
Solulink kit (explained in Section: 2.3.2). Electrode preparation and protocols explained in
Section: 2.3.3 and 2.3.3 were followed with 16 hrs thiolated-DNA incubation. SWV parame-

ters used for insulin ECPA measurements were detailed in Table 2.2.

2.3.6 Optimizing SWYV frequency and pulse height

Square-wave voltammetry frequency plays a vital role in electrochemical-DNA sensors [49].
For elucidating optimal SWV frequency, following one hour incubation in 100 nM MB-DNA,

SWYV measurements were done using the parameters mentioned in Table 2.3

2.3.7 Leptin ECPA

Quantification of leptin through ECPA was done by preparing the electrode using the protocol
explained in Section 2.3.1 & 2.3.3, with G7-thio of concentration 2 uM and 16 hours incuba-

tion. The sample volume was 20 uL. SWV parameters mentioned in Table 2.4 were used for
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Sequence Name | Abbreviation DNA Sequence listed 5°-3’

ECPA-Gold-5 G5-thio /5ThioMC6-D/GCA TGA ATT TTC GTT CGT TAG
GGT TCA AAT CCG CG

ECPA-Gold-7 G7-thio /5ThioMC6-D/GCA TGG TAT TTT TCG TTC GTT
AGG GTT CAA ATC CGC G

ECPA-Gold-10 G10-thio /5ThioMC6-D/GCA TGG TGA CAT TTT TCG TTC
GTT AGG GTT CAA ATC CGC G

ECPA-MB MB-DNA CCA CCCTCCTCCTTT TCC TAT CTC TCC CTC
GUC ACC AUG C/MB-C7/

ECPA DNA-loop | loop TAG GAA AAG GAG GAG GGT GGC CCA CTT
AAA CCT CAA TCC ACC CAC TTA AAC CTC
AAT CCA CGC GGA UUU GAA CCC UAA

Antiboby-1 AB1 /SAmMCe6//iSp18/CCC ACT TAA ACCTCA ATC
CAC GCG GAU UUG AAC CCU AACG

Antibody-2 AB2 TAG GAA AAG GAG GAG GGT GGC CCA CTT

AAA CCT CAA TCC A/iSp18//3AmMO/

Table 2.1: DNA sequence used for insulin ECPA
/5ThioMC6-D/ = Dithiol attachment (IDT), /MB-C7/= Methylene Blue (Biosearch), /3AmMO/ and
/SAmMC6/ = Amine (IDT), /iSp18/= PEG spacer (IDT)

measurement.

2.3.8 Optimizing DNA probe density

For optimizing the probe density, we used G7-thio DNA. Concentrations between 0.5 uM to 2

UM were used for incubation. The thiolated-DNA was incubated for 1 hour followed by 1 hour

incubation of MCH (3 mM). Later, the electrode was introduced into 100 nM of MB-DNA, and

SWYV measurements with parameters shown in Table 2.4 was done at the 30 minutes time point.
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Parameter Name | Symbol | Values Used
Initial voltage Vi -045V
Final voltage Vi 0.00 V

Step size E; I mV

Pulse height E, 50 mV
Frequency SWV-Hz | 60 Hz

Table 2.2: SWV parameters for insulin ECPA

Parameter Name | Symbol | Values Used
Initial voltage 1% -045V
Final voltage Vi 0.00 V

Step size E; 1 mV

Pulse height E, 10 to 90 mV
Frequency SWV-Hz | 10 to 100 Hz

Table 2.3: SWV parameters for optimizing SWYV frequency and pulse height

2.3.9 SWV signal processing

The SWV data output has forward voltage (Vy), reverse voltage (V,), step voltage (Vep), for-
ward current (i), reverse current (i), and difference current (igg). In these Vi, V., i, and i,
are measured values, Vg, is input and 14 1s a calculated value. In these, Ve, and igir was
transferred to Microsoft Excel sheet, followed by baseline subtraction. The data where the
methylene blue signal starts and ends were selected (in this case -0.325 to -0.310 V and -0.070
V to 0.055 V), with that slope and intercept were calculated followed by calculation of linear
baseline (calculated baseline is plotted with raw data in Figure: 2.7A). This calculated baseline
was subtracted from raw data points to get baseline corrected SWV voltammogram (Figure:
2.7B). Following this peak height was extracted from the SWV curve by Excel MAX function.
For some experiments integrated signal was calculated by summing all the current data points

in signaling region (-0.300 to -0.100 V for methylene blue).
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Parameter Name | Symbol | Values Used
Initial voltage Vi -045V
Final voltage Vi 0.00 V

Step size E; I mV

Pulse height E, 90 mV
Frequency SWV-Hz | 75 Hz

Table 2.4: SWV parameters for Leptin ECPA
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Figure 2.7: SWV baseline subtration: A) Shows the raw iy (black) and calculated linear baseline
(red), B) Baseline subtracted curve

2.3.10 Thermal Scanning ECPA

Thermal scanning ECPA was carried out using commercially available 2 mm diameter gold
disc electrodes or gold electrode of 2 mm x 1 mm made by etching gold sputtered glass elec-
trodes. The procedure of photolithography, gold etching and making of PDMS electrochemical
cell will be explained in Chapter 4. The electrode model and the electrochemical cell 3D-CAD

is shown in Figure: 4.2.

For 2 mm diameter electrodes in tsSECPA experiments, the electrodes were prepared fol-
lowing the protocol explained in Sections 2.3.1, with 2 uM of thiolated-DNA used for incuba-
tion with 16 hours incubation time. The steps explained in Section 2.3.3 were followed, except
the incubation time for antibody and sample was 30 min. For insulin detection in human serum,

undiluted human serum was used as the sample. Finally, the electrochemical measurement done
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Figure 2.8: Thermal scanning setup with electrochemical cell

with parameters listed in Table 2.4.

2.3.11 Surface confined ECPA

In surface confined ECPA (scECPA), two thiolated-DNA were immobilized on the surface of
the electrode. One was the typical ECPA thio-DNA (G5, G7, and G10), which binds with the
AB1-oligomer with 20 bp. The other one has an intermediate polyethylene glycol, show in
Table: 2.5. This PEG-thio binds with both MB-DNA and AB2-oligomer with 10 bp, forming
a single branched DNA complex as shown in Figure 2.9. Based on the design, the formation
of the complex was possible only in the presence three DNAs, whereas the binding between
any two was weaker and could be removed by rinsing, this was to eliminate false positive
signal. In the absence of target, the methylene blue is held far from the surface, giving low
background. When the target was introduced due to proximity effect, the MB-DNA binds with
the thio-DNA (G5, G7, or G10) and makes the methylene blue closer to the surface, which
results in increase in signal proportional to target. Since both the antibodies were on the sur-

face, this method should be helpful for real-time measurement of hormone secretion from cells.
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Figure 2.9: Surface Confined ECPA model: Both the AB are placed on the surface of the electrode
through atrong hybridization

Protocol followed for scECPA experiment

The electrodes were cleaned by the protocol mentioned in Section: 2.3.1. The same immobi-
lization protocol was followed as mentioned in Section: 2.3.1, but in this case two thiolated-
DNA (thio-DNA and PEG-DNA) of 1.25 uM was used and incubated for an hour. Once the
electrodes were ready, they were incubated overnight in buffer containing 100 nM Abl, 100
nM Ab2, and 100 nM MB-DNA in room temperature. Later, the electrode was rinsed with
water, then the background complex current was measured. Followed by incubation of target
for 90 minutes at 37 °C, the signal complex measurement was done. The change in the signal

was plotted.

2.4 Result and discussion
2.4.1 Optimizing SWV frequency and pulse height

As described in Chapter 1, the SWV measurement process is some what more complicated

compared to other types of voltammetry. Since SWV involves a fast transition of voltage and
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Sequence Name | Abbreviation DNA Sequence listed 5°-3’

scECPA-MB scMB-DNA TTG UTA TTG UCC TTU TCC UAT CTC TCA
CAC GUC ACC AUG C/MB-C7/

PEG-Thio-DNA | PEG-DNA /5ThioMC6-D/  AAA  AAA  AAA A
/iSp18/iSp18/iSp18/ CCA CCC TCC TAC AAT
AAC AA

Table 2.5: DNA sequence used for scECPA
/MB-C7/= Methylene Blue (Biosearch), /iSp18/= PEG spacer (IDT)

measurement, proper instrumental parameters should be carefully evaluated and used. This is
explained more elaborately in Section: 2.4.6. In our original optimization of the SWV param-
eters discussed here, the default instrument setup was used. These default settings included a
RC filter for reduction of noise and smoothing of signal. While the noise reduction is certainly
effective, this RC filter can cause inconsistencies in the potentiostats function, which will be

discussed later in Section: 2.4.6.

From the graph in Figure 2.10, we initially concluded that 75 Hz and 90 mV are optimal
parameters for ECPA under these instrument settings, thus these parameters were used in leptin
ECPA and initial tsECPA experiments. In the case of frequency optimization (Figure 2.10A),
the signal was increasing as frequency increased, and it reached a maximum at 75 Hz, above
which the signal decreased. The increase from 40 to 75 Hz can be attributed to the typical
SWYV response for surface-confined redox reporters ( [84]). The decrease toward zero current
at frequencies greater than 75 Hz is likely a result of the in-line RC filter smoothing the input
voltage pulses, which will be discussed later. The pulse-height dependence in (Figure 2.10B)
shows that signal can be increased with pulse heights up to 90 mV, which gives a nearly 40%

improvement in current compared to our previous work (50 mV).
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Figure 2.10: Optimization of SWYV frequency and peak height: A) shows the frequency response; B)
Pulse height response.

2.4.2 Quantification of Leptin by ECPA

ECPA is a generalizable assay; if a target molecule has two capturing probes like aptamers
or antibodies that bind to two distinct epitopes, it should be quantifiable using ECPA. Earlier
research work from our group proved the system functional with thrombin and insulin, each
of which have two aptamers or antibodies, respectively. Here, preliminary experiments show
that ECPA 1is also responsive to leptin, a hormone synthesized in adipose tissue which helps in
energy regulation and is sometimes referred to as the hunger hormone. Figure 2.11A shows the
baseline corrected SWV output of leptin ECPA. A clear increase in signal with concentration
was observed, with 125 pM as lowest measured concentration. Figure 2.11B shows the cali-
bration curve of leptin ECPA, in which integrated signal is plotted against the concentration of
leptin. The integrated signal has a non-linear response to the concentration, as expected. This
result shows an additional application of ECPA, although additional experiments and optimiza-

tion should be done to determine the LOD and apply to hormone secretion from fat cells.

2.4.3 Probe density

DNA probe density on the surface of the electrode plays a crucial role in electrochemical DNA
based sensors [66]. The kinetics of DNA hybridization, protein, and small molecule binding
to a DNA/aptamer on the surface of the electrode depends on probe density [85]. Lower probe

density can result in lower signal due to lack of capture probes, and larger probe density can
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Figure 2.11: Leptin ECPA: A) SWV output (baseline corrected) of the different concentration of leptin;
B) Calibration cure of leptin

result in steric hindrance [73]. Plaxco, et al. compared their cocaine and thrombin aptamer sen-
sors and the effect of the changing thiolated-DNA concentration, which resulted in differences
in capture probe packing density. In addition, they conducted a kinetic study in both these
cases, concluded that lower packing density is optimal for cocaine, while for thrombin the in-
termediate density is preferred [66]. Thus, it can be concluded that optimizing probe density
is an essential step in improving assay performance. From the plot of integrated signal versus
concentration of thio-DNA (Figure 2.12), we observed an optimal thio-DNA concentration of

1.25 uM for ECPA electrode preparation.

2.4.4 Insulin quantification in murine serum with reusable ECPA

To verify the suitability of reusable ECPA for clinical measurements, insulin was initially quan-
tified in murine serum using standard addition methodology. Murine serum samples were col-
lected in house, diluted 20-fold, and used as the sample for insulin quantification by reusable
ECPA. The samples were kept on ice during the entirety of the experiment to prevent probe
degradation from DNAses. By using the standard addition method, insulin concentrations were
back- calculated as 120 and 140 pM for two different samples, which fell within previously pub-
lished insulin serum values 113.8 pM + 31.2 pM. These results show that ECPA is a promising

approach for selective insulin quantification in serum, which could be useful for adapting to
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diabetic blood monitoring devices such as glucose meters or insulin pumps.
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Figure 2.13: ECPA standard addition measurment in murine seruminsulin quantification in unspiked
serum fromtwo different C57Bl/6 mice was accomplished [36].
Reprinted with permission Copyright ©(2014) American Chemical Society

2.4.5 tsECPA for insulin measurement in undiluted human serum without spiking

Proximity assays were explained in Chapter 1, where the stability of DNA hybridization is in-

creased by the proximity effect in the presence of target molecules. The stability of the DNA
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hybridized complex can also be viewed from the perspective of DNA melting. If the DNA hy-
bridization is stronger, additional energy is needed to melt or dissociate the complex, meaning
that the target-containing complex should have a higher melting temperature (T,,). If so, when
the temperature is increased, the background complex would melt first, followed by the signal
complex. To test this hypothesis, we designed a thermal scanning electrochemical cell using
Peltier heating/cooling (shown in Figure 2.8). SWV current was measured as the temperature
was slowly scanned from 15 °C to 35 °C. In the derivative plots (-dS/dT), as predicted, the
background and signal melting was clearly distinguished by two separate peaks. Figure 2.14
A shows the measurement of standard insulin solutions of 0, 0.1, and 10 nM concentrations.
The 0 nM data only showed the background melting peak at 23 °C, but in the case of 0.1 and
10 nM, the signal melting peak was observed at higher temperature. Moreover, the peak area
of the signal melting peak depended on the concentration of the target, which is obvious in

comparing the 10 and 0.1 nM data sets.
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Figure 2.14: Thermal Scanning ECPA of insulin sample and undiluted human serum: A) background
and two concentration of insulin differential curves are plotted against temperature, at higher temper-
ature in presence of insulin there is an obvious peak proportional to the concentration of insulin. B)
Blank and four different undiluted, unspiked human insulin samples are plotted, all sample shows the
peak at higher temperature which prove the stability of the method in serum sample.

To evaluate the capability of tsECPA to measure insulin in serum samples, the method was

then applied to undiluted human serum, this time with no spiking of standard insulin. Figure
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2.14B shows the derivative curve of four different samples. The signal peak at higher temper-
ature was observed in all four samples, and the peak area as similar to the 0.1 nM curve in the
standard insulin measurement. This shows that there is no loss of sensitivity of the method in
biological matrix, which is not the case of many DNA driven assay. Not only is the pretreat-
ment step removed, due the sensitivity of the assay the standard addition is also elimination.

These add benefic by reduction of the sample volume needed.

In case of many DNA driven assay, the measurement of the target in raw serum is chal-
lenging due to the background noise and instability by DNAase. So, the sample should be
pretreated, which may result in erroneous quantification due to loss of target. In addition to
that pretreatment of samples hinders the methodology form being POC. The above result sup-

port that ECPA can be a POC method.

2.4.6 Refined instrument parameters for SWV

As mentioned earlier, in a SWV cycle, the potential is pulsed very fast, and the current mea-
surement is made after a specified time delay (which is decided by the frequency used). This is
accomplished during forward and reverse voltage pulses. In one SWV run, hundreds of pulse
cycles are done at a fast pace (~500 cycles in a typical experiment here). Needless to say, the
potential should be very precisely controlled to accomplish SWYV, and commercially available
potentiostat designs have provided researchers with exquisite control over voltage to do so. In
addition, companies often provide a dummy cell with the potentiostat, which helps in calibrat-

ing and cross-checking of the instrument by users.

In case of ECPA or any other measurement leveraging a self-assembled monolayer, we
show here that properties of the monolayer can, in fact, influence the input voltages from the
potentiostat, especially in case of SWV. As such, users should always be aware of the effects
of varying each instrumental parameter for their particular measurement system. Figure 2.15

shows an outline of the circuit model for the Gamry Reference 600 potentiostat used in our
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work. With this instrument, other than the obvious SWV parameters (pulse height, frequency,
voltage range), there are three other important parameters that must be carefully evaluated. The
parameters termed CA speed, Max current (R,,), and IE stability can influence the potentiostats
function during SWV. The CA speed parameter defines a capacitor across the counter elec-
trode. The R,, value defines a resistor in the working electrode circuit through which current is

measured by operational amplifiers. The IE stability parameter defines a capacitor parallel to

Rn.
SIG_GEMN } = =t B e A e Ao e e PFIR DAC
(from Control Bd.) __n__
pead Locul
Feadbaock
Bias DAC b — o ﬂ :
Bipalar
Cunlr\ol Amp HD_SFEI
EU%‘“" switch
|
-I
E.568 —Call
T Relay
Counter
Sealing Reference
a1 or :-:B.?\i Cell
<} [ bz Butter
(to Control Bd) 1 / Working
. 4 Working
Esig Sanse (tc- Control Bd)
o
= Differential R 1~ iEStas
Tx Amp @.2 Ohm A~ 50 pF — H.z Buffer Isig
te 2 GOhm 1 wF I BNC
D |_ / ¥ =F.S.
= Diffarantiol
Gain Amp

Figure 2.15: Circuit of Reference 600 instrument

In the Gamry Reference 600, the R, value (despite the name) actually defines the max-
imum measurable current, with units of mA. Since the analog-to-digital converter (ADC) has
fixed resolution (16 bits), lowering the maximum current with this parameter will effectively

increase the sensitivity of the system such that smaller changes in current can be resolved.
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While changes in this setting should not affect the magnitude of Faradaic current measured in
a particular system, we noticed inconsistencies when operating under default settings in the in-
strument. Under the default settings, SWV measurements of MB-DNA bound to thiolated DNA
(G10) showed drastic signal changes upon changing the maximum current, which is shown in
Figure 2.16. Furthermore, the SWV frequency response was observed to be different; with a
0.001 mA range, 75 Hz showed the highest current, yet under the 0.0001 mA range, 50 Hz
showed the highest current response. Clearly, these instrumental settings were creating arti-
facts in SWV current responses of our surface-confined DNA systems. These artifacts were
not observed when using cyclic voltammetry or for SWV across a resistor (dummy cell), which
proves that the instrument was functioning correctly. Presumably, these issues were specific to
our particular assay system, and further experiments were conducted to determine the source(s)

of these errors.
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Figure 2.16: Resolution change in potentiostat: Changing the potentiostat resolution should not change
the signal, but we observer a drastic change not only in the signal but also on the frequecy responce. A)
The SWV out put of 50, 60, and 75 Hz at 0.001 mA range B) Same experiments on A) done with higher
resolution 0.0001 mA.

For any analytical system, it is crucial to ensure that software-programmed values are ef-
fectively translated into the instrument and the experiment. During an extensive evaluation of
the SWV system, we checked whether the input potential and the actual measured potential

correlated under default settings. Fortunately, the Gamry Reference 600 provides a readout of
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Vi and V., voltages which the potentiostat is tasked to maintain while the SWV current mea-
surements are made. Here, the difference of V-V, was calculated manually to find the pulse
height, and this result is plotted against the V. Figure 2.17A shows the pulse height at dif-
ferent frequencies (5 Hz 125 Hz). Shockingly, the potentiostat-controlled pulse height did not
match with the input parameter (50 mV), and there was a drastic change in the pulse height with
SWYV frequency. In addition to this problemor perhaps one consequence of this problemwe ob-
served a shift in pulse height at the redox signaling region for methylene blue (observed only
when MB-DNA was present). There was clearly an instability in the potentiostat-controlled
potential when SWV measurements were done in the presence of the DNA monolayer under
the default SWV settings of the instrument. Figure: 2.17B shows the pulse height artifact ob-
served at various frequencies, where the potentiostat was functioning correctly (holding at 50
mV) through 25 Hz but erroneously between 30 and 150 Hz. It is also important to note that
this increasing pulse height results in an increase of both faradaic and capacitance currents (see
Figure 2.17A), such that our previous interpretation of optimal frequency at 75 Hz (see Figure

2.10A) was likely an artifact of these instrumental settings.
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Figure 2.17: Applied pulse height and frequency: Pulse height is seen to vary with the frequency, A)
On plotting Average V-V, vs SWV Hz we can see the peak height is not similar to input, its changing
with frequency, and it looks similar to the optimal frequency study in Figure: 2.10 B) Peak heigth chage
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We hypothesized that the increased capacitance current from the highly charged DNA
monolayers was incompatible with the potentiostats default circuit capacitances in SWV mode.
Thus, we altered the CA speed and IE stability capacitor values. These capacitors normally help
in reducing the environmental noise, such that larger capacitors are preferred and used in de-
fault settings for analysis of simpler systems. From our results above, we conclude that SWV
measurements for more intricate systems like DNA monolayers obviously should be done using
lower capacitor values. Indeed, we observed the potentiostat to function as expected under the
fastest CA speed and IE stability settings. The G10 DNA baseline (in the absence of MB-DNA)
and its hybridization with MB-DNA (signal) was measured with different pulse heights using
SWYV frequencies between 20 and 200 Hz. The pulse height was plotted against peak height,
as shown in Figure 2.18A. Later we confirmed that the peak height or signal did not change
upon varying the measurement range (R,,), as shown in Figure 2.18B. The lesson learned from
these results is that SWV experiments with DNA monolayers using the Gamry Reference 600
potentiostat should be done with advanced settings, not under default SWV settings. Obvi-
ously, the companys goal was to make a user friendly instrument and to remove interfering and
environmental noise effectively. However, with exploratory research, it is of utter importance
to be mindful of advanced settings and their impacts on measurements. All the following ex-

periments were done with these new advanced settings.
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Figure 2.18: Peak height and resolution after fixing the instrument: A) Average V-V, vs SWV Hz
shows the input and output are same; B) there is no change in peak height due to resolution change.
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2.4.7 tsECPA of insulin with modified parameters

The new settings with optimized instrumental RC constants were applied to thermal scanning
ECPA (tsECPA). In these experiments, tSECPA was done using a gold electrode of 2 mm x 1
mm dimensions, made on microscopic slides sputtered on glass (GoG, gold on glass). The ben-
efit of using GoG is that the glass is placed on the Peltier temperature controller, which allows
thermal equilibrium of the electrode to be reached faster and facilitates more efficient scanning
for tsECPA. Figure 2.19 shows the SWV response at 100 Hz for four different concentrations

of insulin, scanned from 15 to 70 °C.
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Figure 2.19: Thermal scanning ECPA with new setup: (A)Peak height is plotted against the temper-
ature, intialy there is decrease in signal at lower temperature which is considered due to background
melting, later there is increase in signal propotional to the concentration of the standard insulin used.(B)
the derivative curve of the tsECPA is shown, (C) Calibration of insulin in tsECPA: The Peak height at
56 °C is plotted against the concentration of the insulin in a log-log plot. This proves that tsECPA can
be used for quantification of insulin.
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As the temperature was increased from 15 °C, a gradual decrease in peak height was ob-
served through 70 °C for the 0 nM control and through 30 °C for insulin samples. The rate of
increase after 30 °C was proportional to the concentration of insulin. Between 55 and 60 °C
the signal reached the highest point (except for 0 nM) then decreased at higher temperatures.
The initial drop in the signal is likely due to background complexes melting, while the later in-
crease in signal is likely due to the temperature enhancement of electrochemical reaction rate.
This effect is explained in further detail in Chapters 3, 4, and 5. The error bars in Figure 2.19
represent the standard deviation of measurements on 4 separate electrodes. In Figure 2.19C,
the peak height at 56 °C was extracted and plotted against the log of concentration of insulin,

showing a proportional response.

This result shows multiple positive sign 1) tsECPA has improved sensitivity compared to
ECPA (comparing peak height to our previous work); 2) by the help of temperature controller
the discrepancy between the electrodes are minimized (we can observe slight change in the
temperature result in signal change); 3) it also help in improving signal to background ratio by
melting the background complex; 4) in DNA-based electrochemical assay temperature can be

used as an amplification factor.

2.4.8 Surface confined ECPA

Our proposed surface confined ECPA (scECPA) is a model system for real time measurement
of protein, especially in the study of hormones secreted by tissues. The schematic was shown
in Figure 2.9. In this case, both the antibodies were intentionally bound to the surface, with
AB2 and methylene blue designed to be distant from each other on average, making the electro-
chemical signal lower. In theory, the introduction of insulin pulls the AB2-MB-DNA complex
closer to the surface, resulting in the binding of thio-DNA and MB-DNA due to the proximity
effect. Our hypothesis was that the rate of increase in the signal should be proportional to the

concentration of the insulin introduced or flowing over the electrode. By derivation, the insulin
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secretion could be effectively studied at higher temporal resolution.
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Figure 2.20: scECPA signal output: Cycles of scECPA shows that there is no signal change by insulin.

Figure 2.20 shows the response of the scECPA system, where each cycle represent 20
minutes of incubation time in the sample. Sample concentration is noted through arrows. The
response was not as expected, and there was no signal change observed as a function of con-
centration. At the same time, we observed a significant background current. We believe this
is due to two reasons: 1) in the absence of insulin, the methylene blue is not far enough away
from the surface, which results in an unwanted proximity effect due to the surface of electrode,
and 2) antibodies and MB-DNA are attached to the surface by DNA hybridization, even though
it is stronger, it is in equilibrium so any change in buffer results in shifting the equilibrium
which may have a false positive effect on the output. Considering these drawbacks and also the
improved knowledge in electrochemical signal in the DNA self-assembly platform in Chapter

5, we did not further evaluate the scECPA platform.

2.5 Conclusion

ECPA, a potential POC method, is explained in this chapter and completed studies that can
support the versatility of the method. Leptin is shown to have a good response in ECPA, with
the sample volume of 20 uL.. Measurement in undiluted human serum without spiking is done,
this eliminates the pretreatment of sample in clinical diagnostic, which supports its application

for POC. tsECPA results gives as a better understanding in surface confined DNA-driven assay,
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which helps in increasing the sensitivity by increase in signal to noise ration. Most importantly,
the importance of instrumentation and the effect of DNA-monolayer in the feedback control of

the potentiostat is explained.
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Chapter 3

Diffusion layer and Double layer in Electrochemical DNA Assays

3.1 Introduction

This chapter focuses on work done in our laboratory to improve our understanding of the dis-
tance dependence of square-wave voltammetry (SWV) current from a redox moiety on DNA
during its hybridization on the surface of an electrode. Huang and White [86] explained the
electrochemical kinetic change by the distance of a surface-tethered redox moiety and devel-
oped a random walk mathematical model which was corroborated with cyclic-voltammetric
(CV) experimental results. This random-walk model views the surface confined redox moiety
as being locked into an imaginary hemisphere, which is shown in the Figure 3.1. The authors
altered the length of the tether (5—-20 nm) then simulated and measured current at various scan
rates. They showed that the electrochemical diffusion layer thickness and the length of the teth-
ered linker play crucial roles in the electron transfer rate of the redox molecule. The general
rule is that the redox molecule acts as an adsorbed species until the diffusion layer thickness
(Diffusion layer = (2Dt)"?) is approximately 10 times the length of the tether linker. This study
showed that SWV frequency is an important parameter in our studies, since the frequency de-
termines the scan rate of the experiment. Similarly, we know that SWV is not a continuous
measurement. The Plaxco group [49], in their earlier work with SWV, compared many E-DNA
and E-aptamer sensors and showed that Signal-OFF sensors can sometimes be changed into
Signal-ON sensors by changing the SWV frequency. Generally, an understanding of the fre-
quency response of the sensing complex helps in developing and optimizing any DNA-driven

electrochemical sensor.
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Figure 3.1: Random walk model: Methylene blue tagged to the DNA acts as a tether molecule, with
the length of the DNA being the radius of the hemispherical region which is the diffusional region of
methylene blue [86]

Reprinted with permission Copyright ©(2013) American Chemical Society.

Like ECPA (see Chapter 2), many DNA-driven electrochemical assays involve DNA hy-
bridization on the electrode surface [44,55,73,76,79-81]. The kinetics and thermodynamics of
surface DNA hybridization is different from that of the solution-phase [87], because it involves
diffusion of one or more of the reactants to the surface, while another reactant on the surface is
highly dense and essentially multivalent. In addition to this, the abundance of surface charges
would likely have an effect on hybridization of the DNA due to its negative charge [88]. Under-
standing the hybridization kinetics is essential for optimizing the sensitivity of such sensors, es-

pecially for sensors with lower hybridization energies (< 10 bp) as in the case of ECPA [35,36].

The first part of this chapter focuses on a distance-dependent sensing. Our hypothesis is
that as the redox moiety is placed for away with respect to the surface of the electrode, there
will ba a drop in the signal in higher frequency but an increase in lower frequency. The sec-
ond part of this chapter on the hybridization kinetics in such sensors and the contributions of
hybridization location with respect to the electrode surface. Our hypothesis on this part is that
the double layer of the surface hinders the hybridization very close to the surface. To validate
our hypothesis, we altered the double layer by changing the concentration of the salt and stud-
ied the hybridization kinetics. Toehold-mediated DNA strand displacement on the surface is

also studied for further support. Overall, the studies in this chapter shed additional light on the
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importance of the electrochemical diffusion layer and the ionic double layer in electrochemical

assays leveraging DNA hybridization.

3.2 Regent and materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The follow-

ing regents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

and sodium percholorate (NaClO,) from Alfa Aeser, tris-(2-carboxyethyl) phosphine hydrochlo-

ride (TCEP) from Sigma-Aldrich (St.Louis, MO). Methylene blue-conjugated DNA (MB-

DNA) was purchased from Biosearch Technologies(Novato, CA), purified by RP-HPLC. All

other oligonucleotides were obtained from Integrated DNA Technologies (IDT; Coralville, IA).

Table: 3.2 gives the sequences of all the DNA used in this chapter.

DNA

Sequence Name | Abbreviation | DNA Sequence listed 5°-3’

OA-Thiolated /5ThioMC6-D/GCA TGG TGA CAT TTT TCG TTC GTT
DNA oA AGG GTT CAA ATC CGC G

1A-Thiolated /5ThioMC6-D/AGC ATG GTG ACATTT TTC GTT CGT
DNA A TAG GGT TCA AAT CCG C

2A-Thiolated /5ThioMC6-D/AAG CAT GGT GAC ATT TTT CGT TCG
DNA A TTA GGG TTC AAA TCC G

3A-Thiolated /5ThioMC6-D/AAA GCA TGG TGA CAT TTT TCG TTC
DNA A GTT AGG GTT CAA ATC C

4A-Thiolated /5ThioMC6-D/AAA AGC ATG GTG ACATTT TTC GTT
DNA A CGT TAG GGT TCA AAT C

5A-Thiolated /5ThioMC6-D/AAA AAG CAT GGT GAC ATT TTT CGT
DNA A TCG TTA GGG TTC AAA T

6A-Thiolated oA /SThioMC6-D/AAA AAA GCA TGG TGA CAT TTT

TCG TTC GTT AGG GTT CAA A
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7A-Thiolated

/5ThioMC6-D/AAA AAA AGC ATG GTG ACA TTT

DNA " TTC GTT CGT TAG GGT TCA A
9A-Thiolated /SThioMC6-D/AAA AAA AAA GCA TGG TGA CAT
DNA oA TTT TCG TTC GTT AGG GTT C
11A-Thiolated /SThioMC6-D/AAA AAA AAA AAG CAT GGT GAC
DNA Ha ATT TTT CGT TCG TTA GGG T
14A-Thiolated /SThioMC6-D/AAA AAA AAA AAA AAG CAT GGT
DNA A GAC ATTTTT CGT TCG TTA G
19A-Thiolated /SThioMC6-D/AAA AAA AAA AAA AAA AAA AGC
DNA oA ATG GTG ACATTT TTC GTT C

CCA CCCTCCTCCTTT TCC TAT CTC TCC CTC GUC
MB-10bp DNA MB10

ACC AUG C/MB-C7/

CGC GGA TTT GAA CCC TAA CGA ACG AAA AAT
MB-40bp DNA MB40

GTC ACC ATG C/MB-C7/
Competitor- 33 CGC GGA TTT GAA CCC TAA CGA ACG AAA AAT
bp- upper U GTC
Competitor- 33 33 TTG AAC CCT AAC GAA CGA AAA ATG TCA CCA

bp- lower

TGC

Table 3.1: DNA sequence used for Distance dependence and salt concentration study
/5ThioMC6-D/ = Dithiol attachment (IDT), /MB-C7/= Methylene Blue (Biosearch)

3.3 Experimental methods

3.3.1 Electrode preparation and DNA SAM

The electrodes were cleaned mechanically and electrochemically followed by formation of

the DNA SAM and filling the unreacted regions with filler mercarptohexanol molecule as ex-

plained in Section 2.3.1. All electrochemical measurements were performed using a Gamry
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Reference 600 electrochemistry workstation with a standard three-electrode system, composed
of Ag/AgCl (3 M KCl) reference electrode (BASi), platinum wire (CH instruments) as the
counter electrode, and 2-mm diameter disk gold electrode (CH instruments). Table: 3.2 shows

the SWV parameters used.

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

Step size E; 1 mV

Pulse height E, 50 mV
Frequency SWV-Hz | 1to 1000 Hz

Table 3.2: SWV parameters for diffusion and doble layer study

3.3.2 Distance of methylene blue redox moiety

One aim was to elucidate the effect of distance on electrochemical signal. Twelve different
thiolated DNA were used (0A, 1A, 2A, 3A, 4A, 5A, 6A, 7A, 9A, 11A, 14A, and 19A). The
distances are represented in units of nucleotides (adenine to be specific), since DNA synthesis
was used to control the length. Once the electrodes were ready, they were each incubated in
500 pL of 100 nM MB10 DNA in 10 mM HEPES and 0.5 M NaClO, buffer overnight (16
hrs). After incubation, the SWV measurement was done in the same solution using nineteen

different SWV frequencies between 1 Hz and 1000 Hz.

3.3.3 Electrochemical Kkinetics calculation

To find the critical reaction time, we followed the procedure explained by Lovric et.al [89].
Briefly, the peak height was divided by the SWV frequency (i /fswy) and normalized to the
highest values of this set and plotted against 1/fswy. The time which corresponds to the peak

point of this data defined the critical electrochemical reaction time. If the value was lower, it
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shows the electrochemical rate was faster.

3.3.4 Hybridization kinetics on the electrode surface

Thiolated DNAs 0A, 1A, 2A, 3A, 4A, 5A, 6A, and 7A were used for this study. Once the
electrode was ready to use, 500 pL. of 100 nM MB10 DNA in HEPES buffer was introduced
into the electrochemical cell. The reference and counter electrodes were immersed, and SWV
at 100 Hz was very quickly measured as soon as the working electrode was introduced into the
solution for the zero time measurement. Following this, SWV was done every 5 minutes for

125 minutes.

3.3.5 DNA Strand displacement on surface

To study the effects of surface double layer on DNA hybridization kinetics, a toehold-mediated
DNA strand displacement reaction was measured in cases where the distance of the strand dis-
placement event (toehold location) from the electrode was varied. 4A and OA thio-DNA was
used with the MB40 signaling strand in the presence of C-33U (upper toehold) and C-33L
(lower toehold). Once the electrode was ready with the SAM of DNA, it was incubated in 300
uL of HEPES/NaClO, containing 500 nM of either C-33U or C-33L for 24 hours at room tem-
perature. Later, the electrodes were rinsed to remove excess physically adsorbed competitor
on the sensor surface and introduced into the electrochemical cell containing 500 uL. of HEP-
ES/NaClO4 buffer with 100 nM MB40 DNA. The hybridization kinetics study was done as

explained above.

3.4 Result and discussion
3.4.1 Understanding SWYV signal from measuring layer perspective

SWYV is one of the pulse voltammetry techniques which was developed for effective reduc-

tion of capacitance current in measurement. So, the high signal-to-noise ratio that is achieved
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helps in increasing the sensitivity of the measurement. In electrochemical DNA and aptamer
sensors, SWV is used to distinguish the DNA bound to target from unbound DNA. In other
words, signal is differentiated from background, in which both signal and background have the
same redox moiety. Others have shown that the electron transfer rate is changed due to target
binding [49], which results in either gain or loss of signal proportional to the concentration of
target. In this work, we controlled the distance between the electrode surface and the redox

moiety and explained the electrochemical reaction rate from the perspective of the measuring
A
Lower Frequency
Higher Frequency
Au
Lower Frequency
Higher Frequency
Au

Figure 3.2: SWV signal from measuring distance perspective If the MB is attached closer to the surface
the signal at lower frequency is very low due to the absence of MB in that range. In case of MB with
long tether the possibility of the MB present at lower frequency range is feasible. This also show why
signal is lower at higher frequency in long tethered MB.

layer.

Twelve different 40-nucleotide thiolated-DNAs were used in this work, and the same con-
centration and protocols were used. Due to same length and concentration of thiolated-DNA,
similar probe density should be achieved. In all experiments MB10 methylene blue DNA was
used, which binds with the thiolated DNAs via 10 base pairs. Since hybridization energy is

same, the concentration of MB-DNA hybridized on the surface should be about the same in all
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cases, but the distance between the methylene blue redox moiety and the electrode surface was
varied. Figure 3.2 shows a simple representation of the measuring distance model. The gray
and blue regions show where lower and higher SWV frequencies measure, respectively. Figure
3.2A shows the scenario of MB-DNA hybridized closer to the surface. We can observe that
there are no molecules available in the lower frequency region, since at low SWV frequency
these molecules have already participated in electron transfer with the electrode prior to current
readout. On the contrary, when MB-DNA is hybridized far away from the surface, due to the
flexibility of the DNA, the methylene blue diffusion range is extended, and some molecules are
still available for electron transfer at the later measurement time (low frequency). This results
in lower SWV frequency having measurable signal, as shown in Figure 3.2B. Since the con-
centration of methylene blue is same in both the case, we are expecting the signal to change
as mentioned earlier. This measuring layer depends on the diffusion of the molecule, so in
this experiment the final complex molecular weights are similar, and measurement is done at
uniform temperature (25°C). The effect of changes in temperature and molecular weight are

explained in Chapters 4 and 5, respectively.
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Figure 3.3: Peak height change due to distance of redox moiety: From 0A to 4A the signal is observed
to increase shown in A and B, later as distance increases there is a drastic drop in the peak height
current in higher frequency.

Figure 3.3 shows the graph of peak

height plotted against SWV frequency. Sur- T

prisingly, the peak height for higher frequen- 8o

cies increased somewhat as we moved the %6-0“0‘“'

methylene blue from the surface until the 4A % 4.0x10°

length, which is shown in Figure: 3.3A and ) oo

B. Later, as we expected, the peak height de- |

creased as we moved the MB further away " 2 4 6 d 10

Square -wave Voltammetry frequency (Hz)
from the surface, shown in Figure: 3.3 B,C,

and D. An excerpt of some thiolated DNA Figure 3.4: Peak height S.hlft af‘ lower fr.equ.enczes:
At lower frequency there is an increase in signal as

peak heights for small SWV frequencies (1- the redox moiety is moved away from the surface,

which is shown in the picture by comparing peak
10 Hz) are shown in Figure: 3.4, and this height of 1-10 Hz for four different distance.
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shows an increase in peak height with the dis-

tance, in agreement with our hypothesis. This signal change due to the distance is convention-
ally explained as the change in electrochemical kinetics. So, with these data points we cal-
culated the critical frequency by following the method by Lovric et al [89], which could give

more insight into the unexpected increase in the signal at higher frequencies from OA to 4A.
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3.4.2 Electrochemical rate change due to distance

From the above experiment the i,/fswy was calculated, normal-
ized, and plotted against the 1/fswy. In this graph the time at
which the highest point corresponds is its critical reaction time.
On comparing two different experiments on this graph, the ex-
periment or setup with lower time has the faster kinetics. So, the
experiment or setup with faster kinetics have higher peak current
in higher SWV frequency measurements and lower peak current
with lower SWV frequency measurements. Figure: 3.5 shows
the kinetic graph of all twelve experiments. It starts with OA at
the bottom and the other graphs are offset for clarity. The OA ob-
viously had the longest critical time 0.015 s, as the distance be-
tween the surface and the methylene blue increases the rate gets
slower making the critical time larger. The lowest frequency we
measured is 1 Hz which corresponds to 1 s in the graph. The 14A
and 19A are slow enough that the critical time is larger than the
range used. Since the graph is a normalized, we can only con-
clude that the critical time is >1 s. This electrochemical kinetic
results fits our expectation of faster reactions at closer distances,
even at the lower distances (0A—4A) that had shown discrepan-
cies in the peak height (see above). In other words, the critical
time for OA is smaller than that of 4A, which should theoretically
result in higher peak height at higher frequencies. However, as

shown in Figure 3.3A-B, the largest currents were observed with

; 19nt
Electrochemical critical time

gets larger as
the methylene blue is

moved far from surface Ll

11nt

Int

8nt

7nt

6nt

Normalized ip/fswv

5nt

4nt

A -
2nt
1nt

1 N 2 0ont

Figure 3.5: Electrochemical
kinetics change by distance of
methylene blue: At 0 nt the
critical time is smaller as we
increase the distance the crit-
ical time gets larger and 19 nt
time is outside the range.

the 4A spacer. Although this was initially confusing, we hypothesized that the increasing sig-

nal from OA to 4A is due to some surface-dependent hindrance of DNA hybridization at the

electrode. In other words, we believe this is due to double layer on the surface of the electrode,
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which is explored further in experiments in Section: 3.4.4.

3.4.3 Diffusion layer effect

A) Q)
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Diffusion
Layer \
Au

Adsorbed Response
Current a fow

Au

Diffusion Limited

B) Current oV fow D)

1.40E-06 1.20E-07

6A
R?=10.9967

1.20E-06
9.00E-08

1.00E-06
6A

R? = 0.9986

9A
R*=0.9704,

8.00E-07
6.00E-08

ipea (A)
ipeak (A)

9A
6.00E-07 R*=0.9962

14A

14A
R*=0.9767

4.00E-07 R>=10.9904

3.00E-08

2.00E-07 19A

R? = 0.9952

. 19A
MR‘ =0.9244
0.00E+00

0 5 10 15 20 25 30 35 0 2 4 6 8 10
[Square Wave Voltammatry Frequency (Hz)]'? Square Wave Voltammatry Frequency (Hz)

12

Figure 3.6: Diffusion layer and SWV response :A) Longer linker make the methylene blue far from
the diffusion layer at higher frequency, B) the SWV peak height is plotted against the square-root of
the frequency for four different length (6A, 9A, 14A and 19A) and the response is fitted with linear
equation. This shows that these complex acts as a diffusion limited. C) At lower frequency the diffusion
layer is larger which make even the longer tethered molecule act as an adsorbed species, D) shows the
response of SWV peak height plotted against the SWV frequency for the sample length, the fitting with
linear equation proves that these molecules act as adsorbed species.

A) and C) are not drawn in scale, R2 value based of the average of the three independent electrodes.
Error bars are not shown for clarity.

A redox molecule present in the electrochemical diffusion layer acts as an adsorbed molecule,
where the current increases linearly with the scan rate (mV s!). A redox molecule which is
far from the diffusion layer needs to diffuse from the bulk solution to get oxidized or reduced,

therefore this molecule will give diffusion limited signal where current increases linearly with
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square root of scan rate. Huang and White [86] observed that a molecule acts as an adsorbed
species until the diffusion layer is about 10 times larger than tethered length. In longer tether

lengths, the molecules acts as diffusion limited.

The parameter of SWV frequency is not only responsible for the measuring time but also
the scan rate. So instead of cyclic voltammetry scan rate, we used SWV frequency as scan rate
and compared our peak height response of different lengths. We observed a similar result to
the random walk model. Figure 3.6A portrays the electrochemical diffusion layer thickness at
higher frequency with long distance MB-DNA, and this complex should respond like diffusion
limited species. Figure 3.6B shows the plot of peak height versus square root of square wave
voltammetry frequency for four different long lengths of DNA. As expected, in all the four
cases the signal is linear at higher frequency with square root of frequency. Similaraly, the low
square wave frequency data with shorter distance of MB-DNA are shown in Figure 3.6C. The
plot in Figure 3.6D shows that at lower frequency even the longer lengths of DNA can act as a

surface bound species, as the electrochemical diffusion layer is larger at low SWV frequencies.

3.4.4 Double layer effect and hybridization Kinetics

To elucidate the initial increase in the signal as we placed the redox-moiety far away from the
surface of the electrode, here we have attempted to explain these results with hybridization ki-
netics. For this, we chose eight thiolated-DNAs (0A to7A), which places the methylene blue
at varying distances (unit in nt) mentioned in the name of the nucleotide. Earlier, for the elec-
trochemical kinetics experiments, we measured signal after reaching hybridization equilibrium
(overnight incubation) to avoid discrepancies from any slow (few hours) hybridization kinetics.
However, in this experiment, the measurement was done every six minutes once the MB-DNA
was added. As mentioned earlier the hybridization energy in all the cases is same since it is
the same sequence. As MB-DNA hybridizes to the surface, confined thio-DNA SWYV signal
will increase as this process brings the redox-moiety to the surface. The peak height is similar

and follows the same pattern (increases through 4A then decreases) as we observed in Section
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3.4.1. Our hypothesis is that double layer repulsion effects at the electrode surface will hinder
hybridization of short DNA sequences at locations very close to the electrode. This hypothesis
is described conceptually in Figure 3.7. To test our hypothesis we employed two strategies,
1) change the electric double layer thickness by changing the salt concentration; 2) Evaluate
toehold-mediated strand displacement of DNA where the toehold regions are inside and outside

the double layer.
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Figure 3.7: Hybridization on the surface of electrode : A) the complimentary sequence for of the
MB-DNA is in the double layer region which make the hybridization kinetics slower. B) Since the
complimentary sequence is out the double layer the hybridization is faster compared to A.

A and B are not in scale.

The double layer, or electrical double layer, is the layer of charge that appears on a surface
when it is exposed to fluids. The thickness of the double layer depends on the electrolyte con-
centration and approximately 1.5 !, where ! is the Debye-Huckel length [90]. Figure: 3.7

shows a graphical representation of double layer and hybridization kinetics effect.
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Here € is relative permittivity of the solvent, ¢, is the vacuum permittivity, kis the Boltz-
mann constant, T is the temperature, ¢” is the bulk electrolyte concentration, z; is the ion
charge and e is the elementary charge. We used three different salt concentrations to grad-
ually increase the double layer thickness. The approximate double layer thickness calculated
for NaClO, concentration of 1.0 M, 0.5 M, 0.25 M and 0.125 M is 0.46 nm, 0.65 nm, 0.91 nm,

and 1.29 nm respectively.
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Figure 3.8: Double layer effect on averge hybridization lifetime: The increase in lifetime is observed
as the double layer increased by the decreasing salt concentration. Using a strong binding energy can
overcome the double layer effect which is shown by 40 bp lifetime.

In our typical experiments (above), we used 0.5 M NaClO4. Comparing this with salt con-
centrations of 0.125 M, 0.25 M, and 1 M NaClO,, the double layer thickness will be increased
by ~2-, ~1.4-, and decreased ~1.4-fold respectively. So, we expected the hybridization ki-
netics to decrease for longer poly-A-DNAs in case of 0.125 M and 0.25 M and increase for
shorter poly-A-DNAs for 1 M. In addition to this, we have also compared hybridization kinet-

ics of 40 bp MB-DNA in 0.5 M NaClOy to understand the effect of higher hybridization energy.
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From triplicate experiments we then calculated the average hybridization lifetime. Figure 3.8
shows the average hybridization lifetime of all the above-mentioned conditions plotted against
the distance in nucleiotide (nt) unit. As we expected, at higher salt concentration (1 M) all
poly-A-DNAs have shorter hybridization lifetimes, and at lower salt concentration (0.125 M)
all the poly-A-DNAs have very long hybridization lifetimes. The 40 bp hybridization lifetime
at typical salt concentrations (0.5 M) is similar to the 10 bp at higher salt concentration, which
shows as that for effective surface hybridization, either the double layer thickness should be
minimized by adjusting the electrolyte concentration, or the hybridization energy should be

made stronger to counteract the double layer effect.

Toe hold strand displacement on surface

A C-33U MB-40
Au Au 52 Au 52 Au 52‘
Lower toe hold Toe hold strand displacement L
B
C-33L MB-40
\fast % %
Au o T
Upper toe hold Toe hold strand displacement

Figure 3.9: Toe hold strand displacement on surface: A) The 33 bp competitor binds to the top part
of the thiolated-DNA leaving the 7 bp toehold in the double layer region, The MB-DNA faces the
hindrance of the double layer which make the toehold binding slower. B) Competitor binds to the
bottom and the toehold is far away from double layer which make the displacement reaction faster
without any hindrance.

A and B are not drawn in scale.
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To further test our hypothesis of double layer repulsion on DNA hybridization, we came
up with a second strategy where we investigated the kinetics of toehold-mediated strand dis-
placement reactions. Here, we utilized 40 bp MB-DNA, which displaces a 33 bp competitor
hybridized with OA-DNA and 4A-DNA. We used two competitors, C-33U and C-33L. C-33U
(U stands for upper) binds with the top part of thiolated-DNA, leaving room for a 7 nt toehold
closer to the surface. In case of C-33L (L stands for lower), the 7 nt toehold is left on the other
side of the strand, away from the surface. Figure: 3.9 shows the representation of our model.
In both the cases the DNA binding energies are similar, where the seven nucleotide toehold
will be formed first and push the competitor away due to the higher stability of that complex

compared to the competitor.
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Figure 3.10: Upper toe hold and lower toe hold strand displacement kinetics: Peak Height vs Time
plot to shows the kinetics of the toe hold strand displacement of the 33-bp competitor by 40 bp MB-DNA
A) at OA and at C) 4A. In 4A the upper toe hold and lower toe hold experiment reaches the same peak
height range, but with 0OA there is a huge discrepancy in peak height (the LTH replaces very slowly).
Average hybridization lifetime of 40 bp and 33 base pair toe hold displacement B) at 0A and D) at 4A.
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Figure: 3.10 A and C shows the peak height response with respect to the time for these
systems. In 0A-DNA, obviously the upper toehold (OA-UTH) promotes much faster and higher
yield of hybridization compared to the lower toehold (OA-LTH) displacement reaction (Figure
3.10A). The displacement with lower toehold willnot reach equivalent peak height compared to
the upper toehold, and these results confirm our hypothesis. In the case of the 4A-DNA (Figure
3.10C), in which the lower toehold is spaced further from the double layer effects, both the
displacement reactions reach a similar peak height, even though the lower toehold reaction is
still slower. This supports our hypothesis that the effect of the double layer is less prominent at
longer distance. Note that 0A-DNA generally has higher peak heights that 4A-DNA due to the
distance dependence which we saw in the previous section, 3.4.2. In Figure: 3.10 B and D, we
compare the average hybridization lifetimes of the 40 bp MB-DNA hybridization with OA and
4A-DNA, in presence of competitor strands leaving upper and lower toeholdss; data without
competitor is also shown. 4A-DNA has shorter hybridization lifetimes (faster hybridization
kinetics) without the competitor (M-40) and with the upper toehold competitor (UTH), which
supports our hypothesis. With 0A-DNA and the lower toehold, the reaction seemed to be simi-
lar speed to that of 4A-DNA, but the overall peak height did not reach that of the upper toehold

displacement reaction.

3.5 Conclusion

In this chapter, we have studied the effect of diffusion layer and double layer. We observed
the electrochemical kinetic rate is faster if the redox moiety is present in the diffusion layer,
which acts as an adsorbed species. This is shown by placing the redox molecule precisely at
various distance from electrode surface and comparing its kinetics. We have also altered the
double layer thickness and studied its hindering effect on the surface hybridization. Toe-hold
strand displacement by the DNA within and outside the double layer were done to explore
the hybridization kinetic change. These understandings are very valuable in DNA-sensor de-

velopment and optimization. With this we developed a bistable-switch DNA sensor, which is
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potential POC for short oligonucleotide quantification explained in Chapter 6.
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Chapter 4

Temperature Dependence of SWV Signal and Branched Assay for ssDNA Quantification

4.1 Introduction

In the diagnosis and treatment of genetic diseases, detection of oligonucleotides with high sen-
sitivity and specificity is of central importance [11]. Conventionally this has been accomplished
through optical measurements during melting curve analysis of a polymerase-chain reaction
(PCR) amplified oligonucleotide, where single-base mismatches can be resolved [91]. While
a number of other specialized techniques exist, electrochemical measurement is an appealing
alternative due to its small instrument size, low cost, and ease of handling [11,91]. In one com-
mon format for electrochemical oligonucleotide detection, a DNA/RNA capture probe which
has a redox moiety like ferrocene or methylene blue (MB) is immobilized onto an electrode sur-
face. Introducing the target, which has complimentary sequence to the capture DNA, results in
a conformational change that affects the distance between the redox moiety and the surface and
effectively alters the electron transfer rate to the electrode [44, 62,92-96]. In these protocols
the percentage change in the signal is proportional to the target concentration. Similarly, there
are methods in which the target brings a redox moiety to the surface from bulk solution [76,97],

which makes the signal proportional to the target concentration.

White and coworkers have outlined a theory behind the change in electron-transfer rate by
target-induced conformational change [49, 65, 86,98]. The change in the distance between the
redox moiety and the surface should either change the redox moiety from diffusion-limited to
adsorbed behavior, or vise-versa [86]. In the absence of conformational changes, the rate of col-

lisions of the redox moiety with the electrode surface is changed [49]. Under this mechanism,
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some real-time electrochemical aptamer sensors have been developed using structure switch-
ing aptamers [3, 60, 68]. The Plaxco group has effectively discriminated single-nucleotide
polymorphisms using electrochemical melt curve analysis [99]. Kelly et al. used a masking
DNA template to remove false positives and effectively quantify mutated circulating nucleic
acids [76,97]. A limitation of these mechanisms is that the target should result in effective
change in the electron-transfer rate, or an effective masking method of false positive DNA

should be used.

In this work, we have amended methodology used in our prior studies of signal and back-
ground in homogeneous fluorescence assays [100] and adapted the approach to study DNA-
driven electrochemical assays. A customized system is designed to allow precise control of
both temperature and square-wave voltammetry (SWV) frequency while experimentally vary-
ing DNA hybridization energies at the electrode surface. We demonstrate that high temperature
not only weakens the background complexes in target-induced DNA hybridization on surface,
but it also contributes to the appreciation of the analytical signal by increasing electron-transfer
rates. This approach at amplifying electrochemical signal while reducing target-independent
DNA hybridization using temperature control should be applicable to a variety of other sys-
tems utilizing electrochemical-DNA (E-DNA) or aptamer sensors (aptasensors). The study
also highlights a key role for assay temperature and suggests that it should not be overlooked

when designing such systems.

4.2 Reagents and materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The fol-
lowing reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and Sodium perchlorate from Alfa Aesar. tris-(2-carboxyethyl) phosphine hydrochlo-
ride (TCEP), mercapto hexanol, gold etchant, and chromium etchant from Sigma-Aldrich.
Gold-sputtered on glass (GoG) (Au 100 nm with Cr adhesion layer 5 nm) from Deposition

Research Lab, Inc (St. Charles, MO) with dimension 1 inch x 3 inch x 1.1 mm. AZ 40XT
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(positive thick photoresist) and AZ 300 MIF developer from Microchemicals, polydimethyl-

siloxane(PDMS) from Dow Corning Corp. and dimethyl sulfoxide (DMSO) from anachemia.

Methylene blue-conjugated DNA was purchased from Biosearch Technologies (Novato, CA),

purified by RP-HPLC. Thiolated DNAs were obtained from Integrated DNA Technologies

(IDT; Coralville, Iowa), with purity confirmed by mass spectroscopy. DNAs are listed in Table:

4.1.

Strand Names

DNA Sequences

MB- DNA

CCA CCCTCCTCCTTT TCC TAT CTC TCC CTC GTC ACC ATG
C/C7-MB/

n=7 thio

/5SThioMC6-D/ AAA AGC ATG GTA TTT TTC GTT CGT TAG GGT
TCA AAT CCG CG

Sample n=7,m=6

TAA CGA ACG AAA AAT GAC GAG

Sample n=7,m=7

AAC GAA CGA AAA ATG ACG AGG

Sample n=7,m=8

ACG AAC GAA AAA TGA CGA GGG

Sample n=7,m=9

CGA ACG AAA AAT GAC GAG GGA

Sample n=7,m=10

GAA CGA AAA ATG ACG AGG GAG

n =9 thio

/5ThioMC6-D/ AAA AGC ATG GTG ATT TTT CGT TCG TTA GGG
TTC AAA TCC GCG

Sample n=9,m=6

CTA ACG AAC GAA AAA CGA GGG

Sample n=9,m=7

TAA CGA ACG AAA AAC GAG GGA

Sample n=9,m=8

AAC GAA CGA AAA ACG AGG GAG

Sample n=9,m=9

ACG AAC GAA AAA CGA GGG AGA

Sample n=9,m=10

CGA ACG AAA AAC GAG GGA GAT

n =10 thio

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

Sample n=10,m=6

TAA CGA ACG AAA AAT GAG GGA
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Sample n=10,m=7

AAC GAA CGA AAA ATG AGG GAG

Sample n=10,m=8

ACG AAC GAA AAA TGA GGG AGA

Sample n=10,m=9

CGA ACG AAA AAT GAG GGA GAG

Sample n=10,m=10

GAA CGA AAA ATG AGG GAG AGA

n =12 thio

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

Sample n=12,m=6

CCT AAC GAA CGA AAA GGG AGA

Sample n=12,m=7

CTA ACG AAC GAA AAG GGA GAG

Sample n=12,m=8

TAA CGA ACG AAA AGG GAG AGA

Sample n=12,m=9

AAC GAA CGA AAA GGG AGA GAT

Sample n=12,m=10

ACG AAC GAA AAG GGA GAG ATA

n= 14 thio

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

Sample n=14,m=6

ACC CTA ACG AAC GAA GAG AGA

Sample n=14,m=7

CCC TAA CGA ACG AAG AGA GAT

Sample n=14,m=8

CCT AAC GAA CGA AGA GAG ATA

Sample n=14,m=9

CTA ACG AAC GAA GAG AGA TAG

Sample n=14,m=10

TAA CGA ACG AAG AGA GAT AGG

Table 4.1: Sequences of DNAs used in single-branched electrochemical oligonucleiotide quantifica-

tion study

/5ThioMC6-D/ = Dithiol attachment (IDT), /MB-C7/= Methylene Blue (Biosearch)
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4.3 Experimental methods
4.3.1 Preparation of gold electrode and PDMS electrochemical cell

Electrode masks were designed in Adobe Illustrator, and files were sent to Fineline Imaging
(Colorado Springs, Colorado) for printing of positive photomasks. The mask design is shown
in Figure: 4.1, where in one glass slide three chips can be made from 1 in? (645 mm?). Using
AZ 40XT photoresist, standard photolithographic procedure was followed to make the photore-
sist pattern on the gold on glass slide (GoG). Then the GoG was introduced into gold enchant
followed by chromium etchant for 30 s and 15 s, respectively. In this way, gold and chromium
which was not blocked by AZ photoresist was removed, resulting in gold electrodes defined by
the mask design. Heating this electrode patterned GoG in DMSO at 110 °C for 30 min removes
the positive photoresist from above the gold. The GoG electrodes were rinsed with deionized

water followed by ethanol and dried with nitrogen.

LODLLCADLCON

B) 1 inch

Tl e
-Kfmh_ 3 " T\.\

% 10 mm %

1 inch

1inch

Figure 4.1: AZ photomask model used for GoG preparation:A) shows the mask of one microscopic
slide, in which three chips can be made. B) is the enlarged picture of one chip, the right side picture
shows the placement of small reservoir and large reservoir.
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4.3.2 PDMS electrochemical cell

To form the electrochemical cell, custom PDMS reservoirs were bonded to the GoG slide, and
we follow a similar protocol from our previous work [101]. Briefly, a 3D computer animated
design (CAD) file was designed in Sketchup (Trimble Navigation Limited), and 3D printing
of the mold was performed with a Makerbot Replicator 2 (200 pm layer resolution in the z-
direction) and using Makerbots polylatic acid filament (PLA, 1.75 mm diameter). The 3D
CAD depiction and an example of a printed mold is shown in Figure: 4.2. The PDMS and
curing agent was mixed in the standard 10:1 ratio and poured onto a silicon wafer, and this as-
sembly was placed of on flat surface for overnight curing with the 3D-printed PLA mold at 60
°C (care must be taken to keep below the glass transition temperature of PLA, which is 60-65
°C). With one mold, nine electrochemical cells can be made in one cycle, and a single mold
can be used multiple times. Once the curing process was complete, the PLA mold was removed
followed by slicing it to the desired shape and sonicating in methanol for 20 min to quench any
leftover curing agent, then it was placed in 100 °C for a minimum of two hours. This PDMS
was irreversibly bonded by plasma oxidation to the GoG slide to form an electrochemical cell.
The GoG slides and the 3D-CAD templates were modeled to give seven small reservoirs of
2.5 mm diameter and 4 mm height, which were placed below a larger reservoir of 10 mm di-
ameter. Within each small reservoir were two duplicated working electrodes. In these small
reservoirs, various samples could be incubated simultaneously under similar conditions, and
measurements of all fourteen electrodes could be made in the same buffer through the larger

reservoir.

4.3.3 DNA monolayer assembly

Prior to plasma oxidation of the PDMS electrochemical cell, the electrodes were cleaned with
piranha solution. The piranha solution (H,SO4:H,0,, 3:1) was freshly prepared and dropped on
the surface of the electrode for 1 minute, and the electrode was rinsed with deionized water. In
the meantime, the thiolated DNA was prepared. The thiolated-DNA contained a dithiol group

at its 5 terminus. To effectively form the self-assembled monolayer (SAM), first the dithiol
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Figure 4.2: 3D-CAD and PLA mold for electrochemical cell: A) the 3D-CAD drawn in SketchUp
software. B) Picture of PLA mold printed in Makerbot 3D-printer.

was reduced to a monothiol with TCEP. To reduce 1 uL. of 200 uM thio-DNA, 3 pL of 10 mM
TCEP as mixed and placed in the dark for 1 hour. The solution was diluted with HEPES buffer
(pH 7.4) to form 1.25 uM thio-DNA, and once the PDMS was plasma oxidized, 300 pL of this
solution was introduced into the electrochemical cell, then it was placed in the dark for 1 hour.
Following this, the electrodes were rinsed with HEPES buffer, then 3 mM mercaptohexanol

was incubated on the electrode for 1 hour in dark. After rinsing, the modified electrodes were

placed in the refrigerator with buffer and were stable for up to one week.

4.3.4 Square-wave voltammetry frequency study of DNA melting

Electrochemical measurements were performed using a Gamry Reference 600 potentiostat.
Once the electrode was immobilized with the thiolated-DNA by the above mentioned proce-
dure, 100 nM of the target and 100 nM of MB-DNA in 10 mM HEPES/0.5 M NaClO, (pH
7.4) buffer was introduced and incubated overnight at 4 °C. For background measurement,
only 100 nM MB-DNA was introduced. The overnight incubation ensured that hybridization
reached equilibrium, and the low temperature minimized evaporation. Following incubation,
the chip was placed on our in-house built custom temperature control system with a Peltier de-
vice held at 4 °C, and the temperature was slowly increased to 15 °C. Once the system reached

15 °C, the platinum counter electrode (CH instruments) and silver/silver chloride (3 M KCl)
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reference electrode (BASI) were introduced into the reservoir, and the SWV experiment with

eighteen different frequencies (4 Hz 900 Hz), was carried out at every 5 °C temperature inter-

val until 70 °C was reached. The SWV parameter were given in Table: 4.2

Parameter Name | Symbol | Values Used
Initial voltage Vi -0.425V
Final voltage Vi -0.05V

Step size E; I mV

Pulse height E, 50 mV
Frequency SWV-Hz | 4 t0 900 Hz

Table 4.2: SWV parameters for single branched DNA quantification study

4.3.5 Single branched DNA model

Thiolated-DNA

MB-DNA

s=11bp-15bp

m=6bp-10bp

n=7bp-14bp

Figure 4.3: Single branched DNA quantification structure: To elucidate the sensitive hybridization
complex, six different thiolated-DNA is used (n = 7,9,10,12,14) and for each thiolated-DNA five
different sample is tested, which differ in binding with both thio-DNA and MB-DNA shown in red and

blue.

Our previous work on development of protein quantification by the electrochemical prox-

imity assay [36] (ECPA) used target induced DNA-DNA binding stabilization on the surface of

the electrode. In this work, we modified the ECPA model system and extended it to DNA quan-

tification, in which the target DNA (21 nucleotide) binds with a thiolated-DNA and methylene

blue-DNA (MB-DNA) to form a single-branched DNA hybridization structure (Figure: 4.3).

The stability of the thiolated-DNA and MB-DNA hybridization (green region) was increased
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by the presence of target due to the proximity effect. We have used five different thiolated-
DNA strands (green region; n = 7,9, 10, 12, or14) which hybridized at different affinities with
MB-DNA. For each n, five different oligonucleotide target stabilities was studied (red region;
m =6,7,8,9,10). In all complexes, the target was maintained as a 21-nt DNA strand by vary-

ing the length of the thiolated-DNA binding region (blue region, s) such that s +m = 21.

4.3.6 DNA quantification

Single step calibration

For the single step calibration, once the electrode was ready, all seven wells and the resovior
were filled with a single concentration of target-DNA and 100 nM MB-DNA in HEPES buffer.
This complex was incubated overnight at 4 °C. The chip was then placed on the peltier at 4 °C,
and the temperature was increased slowly to the measurement temperature. Finally, the counter
and reference electrodes were introduced, and SWV measurement was done. In total, seven

different concentrations between 0 to 50 nM sample were measured.

Two step calibration

In the two step calibration, once the electrode was ready, each well was filled with 10 pl of a
single concentration of target-DNA and 100 nM MB-DNA in HEPES buffer, and the systme
was incubated overnight at 4 °C. After incubation, the chip was placed on the peltier at 4 °C.
The sample solutions were removed, and 100 nM MB-DNA was introduced into all of the wells
and the larger reservoir. Then measurement is carried out as in the single step calibration above.

In one chip, seven concentrations could be measured.
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4.3.7 Data analysis

Peak Height

Each set of raw data from square-wave voltametry (including V., and l4) was transferred
to Microsoft Excel, and a nineteen-point moving average was applied to reduce environmental
noise. Following this, a third-order polynomial baseline was calculated near the redox potential
of MB-DNA. To do this, the Linest equation in Excel was used, and data points from -0.400
V to -0.370 V and -0.15 V to -0.09 V were selected for baseline fitting. The resultant base-
line function was subtracted from the 19-point averaged data to get a baseline corrected SWV
voltammagram. The maximum current from this graph was used as the peak height of each
particular run. Signal-to-background differences and ratios were also calculated using peak
heights obtained in this way. An example of 19-point averaged data and the calculated baseline

is shown in Figure: 4.4.

45 7

30

—— Signal

idiff (nA)

——— Calculated Baseline

-0.4 —OI.3 —0I.2 -0.1
Voltage vs Ag/AgCl (V)

Figure 4.4: Third order polynomial calculated baseline subtraction:

Electrochemical Kinetics calculation

The critical time data analysis was done as mentioned in Chapter 3, Section: 3.3.3.
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Signal to background difference and ratio

To get the signal to background difference, the peak hgleeight value of the background was
subtracted from the signal of same n, temperature, and frequency. In a similar way to get the

signal to background ration, the background was divided.

Heat maps

To compare sets of data over a wide range of conditions, two dimensional heat maps were gen-
erated from the data using ImageJ. The fire” look-up table was used to display data, and heat

map color legends were included in each figure.

Assay calibrations

Assay responses were fit to a five-point logistic regression shown in equation below.

a—d

where H was the peak height; C' was the concentration of the target; and a, b, ¢, and d were
fitting constants. The cure fitting was done in Excel using the solver function. To calculate a
statistically robust lower detection limit (LOD), we followed the method described by Holstein
et al [102]. By this method, the LOD with 95% confidence interval was obtained. This was
achieved by not only considering the standard deviation of the blank but also the deviation of

all the sample concentrations
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4.4 Result and discussion
4.4.1 Signal comparisons with varying complex stability

It is known that for an adsorbed redox reporter, an increase in SWV frequency results in an in-
crease in peak height of SWV current [42]. For fixed positions, this effect was observed in our
nanostructure as well. An example where n = 14, m = 10, and T=25 °C is shown in Figure:
4.5. This effect was observed in all cases where complex stability was expected, confirming
that the labeled DNA strands were being held at the electrode surface. This effect was also
observed in the heat maps of peak height (Figure: 4.6). Furthermore from these heat maps we
observed that signal increased with increasing numbers of base pairs between MB-DNA and
thio-DNA (right to left, n= 7-14) and with increasing pairs between MB-DNA and the target
DNA (bottom to top, no sample and m= 6-10), as expected. This increase in stability was also
witnessed from the melting temperature (T,,) changes. For n = 9 with no target, the DNA dis-
sociated/melted and signal was lost above 30 °C, whereas for n = 9 and m = 10 the structure

was stable through 50 °C. The n = 14 system, even with no target, was stable up to 70 °C.
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© 1.0x107=t=
T
4
I
)
o
5.0x108=t=
' 1 1 1 1 1
T T !
0 200 400 62)0 8(')0 1000

Square-Wave Voltammetry Frequency (Hz)

Figure 4.5: Peak height as a function of SWYV frequency increase is shown with n = 14, m = 10, 25
°C as an example

The heat maps of peak height in Figure: 4.6 highlight the importance of fine tuning the

DNA binding energies in such assays, particularly when developing a system to quantify small
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oligonucleotide targets. For example, signal was significantly lower in the n = 7 case compared
to the n = 14 case, however, there was essentially no difference between the background (no
target) and the signal traces in the n = 14 case. The complex with n = 7, while non-optimal,
would function as a sensor, while the complex with n = 14 would not be useful. These con-
cepts are explored further in the signal-to-background difference and ratio studies that follow.
Moreover, the heat maps illustrate the importance of controlling not only SWV frequency, an
easily controlled but sometimes overlooked parameter, but also assay temperature, an often
overlooked parameter that requires special control systems.
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Figure 4.6: Heat map comparing peak height, temperature and SWYV frequency of signal and back-
ground of all 25 complex: This shows as the binding energy n and m increases the overall signal in-
creases. In the absence of target the DNA melting can be observed especially in the case of n = Tand9.
Presence of target makes the thiolated-DNA and MB-DNA binding stronger, so the melt temperature is
increased. In addition to that effect of temperature in electrochemical signal is also seen, which is seen
in n = 14 where the complex is stable, the temperature increase results in increasing signal.
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Figure 4.7: Heat map showing the shift in electrochemical critical time with temperature: For all the
complex the critical time at 15 °C is 0.1 s (orange spot is the critical time), which shows the stability
of the complex does not contribute for the electrochemical kinetics. And as temperature increase all
complex undergoes similar decrease in critical time, with weaker complex facing the melting.

4.4.2 Temperature dependence of electrochemical Kinetics

As noted above, electrochemical kinetics of the complex at a particular temperature was deter-
mined following Sebojka et al. [89], namely by plotting normalized peak height over frequency
(Ip/fswvy) versus inverse frequency (1/fswv), giving the critical electrochemical reaction time
from the plot maximum. A heat map using the 25 different complex structures is shown in
Figure: 4.7. It is instructive to note that the critical times (brightest points) were approximately
0.1 s at 15 °C for all complexes, showing that complex stability has negligible influence over
the electron transfer kinetics between MB-DNA and the electrode. Furthermore, as the tem-
perature was increased, all complexes underwent an increase in kinetics (decrease in critical

time), observed as an left-upward diagonal shift in the heat maps (Figure: 4.7). The weakest
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complexes lost signal at higher temperatures due to melting from the surface.

Figure: 4.8 shows snapshots of these effects
for four different complexes. The most stable com-
plex is shown in the top set of curves (n = 14,
m = 10; with target DNA). As the temperature
was increased from 15 to 70 °C, the critical elec-
trochemical reaction time shifted (toward the left) by
nearly two orders of magnitude, from 0.1 to 0.008
s. Thus, as temperature was increased, the elec-
trochemical reaction was enhanced. A similar ef-
fect was observed in the absence of target DNA
(n = 14, no target), except that partial complex
melting made the kinetics measurement difficult at
70 °C. Although overall SWV currents were cer-
tainly lower for less stable complexes, the electro-
chemical reaction kinetics followed essentially the
same trend with n = 7, m = 10 (with target
DNA). However, in the absence of target (n = 7,
no target), the complex melting prevented the reac-
tion kinetics measurements from being made. These
results again confirmed that the complex stability
had negligible effect on electron transfer kinetics,
which is instead defined largely by the positioning
of the MB-DNA with respect to the electrode sur-

face.

Normalized ip/fswv

n=7, no target
e— 70 °C
— 55 OC
e 40 °C
25°C
15°C

Since MB-DNA
melted away
no observable signal to elucidate
the kinetics graph above 30 °C

0.001 0.01 0.1
1/fswv (S)

Figure 4.8: L/fswv vs 1/fswv of tem-
perature: 15 to 70 °C for n = 14,m =
10; n = 14, no target; n = 7, m = 10;
n = 7, no target; is shown top to bot-
tom. Stability increase by n can be ob-
served by comparing no target graph of
n = 14and7. Similar change in rate by
temperature is elucidated by comparing
all the four graph.

This temperature enhancement of the electrochemical kinetics can be understood by con-

sidering the diffusion layer thickness [86]. Figure: 4.9 compares the peak height versus scan
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rate of a stable complex (n = 14, m = 10) at 15 °C and 40 °C, in which the increase in dif-
fusion layer thickness with temperature is obvious. The linear dependence on scan rate was
observed at higher scan rates at 40 °C compared to 15 °C, indicating behavior that more closely
resembled an adsorbed molecule, i.e. a molecule confined within the electrochemical diffusion
layer. Thus, the increased temperature extended the diffusion layer further from the electrode,
permitting higher electrochemical reaction rates to be observed. These results imply that care-
ful tuning of the complex stabilities and the temperature could give significant enhancements

to signal in surface-confined, DNA driven assays with SWV readout.
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Figure 4.9: Shift in the diffusion layer shown by peak height response: n = 14, m = 10 signal
response, the non-diffusion limited redox molecules have linear increase in peak height with respect to
scan rate. The linear response of the peak height vs scan rate is broaden for 40 °C when compared to
15 °C, which shows the increase in diffusion layer with temperature.

4.4.3 Characterizing signal and background

In this work, we have developed a direct-readout (amplification free) DNA quantification method.
Using a novel single-branched hybridization structure that exploits the proximity effect, we
compared signal and background in twenty-five different complexes in different hybridization
arrangements. Below, we present studies of these complexes from two different perspectives:

1) signal-to-background difference, and 2) signal-to-background ratio.
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Figure 4.10: Heat map of background signal subtracted from signal: As m increase the difference
increases in all the case except n = 14. n = 12, m = 9 has larger signal difference at 45 °C which is
marked as (1). (2)n =9, m = 8, 35 °C (also has appreciable difference), (3) n = 7, m = 10, 30 °C
and (4)n =7, m = 6, 15 °C are the other conditions selected for quantification.

Heat maps of signal-to-background differences of all 25 complexes are shown in Fig-
ure: 4.10. On studying overall signal to background difference, the insertion of target into
the complex elevates the peak height (yellow/orange/red pixels depict positive changes in heat
maps) in all cases except where n = 14 (blue or black pixels denote negative changes). We
believe this is due to the effect of both steric hindrance, which was explained by Mahshid et
al. [73,79], and the increased stability of background when n = 14. Since the system was
designed for signal-on readout, we ignore n = 14 from this point on. Examining other com-
plexes, we observed an increase in n to result in increased signal-to-background differences,

as expected from the model since this region does not interact with MB-DNA. However, based

on our single-branched design, an increase in m strengthens the binding between MB-DNA

91



and target, but it weakens the target and thiolated-DNA binding. With this in mind, one would
expect to observe one or more optimal arrangements with respect to n, where signal stability,
background stability, and electrochemical reaction rates balance to give the highest signal-to-
background differences. Indeed, upon observing the heat maps meticulously, it was concluded
that optimal temperatures for the various complexes are different and that there may be several
optimal arrangements overall. From Figure: 4.10, high differences were observed when n = 9-
12, and two optimal sets of parameters appeared to stand out as having the highest differences
(yellow/white spots). The region labeled (1) in the figure has n = 12, m = 8§, fgwy >400 Hz,
and T=45 °C. The second region, labeled (2) is the case where n = 9, m = 8, fswv400 Hz, and

T=35 °C. This region is labeled as (2) in the figure. Other labeled regions are discussed below.
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Figure 4.11: Heat map of signal over background of all complexes: n = 7 and 9 have very large signal
to noise ration compared to very stable complex due to very low background. n = 7, m = 10 at 30 °C
(3) has very high ratio. n = 7, m = 6 at 15 °C have larger ratio at lower temperature.
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Viewing these data through a second perspective, signal-to-background ratio, we attain a
heat map with a different optimal regions (Figure: 4.11). The introduction of sample results
in the best ratios where background complexes are the weakest, i.e. when n = 7. While the
case of n = 12 exhibited high signal-to-background differences (Figure: 4.10), this complex
showed very low ratios (Figure: 4.11). For n = 7, which has the best ratios, as m increases the
ratio increases, giving the optimal parameters as n = 7, m = 10, fswy=100 Hz, and T=30 °C.

This region is marked as (3) in Figure: 4.11.

Difference and Ratio Comparisons

On a composite view of signal-to-background differences and ratios, the n = 9 complex is
unique by being moderate in both cases. Specifically, region (2) in Figure: 4.10 (n =9, m = 8§,
fswv >400 Hz, and T=35 °C) can be selected as a best complex for DNA quantification consid-
ering the joint viewpoint. On the other hand, all of these conclusions are based on mix-and-read
workflowquantification, or a single-step method. If we consider that a heterogeneous workflow
can be used for step wise introduction of target, the binding between target and thiolated-DNA
can be stronger without worrying about excessive background formation. In addition to this it
would be better if it is moderate in both signal to background difference and ratio. Obviously,
(2) is expected to be good with (n = 7, m = 6, 400 Hz, 15 °C (4) in Figure: 4.11, which has

good signal to background ratio at lower temperature.

Data of the selected four set of conditions were extracted and overlapped in Figure: 4.12
in two dimensions. Figure 4.12A and 4.12B compare the signal-to-background differences and
ratios, respectively, while the top figures are plotted versus frequency and the bottom as a func-
tion of temperature. The four selected set of conditions are highlighted with asterisks. This
demonstrates our previous conclusions that (1) gave the maximum difference, (2) showed good
signal and a moderate ratio, (3) showed a very high ratio, and (4) is optimal for low-temperature

detection.
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Figure 4.12: SWV frequency and temperature response of selected complexes:(1)n = 12, m = 9, 45
°C,2)n=9, m =28 35°C, (3)n=T7m =1030°C, and (4) n = 7, m = 6, 15 °C are plotted
against the (A)square-wave voltammetry frequency, (B) Signal to background difference and ratio of the
same conditions is plotted against the temperature.

4.4.4 Oligonucleotide quantification

With this information in hand, assay calibration experiments were carried out under all condi-
tions, with results shown in Figure: 4.13. These data compare the calibration curves of single
and two-step workflows for all conditions. Condition (1) did not show an appreciable increase
in peak height induced by target until 50 nM concentration, in both the single and two step
workflows. This is likely due to the very strong binding between MB-DNA and thio-DNA.
We observed a similar response with n = 14 in our previous experiments. The other three
conditions showed a sigmoidal relationship between the SWV peak height and sample DNA
concentrations. These curves were fitted with the four-point logistic equation, shown as red
curves in the figures. In condition (2) high signal and an increasing response was observed
in the low nanomolar region, and the single-step workflow exhibited higher sensitivity and dy-

namic range compared to the two-step workflow. Similar trends were observed in condition (3),
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with slightly improved sensitivity at low concentration but lower overall signal. In contrast, the

low temperature assay condition (4) exhibited better results with the two-step workflow.
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Figure 4.13: Single and two step quantification of the selected complexes: (1)n = 12, m =9, 400 Hz,
45°C, (2)n =9, m = 8,400 Hz, 35 °C, (3)n =7, m = 10, 100 Hz, 30 °C, and (4)n =7, m = 6, 400
Hz, 15 °C are shown from top to bottom respectively. The left side with blue background is for single

step calibration, whereas the right side with red background is for two step calibration. The red cure
fitted in the cure is four-point logistic curve fit. The standard deviation in all cases is n=6.
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The limits of detection (LOD) of these assay for-

Il Single step
I Two step

mats were all between 2 and 20 nM. Under all condi-

tions, LODs were calculated and compared in Figure:
s

4.14, where red and blue bars represent the one-step g e-

and two-step workflows, respectively. It was observed

that condition (2) was moderate in both the cases, while

(2) n=9, m=8 (3)n=7, m=10 (4)n=7, m=6

having two- to three-fold more sensitivity (see Figure:
4.13) in comparison to the other two conditions. Con- Figure 4.14: Lower detection limit com-

parison: It show the effect of binding en-
dition (3) had lower LOD with the one-step workflow  ¢rgy, temperature of the assay, and proce-

. dure on LOD. For single step (3) n = 7,
yet showed the worst LOD in the two-step method. = « 3500 1< 10w LOD of 2 nM,

fortwo step (4)n =7, m = 6 ar 15 °C

By contrast, condition (4) had a smaller LOD using
has low LOD of 5 nM.

a twostep protocol compared to the single-step. Thus,

for a two-step workflow, one should chose condition (4); for a single-step workflow, condition
(3) 1s optimal; and the highest sensitivity and wide range can be achieved with condition (2).
Stated differently, for single-step workflows, a balanced increase in both m and n can provide
high sensitivity, while maximizing m and minimizing n can result in lower assay LOD. For
two-step workflows, one should increase the stability between the sample and capture probe on
the surface. More generally, this study has shown that careful control over surface hybridiza-
tion energies, temperature, and SWV frequency can provide significant flexibility in operating

this single-branched electrochemical DNA assay platform.

4.5 Conclusion

In this work, we have presented a new assay design and have developed a system for fine tun-
ing or optimizing electrochemical DNA sensors. Namely, we carefully controlled hybridization
energies, square-wave voltammetry frequency, and temperature. Notably, we demonstrate that
temperature is indeed a very important factor in optimizing such assays. In homogeneous,
DNA-driven assays with optical readout, such as pincer assays [33] or proximity ligation as-

says [31], our group and others have shown that precise temperature control can serve to reduce
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background hybridizations or ligations, yet fluorescence quantum yield tends to decrease as
temperature is increased. By contrast, we show here that with precise temperature control in
DNA-driven electrochemical assays, electron transfer rates can be increased while background
hybridizations are simultaneously minimized. This work highlights the importance of under-
standing such effects in our novel single-branched DNA assay, and similar trends will likely be

observed in many electrochemical DNA assays and aptasensors.

With regard to our single-branched proximity assay developed here, the precise control of
the stated parameters revealed an inherent flexibility in the assay. Various formats of the as-
say could be chosen for low temperature (15 °C) readout, higher temperature (45 °C) readout,
minimized LOD, or maximized sensitivity and range. While many reported DNA- or aptamer-
driven electrochemical assays have optimized SWV frequency, very few have simultaneous
studied the temperature-dependent effects as shown here. Hence, an obvious future direction
is to employ a temperature-controlled system as shown here to more carefully optimize the

temperature and frequency dependences of these assays.
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Chapter 5

DNA Nanostructure for Electrochemical Detection of Broad Range of Analytes

5.1 Introduction

This chapter focuses on development of a versatile electrochemical quantification method for
wide range of targets, from small molecules to large proteins, which can be extended to drop-
and-read diagnoses and real time measurements. A wide range of analytes have been success-
fully quantified by conformation switching electrochemical aptasensors. However, hindrances
in developing a sensitive structure switching aptamer and the inability to use high performing
antibodies as a recognition unit limits these electrochemical aptamer sensors from being gen-
eralizable. The Plaxco group has conducted a wide range of in-depth studies and development
of many such electrochemical sensors [49]. Among those some study are done with double
stranded DNA scaffold for large antibody and protein detection [103, 104]. Figure: 5.1 shows
the model, the anchoring-strand with redox moiety tag is immobilized on the electrode surface
and hybridized with recognition strand, which is tagged with small molecule recognizing unit.
Upon interaction with a large molecule such as an antibody, this rigid double-stranded (ds-
DNA) structure showed a decreased faradic current, which could be used for quantification. In
another study from this group, using the same model, the interaction between a small molecule
and a protein was studied [105]. With this system, dsDNA is used to position the sensing and
recognition portions, and the sensing structure is made of two separate DNA molecules, one of

which is bound non-covalently.

From our understanding about the DNA hybridization on the surface and the distance de-

pendence of SWV signal, we designed a novel sensing nanostructure (Figure: 5.2) which has
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Figure 5.1: DNA scaffold architecture for electrochemical detection of protein-small molecule inter-
action: Double-stranded DNA forms a rigid-but-dynamic scaffold, in that anchoring strand is attached
to the surface and has redox moiety, recognition strand with covalent bound small molecule is hy-
bridized with anchor strand. When a large protein binds to the small molecule signal suppression is
observed [105].

Reprinted with permission Copyright ©(2009) American Chemical Society

the redox moiety and anchor recognition in close proximity, more flexible ssDNA between
the surface and the redox moiety, and where each sensing nanostructure is a single molecule
covalently attached to the electrode. Our hypothesis is that when a large anchor molecule is
introduced there will be a change in the tethered diffusion rate which slows the complex mo-
bility to the surface, leading to signal suppression. It should also be possible to introduce a
competitor, where the anchor molecule is displaced resulting in increased mobility, observed
as a signal increase. By this strategy, both anchor (large protein) molecules and small molecule
competitors can be quantified. The anchor molecule quantification will be a direct signal-OFF
method (signal suppression), and small molecule detection approach will be an indirect signal-
ON (signal appreciation) assay. As we know, the SWV frequency can be tuned to change the
current response direction of the assay (signal-OFF to signal-ON or vice versa). This type of

change could also give ratiometric or calibration free results.

5.2 Reagents and materials

All solutions were prepared with deionized, ultra-filtered water (Fisher Scientific). The fol-

lowing reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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Figure 5.2: Schematic view of DNA nanostructure anchor model for quantification of small molecule
and large protein: DNA nanostructure is designed in a way the redox moiety (methylene blue) and the
anchor recognition unit are in close proximity, so any interaction in anchor recognition unit will affect
the diffusion of the redox moiety to the surface. Initially we expect the diffusion is faster resulting in high
SWV current output. When anchor binds with its recognition units the diffusion is hindered suppressing
the SWV signal. This attached anchor can be displaced when recognition unit or its competitor comes
in contact, due to the thermodynamic stability of the anchor binding with free molecule compared to the
constrained one. This increases the signal. By this strategy both anchor and anchor recognition unit can
be quantified as signal-OFF direct and signal-ON indirect assay respectively, with anchor being large
protein and small molecule as recognition unit.

(HEPES) and Sodium perchlorate from Alfa Aesar. Anti-digoxigenin, digoxigenin,tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP), mercapto hexanol, gold etchant, and chromium
etchant from Sigma-Aldrich. Gold-sputtered on glass (GoG) (Au 100 nm with Cr adhesion
layer 5 nm) from Deposition Research Lab, Inc (St. Charles, MO) with dimension 1 x 3 x 1.1
mm. AZ 40XT (positive thick photoresist) and AZ 300 MIF developer from Microchemicals,
polydimethylsiloxane(PDMS) from Dow Corning Corp. and dimethyl sulfoxide (DMSO) from
anachemia. Methylene blue-conjugated DNA was purchased from Biosearch Technologies
(Novato, CA), purified by RP-HPLC. Thiolated DNAs were obtained from Integrated DNA
Technologies (IDT; Coralville, Iowa), with purity confirmed by mass spectroscopy, T4 DNA
ligase (400000 units) and adenosine triphosphate (ATP, 10 mM) are bought from New England
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Bio, DNAs are listed in Table: 5.1.

lated DNA

Sequence Name | Abbreviation | DNA Sequence listed 5°-3’

Anchor 4A thio- | anc4A-DNA /SPhos/ CTG TGC AAG AAC TCA CAG CCT CAC CTC
lated DNA TTC CTA AAA A /3ThioMC3-D/

Anchor 6A thio- | anc6A-DNA /SPhos/ CTG TGC AAG AAC TCA CAG CCT CAC CTC
lated DNA TTC CTA AAA AAA /3ThioMC3-D/

Anchor 8A thio- | anc8A-DNA /S5Phos/ CTG TGC AAG AAC TCA CAG CCT CAC CTC
lated DNA TTC CTA AAA AAA AA /3ThioMC3-D/

Anchor 10A thio- | ancl10A-DNA | /5Phos/ CTG TGC AAG AAC TCA CAG CCT CAC CTC

TTC CTA AAA AAA AAA A /3ThioMC3-D/

Anchor connec-
tor desthiobiotin

conn-biotin

/S5Phos/ GAG ACA CTG TGT CGT CTC CGG TTG AAG
TGG AGA /ideSBioTEG/ TAG GAA GAG GTG AGG

Anchor connec-
tor digoxigenin

conn-digoxi

/S5Phos/ GGG CGA CTG TGT CCG CCC CGG TTG AAG
TGG AGA /iDigN/ TAG GAA GAG GTG AGG

Anchor Methy-
lene Blue DNA

MB-DNA

/dT MB/ CTC CAC TTC AAC CG

Table 5.1: Sequence of DNAs used in anchor model quantification
/5phos/ = Phosphorylation (IDT), /3ThioMC3-D/ = Dithiol attachment (IDT), /ideSBioTEG/ = Interme-
diate Desthiobiotin-TEG (IDT), /iDigN/ = Intermediate Digoxigenin (IDT), /dT MB/ = Methylene Blue

on T-C3 (Biosearch)

5.3 Experimental methods

5.4 Electrode preparation and DNA SAM

Figure: 5.3 shows the photomask of electrode design used in the experiment. Each electrode

was 2 mm diameter and it was designed in a way that each electrochemical cell will have single

electrode. The geometrical surface area of the electrode was increased to have a high initial

signal. Same photolithography protocol explained in Chapter 4, Section: 4.3.1 was followed to

prepare GoG. As explained in Section: 4.3.2 the PDMS electrochemical cell was prepared with
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Figure 5.3: Electrode photomask used for DNA nanostructure quantification:In one microscopic slide
eighteen individual 2 mm diameter electrodes.

3D-CAD and PLA mold shown in Figure: 5.4. Following this thiolated SAM was prepared
following the protocol in Section: 2.3.1, with HEPES buffer (10 mM with MgCl, 10 mM, pH
7).

5.4.1 On-electrode DNA nanostructure assembly using through T4 DNA ligase

Since the efficiency of the T4 DNA ligase enzyme is hindered by sodium ion concentration,
ligation reactions at our electrode surfaces were carried out in HEPES buffer with no sodium
salt added. To improve the DNA binding energy, 10 mM MgCl, was used. After ligation,
the typical HEPES buffer (10 mM HEPES, 0.5 M NaClO,4) was used. Once the electrode was
ready, 500 nM of anchor connector DNA and anchor MB-DNA was prepared in HEPES buffer
(10 mM HEPES, 10 mM MgCl,, 1 mM ATP, pH 7). In each well, 200 uL of this mix was in-
troduced into the electrode, following this 0.5 ul of 400,000 Units T4 DNA ligase was dropped
into the electrochemical cell, wrapped in Parafilm and incubated overnight at room tempera-
ture. Then the electrode was briefly rinsed with water (deionized water drop was pipetted up

and down twice and removed), HEPES (10 mM HEPES and 0.5 M NaClO,) was introduced,
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A)

Figure 5.4: 3D-CAD and PLA mold for 2 mm diameter electrode: The small reservoir in the model is

help reducing the volume used and helps for effective plasma bonding.

and the electrode was ready to use.

5.4.2 Electrochemical measurement

Electrochemical measurements were performed using a Gamry Reference 600 potentiostat, in
a three electrode system setup with the platinum counter electrode (CH instruments) and sil-

ver/silver chloride (3 M KCl) reference electrode (BASi). Table: 5.2 gives the SWV parameters

used.

Parameter Name | Symbol | Values Used
Initial voltage 1% -0.425V
Final voltage Vi -0.05V

Step size B I mV

Pulse height E, 50 mV
Frequency SWV-Hz | 4 to 900 Hz

Table 5.2: SWV parameters for single branched DNA quantification study
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5.4.3 Data analysis

Baseline correction and peak height

The procedure followed in Section: 4.3.7 was used for subtraction of baseline and peak height

measurement.

Signal change percentage

For signal off quantification signal percentage change was used. This was the percentage of

signal depressed by the target. Following was the formula used for calculation.

ipsignal — ipbackground

%change = ( ) x 100 (5.1)

ipbackground

Where iysignal and i background were peak height after and before target incubation

respectively.

5.4.4 Quantification protocol

Streptavidin Quantification

For streptavidin quantification, the DNA nanostructure was made by anc4A-DNA, conn-biotin,
and MB-DNA. Once the electrodes were ready background measurement were done by SWV

with 100 Hz frequency in 100 pl of HEPES (10 mM HEPES, 0.5 M NaClO,, pH 7). Followed

by target was incubated for 2 hours, then the same electrochemical measurement was done.

5.4.5 Biotin quantification

Once the nanostructured is formed on the electrode anc4A-DNA, conn-biotin, and MB-DNA,
the electrode was introduced to 100 puL of 2 uM streptavidin in HEPES buffer and incubated

for 2 hours at room temperature. Then the electrodes were rinsed with buffer and background
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measurements were done by SWV with 100 Hz frequency. Finally, 100 pl of target was incu-

bated for 2 hours, then the same electrochemical measurement was done.

5.5 Result and discussion
5.5.1 DNA monolayer formation and its stability

The goal of our experiment was to determine whether the diffusional change by the molecular
weight of our nanostructures binding partner could be exploited for quantification. To achieve
this, three moieties are needed to be attached to the DNA nanostructure: 1) the thiolated tag
for attaching the DNA to the gold electrode, 2) redox moiety for electrochemical signal and 3)
anchor recognizing moiety. In addition to this, for an effective signal change, the redox moiety
should be in close proximity to the anchor recognizing moiety. Instead of purchasing custom
made DNA with three tags, which would be very expensive even with low reaction yield. In-
stead, utilizing T4 DNA ligase enzyme, we ligated these three single-strand DNA sequences
to form a DNA nanostructure on the surface. T4 DNA ligase can only ligate phosphorylated 5
double stranded DNA with 3. To avoid more complexity, instead of using connectors for mak-
ing double stranded DNA, we used hairpin structures to form suitable ligation structures. In our
previous work, the dithiol tag for thiolated DNA were done at the 5 end. For ligation reaction,

in this work we used thiolated-DNA with 3 dithiol tags.

Figure: 5.5 shows the pictorial description of the DNA nanostructure. On addition of
anchor-connecter and MB-DNA to the SAM electrode, hybridization occurs as shown in Fig-
ure: 5.5B. The anchor connector binds with thiolated-DNA, and MB-DNA binds with anchor
connector; both bind with 15 bp, which is a strong binding energy at room temperature. There
is no hybridization reaction between MB-DNA and thiolated DNA, which eliminates the false
signal in the background, methylene blue with anchor recognizing unit. When T4 DNA ligase
is added with ATP, the enzyme effective ligates the two positions on the surface and makes it

a single DNA complex with three tags. One other advantage is that the method can be quickly
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Figure 5.5: DNA nanostructure formation on gold electrode: Instead of buying a DNA with three
different tag, which is expensive and lower yield, we bought three individual DNA with single tag and
ligated on the surface by T4 DNA ligase. The thiolated-DNA and the connector DNA has 5 bp hairpin
loop, with on hybridization places the phosphorylated end and 3 prime end in close proximity in double
stranded mode for ligation. On ligation the three DNA becomes a long single DNA.

extended to other target just by changing the DNA with anchor recognizing unit.

To support our assumption that by ligation single DNA is formed, we compared the ligated
and non-ligated complex signal. First the electrodes are rinsed with buffer (HEPES 10 mM,
with 0.5 M NaClOy, pH 7). On comparison the signal between the ligated and non-ligated are
similar (Figure: 5.6). The hybridization energy with 0.5 M NaClQy is very stable, which results
in similar signal. Then the electrodes were rinsed with deionized water. On measurement after
this rinse shows that the non-ligated complex is almost fully removed in just one water rinse cy-
cle. On cycling this process for two more time, we see that ligated DNA is stable on the surface,

which shows that is a single DNA covalently bound on the surface of the gold electrode.As an
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Figure 5.6: DNA nanostructure stability: To prove T4 DNA ligation is successful we compared the
electrochemical response of ligated and non-ligated complex after buffer rinse followed by water rinse.
After buffer rinse both ligated and non-ligated has observable signal, but on rinsing with water the non-
ligated complex is removed. On other hand the ligated complex is even after two more rinse.

additional confirmation of DNA nanostructure stability and effective DNA ligation, DNA melt
study is done, with sybr-green florescent intercalation dye. Figure: 5.7 compares derivative
curve of non-ligated and ligated DNA. The peak temperature represents the melt-temperature.
The T, temperature of non-ligated is around 55 °C, whereas the ligated complex is stable until

75 °C.

5.5.2 Proof of concept for DNA nanostructure signal suppression by high molecular

weight anchor

Once we confirmed the formation of DNA nanostructure by T4 DNA ligation on the electrode
surface and proved its stability, we tested our hypothesis of signal suppression by molecular
anchor. Our understanding is that signal suppression should be due to the slowing down of the
complex diffusion. So, the complex, specifically the redox moiety, should be diffusion lim-
ited and devoid of other interactions (double layer) which hinders hybridization. This led us

to design a thiolated-DNA which placed the redox moiety at a distance of 4 to 10 (4A, 6A,
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Figure 5.7: DNA nanostructure formation and stability by DNA melting analysis: To support the T4
DNA ligation formation the thermal flurometric analysis of ligated and non-ligated complex is com-
pared. We observe the non-ligated complex melts at 60 °C, whereas ligated product is stable till 80 °C.
This supports that T4 ligase is successful in ligation.

8A, and 10A) nucleotides from the surface. We did not use longer distances as we knew the
signal would be minimal due to distance dependence. Figure: 5.8 shows the comparison of
signal suppression by binding streptavidin (1 uM) to the nanostructure with 4A, 6A, 8A, and
10A spacers. As expected, the DNA nanostructure signal dropped as the redox moiety was
placed far from the surface due to distance dependence. But the signal comparison between
the four complexes after streptavidin was attached showed a similar response. We assume that
the effects of distance were less pronounced due to the large protein attachment. To select the
optimal complex for quantification, we compared the signal suppression. Obliviously, the 4A
complex underwent a larger signal suppression by streptavidin (or generally larger molecule),
which will be sensitive among the four complex. For a small molecule competitor assay, a

complex which can result in more signal gain is the suitable one. From the comparison, since
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4A undergoes a large signal suppression, it can result in higher signal gain in displacement of

an anchor molecule.
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Figure 5.8: Proof-of-concept of signal suppression and comparison of various distance: Comparison
of signal from four different complex, which places the redox moiety at a distance of 4A, 6A, 8A, and
10A. The result correlates our earlier distance dependence study. On comparison 4A undergoes large
percentage of signal suppression.

We were expecting to use the SWV frequency to tune the signaling dimension of the assay.
Even though the signal for 4A complex was larger, the critical time was lower than the window
used (0.001 to 1000 ms), which is an important factor for SWV tuning. This also explains the
reason for similar response for all SWV frequency used. In Chapter 6 (future work) we have

discussed some strategies to make the critical time in the chosen frame usable to exploit the

SWYV frequency.
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5.5.3 Streptavidin and biotin

Streptavidin and biotin were chosen to confirm our system for the following reasons: 1) They
have the strongest known non-covalent binding (Kd = 10'> M), 2) streptavidin is a large protein
molecule with 52.8 kDa, and biotin is a small molecule with 244.3 Da, which makes a good
combination for our assay. We employed desthiobiotin as an anchor recognition unit in the
connector DNA. Desthiobiotin is a biotin analogue which can bind with biotin-binding protein
with lower affinity, i.e. higher Kd (10712 M), compared to biotin, so the protein can be displaced
by biotin effectively [106]. Figure: 5.9 shows the sensor response to different concentration of
streptavidin, where we observed a dynamic range of 5 to 500 nM. By this data, streptavidin
protein is directly measured by a signal-OFF amplification free electrochemical assay. Other
than quantification of streptavidin, two more things are to be closely noted: 1) Higher concen-
tration of streptavidin suppressed about 80 % of the signal, 2) the signal alteration by blank is
very minimal. Together, this shows that the DNA nanostructure with the streptavidin can be
used as a sensor for quantification of biotin. Figure: fig:strpmodel shows the biotin quantifica-
tion model and sensor response with different concentration of biotin. We observed a good but
narrow response to biotin (dynamic range is 5 to 50 uM). This work shows our anchor model
can also be used for quantification of small molecules by an indirect, signal-ON assay. In com-
parison, we observe streptavidin assay to be very sensitive. This is due to the four binding
sites available in streptavidin. This multivalence nature helps streptavidin to bind effectively
to the surface. In addition to this there is a need for excess biotin to compete and displace the
streptavidin. In this work, we showed the same DNA nanostructure to be useful for detecting

both larger proteins and small molecules.

5.5.4 Anti-digoxigenin and digoxigenin

To further test the generalizability of our approach, we have confirmed the assay with anti-
digoxigenin antibodies and digoxigenin. The digoxigenin is used as an anchor recognition unit
in connector-DNA. The same thiolated-DNA (anc4A-DNA) and MB-DNA were used, result of

DNA nanostructure formation by T4 ligation enzyme. Figure: 5.10 shows the signal response
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Figure 5.9: Streptavidin and biotin detection:Streptavidin is used as an anchor. Streptavidin is quanti-
fied as direct signal-OFF assay and biotin as indirect signal-ON assay. The dynamic range is 5 nM to
500 nM and 5 to 50 UM for streptavidin and biotin respectively.

Figures are not drawn in scale.
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Figure 5.10: Anti-digoxigenin and digoxigenin detection: As a proof of concept for quantification of
antibody and small molecule and to support generalizability of the sensor anti-digoxigenin and digox-
igenin is detected. The sensor shows a good response to the target with 35% signal suppression by
anti-digoxigenin anchor and 37% signal appreciation by digoxigenin.

for both anti-digoxigenin antibody and digoxigenin. On introduction of anti-digoxigenin an-
tibody to the DNA nanostructure, we observed a 35% signal suppression. This is not seen in
the absence of target. Similar results were observed with digoxigenin, where the digoxigenin
displaces the antibody resulting in a 37% signal increase. This proves that the DNA nanostruc-
ture anchor model can be extended for quantification of both small molecules and large protein
binding partners such as antibodies. As a development in this quantification, we assume that
the binding energy of the anti-digoxigenin is lower, resulting in lower signal suppression. This
affected the sensitivity in digoxigenin quantification. Multiple antibodies should be compared,

and we expect that a more sensitive assay could be devised.

5.6 Conclusion

In this chapter, we have developed a versatile quantification strategy for both large proteins and

small molecules. As a proof of concept, we successfully quantified streptavidin and biotin, as
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a direct and indirect assay. The gold standard method like ELISA needs dual antibody sys-
tem for effective quantification, and at present electrochemical sensors require conformational
changing aptamers. We have shown a sensor which uses a single antibody and ignores confor-
mational change of binding partners such as aptamers. This is supported by our results with
digoxigenin, in which the sensor responded to both antibody and small molecule. Perhaps the
most exciting feature is that the sensor is drop-and-read, and no reagents or enzymes are used

for amplification, which simplifies the advancement of this method for a possible POC assay.
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Chapter 6

Summary and future work

6.1 Summary

This dissertation work focused on the development and optimization of DNA-based electro-
chemical assays. The importance of temperature management, double layer effects, and the
impact of the diffusion layer in these assays are explained. The results shown in the develop-
ment of a single-branched oligonucleotide assay give promise for the application of quantifying
microRNA. We also introduced new assay formats, structure-switching and steric hindrance as-
says, which exploit the molecular weight of the protein as an anchor for diffusion to quantify
proteins and small molecules. For this reason, we made a DNA nanostructure on the surface
of the electrode with the assistance of T4 DNA ligase. This novel method is generalizable,
shown by detection of streptavidin, biotin, anti-digoxigenin, and digoxigenin. In addition to
that, this is a drop-and-read method, which eliminates sample preparation steps, signaling sub-
strate additions, or enzyme additions for amplification, giving the method great potential as a

point-of-care (POC) system.

6.2 Future directions
6.2.1 Bistable switch DNA quantification model

With the understanding of diffusion layer effect from Chapter 3, we developed a quantification

method for short length oligonucleotide. This exploits the bistable DNA strand displacement,

115



used as a noncovalent catalyst in Winfree lab [107]. Figure: 6.1 shows the electrochemi-
cal bistable swith model for DNA quantification. On addition of target DNA, undergoes an
allosteric strand displacement placing the redox moiety into the diffusion layer, which is oth-
erwise far. This results in increase in SWV signal, leading to a novel drop-and-read DNA

quantification method.

16 bp
Toe
Hold / N\ _
Target
DNA ;

Diffusion

LN

Figure 6.1: Bistable switch DNA quantification model:The target binds to the toe hold region and
displaces the MB-DNA, which binds with thiolated-DNA closer to the surface placing the methylene
blue in the diffusion layer.

Au

Figure is not drawn in scale

6.2.2 Insulin Quantification

In Chapter 5, we showed that small molecules can be quantified indirectly with the DNA-
nanostructure. In our perspective, the term “small molecule is not limited to clinically relevant
molecules less than 500 Da, but it also includes peptides and small proteins. To supports this, in
our single-branched oligonucleotide quantification, target addition (21 nt) resulted in negligible
signal loss (in the case of n= 14, m=10), where the molecular weight of 21 nt is ~6825 Da.
So, the next application of this method will be to quantify peptides and small proteins below
10 kDa. Insulin (~5.8 kDa) will be the first choice, since Dr. Easley's research work focuses

on proteins involved in diabeties. Figure: Fig:insulinanchor shows a conceptual cartoon of the
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design and expected SWV outcome on the assay.
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Figure 6.2: DNA nanostructure for insulin quantification

6.2.3 Optimizing the DNA nanostructure

In Chapter 5, we also observed that even though the DNA nanostructure gave good signal, the
electrochemical kinetics were out of the practically observable window (0.001 to 1 s). The
assay could be ratiometric or signal dimensions could be changed if the critical time was in our
working window. To achieve this, the molecular weight of the DNA nanostructure should be
reduced. Figure: 6.3 shows an example for reducing the molecular weight. PEG can be used as
an alternative to DNA in the hairpin portion. Decreasing the binding energy also helps in de-
creasing in molecular weight (number of nucleotides reduced), and this does not largely affect

the DNA nanostructure formation since the enzyme reaction is a non-equilibrium process that
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is efficient at temperatures >20 deg C.

PEG

% T4 Ligase
NS Y

Figure 6.3: Optimizing the DNA nanostructure : Reducing the molecular weight of the DNA nanos-
tructure is one way of improving the sensitivity. The figure shows a way to reduce the molecular weight
by using PEG connector.

6.2.4 Real time measurement

Real-time measurements of clinically relevant molecules will be helpful in gaining a better un-
derstanding of physiological systems and useful in elucidating pharmacology of drugs. In most
sensitive quantification methods, the usage of multiple substrates or enzymes limits them from
having a real-time workflow. Electrochemical DNA-based sensors have the potential for real
time measurement, proved by E-aptamer sensors developed by the Plaxco and Soh laborato-
ries, which measured drug concentrations in serum of live animals [67]. We believe that the
DNA nanostructure for small molecules can be applied for real time measurements. Figure:
6.4 shows the cartoon for a proposed method of making the nanostructure capable of realtime
quantification. In this case the anchor is attached to the surface with a long thiolated-DNA as
shown in the figure,and T4 DNA ligase can be used to achieve this. Initially the antibody will
be anchoring the DNA nanostructure, resulting in lower signal. When the sample is introduced,
the antibody will be displaced, which increases the signal. When there is a drop in the concen-
tration of the target in bulk solution, due to the equilibrium nature of the binding, the target will
be lost by the antibody, resulting in anchoring the nanostructure once more. Of course, it will

be important to characterize and perhaps control binding constants for this purpose.
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Figure 6.4: Real time measurement of small molecules using DNA nanostructure model: DNA nanos-
tructure is formed on the surface, simultaneously antibody tagged with the long DNA (~100 nt) is
attached to the surface. This antibody binds with the anchor recognition unit in the DNA nanostructure.
When the target is introduced the antibody binds with target in the bulk solution resulting in increase in
the signal. We also believe that reverse process also possible.

6.2.5 Impact of this work on future systems

Overall this work gives a better understanding of SWV signal in DNA-based sensor, which help
in developing and optimizing real-time electrochemical sensor for small molecule, protein, and
oligonucleotide. This will be helpful in Dr. Easley lab's goal of understanding the dynamic

function of endocrine tissues.
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