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Abstract:

In this work, we propose a novel strategy for interfacial manipulations of electrochemical
aptamer-based (E-AB) sensors to achieve a highly sensitive and reagentless sensing platform.
We hope to see clinical relevance in the quantification of breast cancer biomarkers, particularly,

MUC1 and VEGFss5 in human serum samples.

Chapter 1 consists of a comprehensive literature review of key parameters in the analytical
performance and essential conditions in the optimization of the E-AB sensors, as well as a
comprehensive account covering the significance of liquid biopsy and the biomarker’s role in
breast cancer. The following two chapters are devoted to a systematic assessment of the
proposed molecular design and interfacial engineering, through which, we show the existence
of a delicate synergistic interplay among lysine linker, twin-methylene blue (MB), and the
finely tuned thickness of the backfilling agents within the inner Helmholtz layer (interfacial
layer). Our findings imply that the spatial arrangement of the electrochemical tag doesn’t
necessarily enhance the analytical signal unless it is being assisted by a lysine linker and a 9-
carbon chain in the SAM passivation layer. This strategy adaptation proved to be consistent
with both signal-on and signal-off types of E-AB sensors when employed for the detection of

MUC1 and VEGFies biomarkers, respectively.

In the fourth chapter, the effect of gold surface nano-dimensionality (including 1D, 2D, and
3D) on the E-AB sensor's analytical performance was examined. Our results suggest that the
1D gold surface provides the most efficient sensing platform, in terms of limit of detection
(LOD), as well as linear dynamic range (LDR). We also conclude that a higher surface area

can not always afford the best result unless spatial requirements in signal generation are met.



Resume:

Dans ce travail, nous proposons une nouvelle stratégie pour les manipulations interfaciales de
capteurs électrochimiques a base d'aptameres (E-AB) pour obtenir une plate-forme de détection
tres sensible et sans réactif. Nous espérons voir une pertinence clinique dans la quantification
des biomarqueurs du cancer du sein, en particulier MUC1 et VEGF165 dans des échantillons

de sérum humain.

Le chapitre 1 consiste en une revue compléte de la littérature des parametres clés de la
performance analytique et des conditions essentielles a I'optimisation des capteurs E-AB. Les
deux chapitres suivants sont consacrés a une évaluation systématique de la conception
moléculaire proposee et de l'ingénierie interfaciale, a travers laquelle, nous avons montré
I'existence d'une interaction synergique délicate entre le lieur lysine, le bleu de méthylene
jumelé (MB) et 1'épaisseur finement réglée de I’agent de remblai dans la couche interne de
Helmholtz (couche interfaciale). Nos résultats impliquent que la disposition spatiale de
I'étiquette électrochimique n'améliore pas nécessairement le signal analytique a moins qu'elle
ne soit assistée par un lieur de lysine et une chaine a 9 carbones dans la couche de passivation
SAM. Cette adaptation de la stratégie s'est avérée cohérente avec les types de capteurs E-AB a
signal activé et a signal désactivé lorsqu'ils sont utilisés pour la détection des biomarqueurs

MUC1 et VEGF165, respectivement.

Dans le troisiéme chapitre, I'effet de la nanodimensionnalité de la surface d'or (y compris 1D,
2D et 3D) sur les performances analytiques du capteur E-AB a été examiné. Nos résultats
suggerent que la surface d'or 1D fournit la plate-forme de détection la plus efficace, en termes
de limite de détection (LOD), ainsi que de plage dynamique linéaire (LDR). Nous concluons
également qu'une surface plus élevée ne peut pas toujours offrir le meilleur résultat a moins

que les exigences spatiales dans la génération du signal ne soient satisfaites.
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Abstract

Analytical biosensing based on DNA and RNA aptamers has recently attracted attention.
Electrochemical aptamer-based (E-AB) sensors have a specific ability to generate a real-time
graded electrochemical signal in response to specific in Vivo binding. Previous technologies have
been unable to match the sensing characteristics of E-AB sensing, in particular, for fast diagnosis
during breast cancer resection. The characteristic that readily distinguishes the E-AB sensors from
other classical alternatives (potentiometry, amperometry, and biocatalytic conversion), is that the
signaling mechanism in E-AB sensors does not depend on the specific chemical reactivity of the
targets. This means that the faradic signal is not induced by any chemical reaction with the target.
This, in turn, will remove many of the complexities associated with variations in activity, pH, side
reactions, and limitations linked to such reactions. Instead, the faradic signal is only induced by
specific physical phenomena, which makes them uniquely suitable for diagnostics,
pharmacological, and clinical applications even in complex physiological environments.
Furthermore, due to the modularity offered by E-AB, there is theoretically no limitation over the
target choice. Despite these strengths, widespread adoption as a diagnostic and therapeutic tool
has been limited by a series of complex challenges. Many of these challenges are multi-disciplinary
and depend on innovation in the fields of interfacial chemistry, biomedical engineering, material
science, and data management. In this review, however, the main emphasis is held on a detailed
examination of intrinsic challenges ahead of E-AB performance such as critical fabrication
parameters and relative approaches for interfacial chemistry and constructional parameters. We
discuss individual parameter case assessments for the innovations employed in the interfacial

architecture and molecular design aiming to meet a new set of requirements in proof-of-the-



concept demonstrations of the latest E-AB sensors exclusively reported for breast cancer

biomarkers.

1.1 Introduction

Cancer is a leading cause of mortality and a critical public health problem that will worsen with
the aging of the population. According to statistics, the probability of being diagnosed with cancer
is one in three, and the corresponding mortality rundown is one in four 1. Globally, in 2018, 18.1
million people had cancer, and 9.6 million died from it. It has been estimated that by 2040, these

numbers will double, with a higher preponderance in low-and middle-income countries®.
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Figure 1-1. Profile of five-year cancer survival in the USA, shown as the rate over the period 1970-1977
(blue bars) and 2007-2013 (orange bars). This indicates the percentage of people who live beyond five
years following the diagnosis. Data were reproduced from the WHO report®.

Recent decades have seen significant advancements in cancer diagnosis and treatment. As, in
contrast to 50 years ago, the chances for 10-year survival with the most common types of cancer
have doubled 23. This achievement is chiefly due to recent advances in the early detection of
tumors* ! and the far greater availability of screening tests'? (Figure 1-1). Currently, in clinical

practices, molecular identification of tumors is pivotal for better navigation toward a more
3



effective treatment. Tissue biopsies are the current gold-standard methods to achieve such
molecular landscapes. However, they are invasive, as they require surgical extraction and are
mostly non-ideal for long-term monitoring. As they are sometimes not feasible in the case of
worsened clinical conditions and not practicable for tumors that lack accessibility which can
further compromise the treatment, particularly concerning those cancers whose five-year survival
index is very low such as pancreatic cancer (6%); oesophageal cancer (13%); and lung cancer
(16%)*. Aggressive types of breast cancer, esophageal and liver cancers are also characterized by
low five-year-survival rates - approximately less than 20%'* (Figure 1-1) Alternatively,
tremendous efforts have been put toward developing robust and non-invasive or minimally-
invasive complementary methods referred to as liquid biopsy*>8. The latter, as opposed to solid
biopsy, is a simple, fast, and informative technique that is based on the identification of specific
species (biomarkers) in the blood (physiological fluids). During the apoptosis and necrosis of
tumor cells, these biomarkers are released into the bloodstream, facilitating and promoting
metastatic activity in nearby and/or distant organs®®. Developing an efficient method for biomarker
analysis is currently one of the most challenging problems in cancer diagnosis research?®23,
Molecular biorecognition elements (antibodies, enzymes, and oligonucleotides) with a
characteristic affinity towards such cancer biomarkers in physiological biofluids (blood, serum,

plasma, urine, and saliva) account for the most crucial components in such developments.

Current analytical approaches are multistep, relying on preparation steps as well as chemical
separation and isolation such as Western blots, ELISA, and other immunochemical methods 2.
Although these techniques have proven enormously useful; they are essentially laboratory-bound
approaches, and therefore ill-suited for real-time or in Vivo applications. To overcome these

limitations, a number of methods have been developed to detect real-time target binding based on

4



surface-bound biorecognition elements by monitoring changes in mass (quartz crystal
microbalance, QCM) 2, charge (field effect transistors, FET) 2>%, refractive index (surface
plasmon resonance, SPR)?’-?, and /or steric hindrance (electrochemical impedance spectroscopy,
E1S)?°-30, Unfortunately, however, these techniques suffer from a serious disadvantage. As the core
of these changes relies on target adsorption rather than specific binding, they cannot distinguish
authentic targets from that of non-specific adsorption which limits their utilities in complex
environments like blood or serum. Alternatively, electrochemical sensors may circumvent these

limitations.

Electrochemical detection offers unprecedented sensitivity (can reach down to pM) and unique
modularity (consistent/applicable with all ranges of biorecognition elements). These inherent
attributes account for the fact that more than half of biosensors mentioned in the literature use
electrochemical transducers. An electrochemical biosensor can be defined as a tool bearing two or
more of the following parts: substrate for immobilization, linker, biorecognition elements, signal
receptor, signal amplification component, and signal transducer. Among these, two parts are the
most indispensable the biorecognition element and the signal transducer (Figure 1-2). The
biorecognition element enables specific target detection with high selectivity, and the signal
transducer translates the specific molecular interactions into a measurable physical quantity. In an
electrochemical biosensor, the electrode functions as the transducer upon which, i.e., in the
interfacial region, the electrical changes triggered by the protein binding to the biorecognition

element are controlled and measured.
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Figure 1-2 Principle of biosensor operation.

Recently, a new class of biorecognition elements- short oligonucleotides termed aptamers- has
emerged, and have been shown to be promising alternatives to the conventional recognition
elements (enzymes and antibodies)® 3, Different attributes of antibodies and aptamers are

summarized in Table. 1-1.



Table. 1-1 Compilation of properties and comparison between aptamer and antibodies. Reproduced from34

properties Antibody

Aptamers

Generation and

synthesis In Vivo selection

Selection process cannot be tailored on demand.

Produced in animals or by recombinant
technology.

Difficult to raise antibodies against non-
immunogenic entities.

High cost of production.

Batch-to-batch variation.

Stability Requires stringent storage conditions.

Low shelf life.

High susceptibility to change in pH,
temperature, and ionic concentrations.

Stability cannot be increased.

Modification,
specificity and

Comparable specificity and affinity with
aptamers.

affinity Affinity and specificity can be tailored.
Modification is challenging. Or not possible.

Difficulties in immobilization.

Structural switching undergo target-induced structural change.

On binding to its target, the antibody does not

In Vitro Selection

Selection process can be tailored as per need
Chemically synthesized in Vitro
conditions.

Can be developed against non-
immunogenic entities.

Economical cost of production.
Negligible batch-to-batch variation.

Can withstand a range of storage
conditions.

Higher shelf life.

Relatively immune to changes in pH,
temperature and ionic concentrations.

Stability can be improved.

Comparable specificity and affinity with
antibodies.

Affinity and specificity can be tailored on
demand.

Amenable to modifications.

Immobilization is comparatively easier.

Aptamers can easily undergo a target-
induced structural change.

Aptamers are attractive biorecognition elements in biosensor technology. Their utilization for

electrochemical detection has revealed characteristics that have made them not only indispensable

tools in laboratory-based investigations but also turned them into market-viable techniques.



Attributes such as very simple instrumentation and miniaturization (suitable for implantable
biosensors), cost-effectiveness (highly cost-competitive), and portability (suitable for field
monitoring applications) are notable as desirable elements. In the DNA/RNA-based sensors, the
interaction between the target and the aptamer (biorecognition element) is not based on the specific
chemical reactivity but rather on a unique three-dimensional (3D) conformational change that is
induced by specific atomic/molecular interactions. This recognition approach puts an onerous
design challenge in the importance of interfacial design and molecular architecture. The relative
spatial arrangement in the target-aptamer complex determines the class of targets which are
broadly fallen into two categories - embedded group and outside-binding group. Most often targets
are found buried in a specific pocket, formed by special oligonucleotides sequence of aptamers,
belonging to the embedded group, such as ATP %, cocaine *, K+ and, theophylline ". Here the
design strategies are mostly based on the concept of target-induced conformational changes of the
surface-bound aptamers, which lacks complexity. In the case of larger and more complex
molecules, like proteins and oligonucleotides, because of the higher number of binding sites, there
are more diverse design strategies. Proteins such as thrombin 3, and platelet-derived growth factor-
BB (PDGF-BB) *°, are most often categorized under the second class (outside-binding group) for
which the interfacial design is even more challenging. So far, these strategies can be divided into
four major groups/modes including (a) target-induced structure switching mode; (b) target-induced
dissociation or displacement mode; (c) sandwich structure mode; and (d) competitive replacement
mode (Figure 1-3). E-AB sensors based on structural switching mode achieve their detection by

relying on changes in electron transfer efficiency between surface-bound electrochemical tags and



the electrode. This mode forms the most important, yet basic strategy in the fabrication of E-AB
sensors which in turn largely suffers from signal amplification and signal-to-noise ratio (Figure
1-3 A). Inspired by this, other interfacial strategies have been reported to address such frailties.
For example, the target-induced dissociation strategy (Figure 1-3 B) affords higher signaling
capability as it manages to hinder random stand fluctuations *°. In sandwich structure mode
(Figure 1-3 C), as inspired by ELISA, one can observe a more pronounced precision in the
detection of the target, particularly, when complex biological fluids are analyzed®®. Lastly, in the
competitive replacement interfacial design (Figure 1-3 D), a readily electrochemical signal

transducer can afford a very simple and sensitive readout .

A) B)

Complementary

Probe aptamer
aptamer

Redox Molecule (Tag) e

Folded state Redox tag

Un-folded state

.. . \“ Capture aptamer protein probe aptamer
M. <

Ru (NHgns— Electrochemical redox_target

Figure 1-3. Various interfacial modes in signal generation in DNA/RNA-based sensors. (A) target-
induced structure switching mode; (B) target-induced dissociation or displacement mode; (C) sandwich
structure mode; (D) competitive replacement mode.



Fundamentally, the source of all signal changes, and hence the sensitivity of the assays, lies in the
attributes and quality of the interfacial region, where the surface of the electrode (transducer) and
the biorecognition element (aptamers) meet. A successful biosensor design critically depends on
the strategy adaptation in the engineering of interfacial molecular organizations. To develop a
sensing platform to be qualified for utilization in liquid-biopsy routine monitoring, there is a need
to master the art of interfacial engineering. The scope of this review is to provide an objective
perspective of the functional parameters to fabricate DNA/RNA sensors- particularly E-AB
sensors. Subsequently, we will focus on recently adopted interfacial design and engineering in
breast cancer-oriented E-AB biosensors to demonstrate how their utilization can benefit the

application.

1.2 E-AB sensors
1.2.1 Basic principles

The only reagentless, quantitative biosensor that has garnered vast commercial success, so far, has
been the household, and portable glucose biosensors °. Given that the field of biosensors is still
in its early stages most concepts have failed translational from in Vitro laboratory studies to in
Vivo preclinical research and face important challenges before being ready for widespread
adoption and clinical application. Therefore, it is encouraging to briefly examine the principles
underlying the success of glucose biosensors. The most important key to their success is the
production of a readily measurable by-product that is detected unambiguously against the
background. In addition, the reaction is enzymatically catalyzed and thus naturally associated with
signal amplification. Furthermore, that reaction relies on target-binding-induced chemical
evolution instead of specific chemical reactivity, which accounts for a key element that makes
them well-suited even in contaminated samples like blood, as the enzyme-target complex is less
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likely to be disrupted. In nature, the chemosensing phenomena rely on biomolecular switches -
biomolecular equilibrium between two structural conformations, a process in which a special
biomolecular output (biological signal) is brought about by binding-induced changes in
conformation or oligomerization (be it a protein or nucleic acid). These natural biosensors enable
real-time, continuous target monitoring in highly complex environments. Motivated by such
phenomena, significant efforts have been invested in adoption of such switches into the
construction of artificial biosensors, for which DNA/RNA aptamers have shown the capability to

partially fulfill this goal.

With the publication of the first E-AB sensor on thrombin detection by Xiao and Plaxco*!, a new
research concept was born. The reversible action of nucleic acid aptamer, which binds to target
molecules with high affinity 4>-** was seen as an important leverage for both target detection and
signal transduction. This came after the realization that some biomolecules fold upon binding to
their complementary targets, and therefore can link recognition power to signal to transduce.
Single-stranded DNA (ssDNA) for example is fully flexible in motional dynamics, in that it is
unfolded in the absence of its target (e.g., complementary strand), which, in turn, folds into a rigid
well-structured double helix upon hybridization (or vice-versa) “>%%. The authors immobilized the
thiolated functionalized aptamers, via self-assembled monolayers (SAMs). Aptamers were
covalently labeled with a redox molecule to induce electrochemical signal upon confirmational
changes. This is a mechanism that mimics the behavior of naturally occurring chemoreceptors in
our body #"“8, Beyond achieving specific molecular detection, E-AB sensors enable detection of
any arbitrary target for which the aptamer is available “8. This was an unprecedented achievement

in the field of electroanalytical chemistry, as previously only potentiometry or direct
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electrochemical/biocatalytic measurements*® relying on specific chemical activity would enable

specific target measurements in complex environments.

1.2.2 E-AB signal and the gain

In E-AB sensor development, the signal gain, which is defined as the signal changes before and

after target introduction divided by the initial signal, (%) is critical. As opposed to absolute

signaling current, the signal gain has the advantage of normalizing for differences and thus serves
well for comparison of different E-AB sensors regardless *°. Furthermore, signaling gain is a strong
function of the sensor architecture, the electrochemical interrogating parameters, and the sample
matrix. More specifically, the surface organization of the monolayer, the secondary structure of
the aptamer, and the inherent electron transfer rate of the electrochemical tag, all affect the
signaling gain . This impact is usually justified by changing the time constant of electron transfer
between the electrochemical tag and the electrode surface. since the signal is measured
electrochemically, changes in time constants (bound and un-bound aptamers) must be matched by
the frequency of the electrochemical method employed. In this section, parameters controlling the
chemical and physical nature of the sensor interface, which determine the performance of the E-

AB sensor will be thoroughly discussed.

1.2.3 Probe packing density

The probe packing density accounts for the most readily observable variable during optimization
process toward highest gain and/or best performance. Several studies have been performed to
elucidate the effect of packing density on E-AB sensor performance. In 2001 Georgiadis and his
co-workers *°, explored the DNA surface density based on the kinetics of target capturing using

surface plasmon resonance (SPR). They studied the role of electrostatic forces among double-
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stranded DNA (dsDNA), and single strand DNA (ssDNA) as a function of the probe density and
the kinetics of monolayer film formation °°. In this work, the kinetics of monolayer film formation
showed to have a more pronounced effect on packing density and that sSSDNA exhibited greater
kinetics and higher density in surface coverage. They demonstrated that the probe density strongly
affects target hybridization efficiencies. with a higher density value leading to lower hybridization
efficiency °°2. This was later confirmed by Benight and co-workers®. They chose two targets:
cocaine and thrombin, to show the effects of surface density in the signaling gain. In the case of
cocaine, low probe density exhibited the highest gain, while an intermediate density for thrombin
achieved the best signal gain. This discrepancy was attributed to the probe-probe spacing
characteristic between aptamers as a function of their spatial size >*. For the cocaine °%°7, a
diminution of frictions and lower steric hindrances, which in turn, allows higher freedom in
structural changes, was justified. Whereas the negative effect of high packing density seen for
thrombin, was explained by the reduction of target affinity due to an over-crowded surface at
higher densities. It was, however, confirmed that the controlling of probe aptamer concentration
during sensor fabrication, was shown to successfully control the surface density of DNA molecules
across an order of magnitude®. Motivated by such phenomena, Barton and co-workers®®
demonstrated a totally new approach in controlling the probe packing density via in-situ
electrochemical activation of copper (Il) catalyst for Huisgen 1,3-dipolar coupling between the
aptamer and the backfilling agents®®. Up to now, this protocol has been proven to offer the best

tool for the control of surface packing density, and hence the probe-probe spacing.

Given the negative charge of the phosphate backbone of the DNA, the ionic strength can strongly
affect the adsorption behavior of the probe aptamers and ultimately the E-AB signaling. Sykes and

his co-workers ©, for example, recently reported that ionic strength, or more precisely dielectric
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permittivity of the solution heavily influences the spatial conformation surface bound DNA
sequence. They demonstrated that decreasing permittivity causes alteration in distance between
distal termini redox reports and the electrode surface, thereby altering the reporter’s electron
transfer rate. Similarly, decreasing the ionic strength will result in an increase in the electrode
surface-DNA backbone interactions which in turn alters the relative proximity between the redox
molecule and the electrode surface, impacting the rate of electron transfer ®*. The matrix
composition, for example, in the presence of stabilizing cations has been shown to influence the
performances of the E-AB sensors 2. Considering that the aptamer's structure is altered by the
concentration and presence of certain ions in the matrix, the relative position of the redox reporter
with respect to the electrode surface will be affected, thus influencing the electron transfer kinetics
of the platform. Xiao et al % investigated the dependence of signal change of thrombin E-AB
sensors based on the ionic strength and composition. They determined that at a high ionic strength
(e.g., 300-mM Tris base, 420-mM NaCl, 60-mM KCI, and 60-mM MgCl>) the apparent binding
affinity of an E-AB sensor for thrombin is 50 nM. At the opposite, at low ionic strength, without
the presence of potassium (100-mM Tris base), the sensor exhibits an apparent binding affinity of
21 nM with an increase in sensitivity as well 3. Without potassium, the aptamer is unfolded and
thus likely exhibits a larger conformation change in the presence of thrombin, which leads to better
sensitivity.

Overall, packing density is perceived as one of the most critical parameters that controls the signal
gain of the E-AB sensor. being the characteristic of the 3D organization of the monolayer and the

aptamer-target complex, it must be optimized for each single target to ensure the best performance.
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1.2.4 Backfilling agents and surface homogeneity

Since chemisorption of thiols to the gold surface is an oxidative process by nature, the application
of positive potentials has shown promise for enhancing the quality of adsorption in terms of
homogeneity and packing density 645, Ma and Lennox reported a faster kinetics while featuring
far fewer defects for surface coverage in preparing a mixed-composition SAM via alkanethiol
deposition on gold by the application of constant positive potentials versus the assembly resulted
from open circuit potential (OCP) . Another study showed the influence of the applied potential
%7 on the gain with a mixed SAM of fluorophore-labeled DNA and alkylthiol. They showed that a
positive applied potential (>0/SCE) resulted in ten times higher density compared to deposition at
the open circuit potential (OCP) over the same 60 min time-period (Figure 1-4) Similarly, it was
demonstrated that pulsing the potential in the course of thiolated aptamer SAM formation, led to

faster DNA monolayer formation when compared to constant potential®-°,

a) Open Circuit Potential (OCP)

5 min.

b) Eapp = 0.4 V/SCE

15 min.
DNA Substitution Time
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Figure 1-4. Fluorescence images taken of MCH/DNA layers prepared a) at OCP (no applied potential)
and b) at Eapp0.40 V/SCE. Images from left to right correspond to increasing time in the deposition
solution. Each image is from a different electrode resulting in a different orientation. The stereographic
triangle and crystallographic regions analyzed are shown on the images. All images are false colored to
represent intensity. Reproduced from .

Another approach based on chemisorption was used to assemble thiol-terminated single-stranded
DNA (HS-ssDNA) onto a gold surface, mixed with a short hydroxyl-terminated alkyl thiol surface
diluent (e.g., mercaptohexanol (MCH)) "®"2, The effect of diluent combined with passivation time
on surface composition, density, and orientation of HS-ssDNA oligomers was studied by utilizing
X-ray photoelectron spectroscopy (XPS), near-edge absorption X-ray absorption fine structure
spectroscopy (NEXAFS), and the fluorescence intensity measurements. It was concluded that
longer diluent exposure times (namely >2h) promote the displacement of the DNA molecules on
the surface, and that, the DNA aptamer strands in the backfilled surface tend to be more
perpendicular to the surface . Therefore, the molecular orientations of immobilized DNA can be

easily manipulated via their surface densities, MCH diluent addition, and varying exposure time.

1.2.5 The length and the chemistry of the backfilling agents

The length and the charge (chemistry) of SAM comprised of the alkanethiol backfilling agents
have been shown to impact the E-AB signaling behavior (Figure 1-5). Ricci et al "# conducted one
of the first studies to explore the impact of the alkanethiol length and charge of the SAM
passivation layer on the E-AB sensor performances. They observed that the best signaling gain
was obtained for an intermediate length of Ce-OH compared to short (C2-OH,) and long (C11-OH).
A short length of C>-OH was associated with enhanced random collision dynamics for probe-target
duplex whereas the C11-OH co-adsorbate was long enough to reduce the collision efficiency for

the single-stranded probe.
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Figure 1-5. E-AB sensor fabrication and varying lengths of co-adsorbates: Here the authors have
employed linear probe (top left) as a test bed with which to characterize the effects of surface chemistry
on the properties of an E-AB sensor. Because hybridization reduces the rate with which the terminal
redox tag collides with the electrode surface and transfers electrons the Faradaic current arising from
such linear probes is significantly reduced in the presence of a complementary target sequence (top,
right). It is thus likely that this suppression and the motion of the unbound and bound probe will be linked
to the nature, steric hindrance and charge of the co-adsorbate used for sensor fabrication. they have tested
the effects of a range of thiol co-adsorbates (bottom) differing in their length and/or terminal functional
groups and chosen to cover a range of charges and steric effects (bottom). Reproduced from ™,

An additional challenge that directly affects the E-AB signaling is related to the terminal charge
(chemistries) of the SAM. This effect was studied using different terminal functionalities - e.g.
hydroxyl, amine, and sulfonate groups (Figure 1-6)"*. It was observed that both amine and
sulfonate groups on C-2 monolayers produced the highest signal gain with saturating
concentrations of target. Interestingly, the surface stability, though only tested in static solutions,
was enhanced with short amine-terminated monolayer, due to the electrostatic interactions
between positively charged amine group and negatively charged DNA backbone. Furthermore, the

extent, to which an E-AB sensor can withstand a physiological environment such blood, before
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they lose their functionality over the formation of a non-specific adsorption layer, is defined as the
biocompatibility of the sensor. The biocompatibility of the surface of E-AB sensors is another area
that can be, at least partially, managed through the application of suitable SAM alkanethiol.
Whiteside et al " have extensively studied the impact of different alkylthiol monolayer on surface
bio-fouling against fibrinogen and lysozyme proteins via surface plasmon resonance spectroscopy
(SPR). Here, a single component SAM alkanethiol layer carrying single charge (either positive or
negative) resulted in a full monolayer formation of surface fouling proteins, whereas a monolayer
constituted from a mixture of two opposite charges acquired less than 1% monolayer of such
proteins’’®. This result opened the door to the use of zwitterionic monolayer of
phosphatidylcholine terminal groups for the fabrication of E-AB sensors ’® 7" and led to improved
signaling in blood despite a strong sensitivity to pH and ionic strength variations’®. However, since
their long-term stability, tested in continuous electrochemical applications, has not been reported,
and owing to the fact the acknowledges the progressive desorption of charged monolayers from
E-AB sensors’®, more substantial works need to be done to identify a suitable monolayer that

affects stability as well as biocompatibility.

It should be noted that, despite many endeavors in the assessment and identification of an ideal
backfilling agent, 6-merccaptohexanol (Ce-OH) constitutes the most widely used SAM for surface

passivation.
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Figure 1-6. Co-adsorbate effect on E-AB sensor signaling behavior: Because E-DNA signaling is linked
to a binding-specific change in the collision efficiency of the probe-bound redox tag with the electrode
surface, the nature (i.e., length and charge) of the co-adsorbate used for sensor production is a
determining factor in the performance of E-DNA sensors. Shown are SW voltammograms of sensors
fabricated with each of five co-adsorbates before and after the addition of the relevant 17-base target.
here, they find that, among the thiols tested, the positively charged C2-amine (cysteamine) gives rise to
the largest and most rapid response to target. Reproduced from 4,

1.2.6 The length of the aptamer

DNA length is another fundamental variable that will impact the organization of surface bound
DNA layers. In 2000 Tarlov et al examined the influence of oligonucleotide’s length on the surface
coverage and the corresponding desorption capacity’®. The findings indicated that the thiol
anchoring DNA strongly enhances the immobilization capacity. Moreover, they observed that
surface density for shorter strands was higher than longer ones 882, Similarly, the desorption
phenomenon is more pronounced as the DNA length increases. Short and long ssSDNAs assembly
models on the surface are represented in Figure 1-7. A higher surface density was anticipated with
organized alignment and rod-like configuration for short strands, whereas the longer strands were

expected to exhibit a low density with flat configuration and multiple contacts with the substrate.
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Figure 1-7. Cartoon of two packing configurations for ssDNA probes at a surface with a sticky end-
group for specific immobilization. Short probes are envisioned to pack in extended configurations.
Longer probes are expected to exist in more flexible, polymeric-like configurations. Reproduced from °.

They concluded that oligonucleotides shorter than 24 bases are not strictly length- dependant and
therefore organize surface density nearly independent of length variations. Furthermore, the
associated surface density, in this regime, reaches to maximum due to the rod-like surface
organization. On the other hand, in the case of longer oligonucleotides, surface density is more

impacted by the length as the polymeric nature of the strands start to present themselves.

1.2.7 The redox reporters and stability

Given the small electrochemical window available on a gold electrode, the number of functional
redox labels to be utilized in E-AB sensors is limited. Electrochemical behavior of most relevant
redox molecules that can be used as a label candidate has been illustrated in Figure 1-8 . To date
according to the literature, widely used reporters are methylene blue® (Eo' = -260 mV vs.
Ag | AgCl), and anthraquinone (E°' = -440 mV vs. Ag | AgCl) ®. These two molecules can undergo
a reversible two-electron and one proton electrochemical reactions. One caveat of these redox
labels is that their electrochemical functioning (redox potential) alters with varying pH . For

example, their application in biological fluids with fluctuating pH like sweat will meaningfully

influence their electrochemistry, and thus affecting E-AB signaling current. Ferrocene (E”' = +220
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mV vs. Ag | AgCl) in contrast exhibits a pH-insensitive one-electron transfer reaction but can be
chemically affected by pH®’. More importantly, it has been shown that the oxidized ferrocenium
form is susceptible for nucleophilic reaction with even weak nucleophilic agents like chlorides
which are normally abundant in biological fluids . Furthermore, as far as the protein and
corresponding charges are concerned, the application of positive potential on ferrocene may
increase the non-specific adsorption and contribute to the gold surface etching 8. For these
reasons, the use of ferrocene not recommended in common E-AB sensor fabrication .
Anthraquinone provides good chemical stability particularly in chloride media, but has a reduction
potential that overlaps with the onset of oxygen reduction on gold®. Methylene blue, unlike
ferrocene and anthraquinone, undergoes an electrochemically stable electron transfer reaction and
has a reduction potential distinct from background electrochemical processes  the only
compromise that needs to be taken into account is the pH variation control to ensure reproducibility

in its electrochemical behavior.

Signal drifting is one of most common characteristics of the redox molecules used as reporters
regardless of the matrices whether it is simple buffer or human serum. Recently, a survey on a
large set of potential redox reporters (more than a dozens) was conducted jointly by Ricci and
Plaxco® in order to find out which one demonstrates long-duration stability. Their work
demonstrates that the performance of methylene blue-based E-AB sensor is unmatched where the
sensor’s stability against repeated scanning even in complex environments was significantly
superior to its alternatives (Figure 1-9), and so, has proven to be the most commonly used reporter

in the fabrication of E-AB sensors 8,
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Figure 1-8. electrochemical behavior of different redox candidate. As one can see, Dabcyl and ROX, for
example, fail to produce clear oxidation and reduction peaks when conjugated to DNA and interrogated
using standard square wave voltammetry parameters, and thionine exhibits two peaks in the relevant
potential window. In case of ferrocene, three ferrocene-containing constructs were employed: one in
which the ferrocene is conjugated directly on to an amine appended to the 5’ end of the DNA, a second
in which the ferrocene is conjugated directly on to an amine appended to the 3’ end of the DNA, and a
third, ferrocene C5, in which there is an additional spacer between ferrocene and the amide linkage to
the DNA. The highly sloping baselines observed at potentials below —0.5 V and above 0.5 V (vs
Ag/AgCl) are due to the reduction of oxygen and the subsequent generation of reactive oxygen species
(at low potentials) and the oxidation of gold (at high potentials). These same effects cause significant
degradation of the thiol-on-gold SAM; that is, some redox reporters fail because they, themselves fail,
and others fail because they report at potentials at which SAM stability is poor. Reproduced from £
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Figure 1-9. (a) Sensors fabricated with methylene blue, ferrocene, anthraquinone, or Nile blue exhibit
similar signal gain in response to target binding whether deployed in simple buffer solutions or in 20%
blood serum. (b) They all drift significantly, however, when repeatedly scanned in 20% serum over the
course of hours, with methylene blue exhibiting the least drift. (c) Methylene blue-based sensors are
likewise the most stable when the sensors are challenged with multiple cycles of hybridization (with
saturating target) and regeneration (via di-water wash) in 20% blood serum. Reproduced from? .

The mechanism of target-induced signaling in E-AB sensors is based on the collision frequency of
the redox tag and the electrode surface °*, consequently it seems to be reasonable to argue that the
spatial position of the redox reporter within the DNA strand should be critical in its signaling
behavior. To elucidate this, Lai et al % carried out and detailed quantitative comparative
experiment based on three aptamer probes each labeled with methylene blue in the distal end,
middle, and proximal end (Figure 1-10). They examined the sensor stability, the detection limit,
the reusability, and the selectivity and were able to show that a redox reporter positioned at the
distal end of the aptamer probe generated the best performances for this sensor design without
interfering with monolayer formation and target binding. Furthermore, they argued that the
internally conjugated methylene blue is not advantageous as it not only affects the probe structure

but also imposes a potential interference in target binding. Therefore, the proximal attached
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methylene blue tends to negatively impact the monolayer formation, which can compromise the

stability thereby the performances of E-AB sensor.

A Al G A3

B A2 D
AZ/
—A\ T—g¢
A - P
: . A\G \ — G
T c\. P c-6 N
A T~ o ©° ,G
\ a3 e
c r/ \

%%ié%%%%%é%ﬁ% =

Figure 1-10. (A-C) Schematic illustrations of the three E-AB sensors. (D) The optimal (minimum
energy) structure of the aptamer predicted by Mfold under the following conditions: 0.1 M Na(l), 22 °C.
Also included are the locations of the MB redox label in the three different sensor architectures.
Reproduced from %,

1.3 Operational parameters

The signal changes upon target binding are not only dependant on the sensor fabrication but also
are impacted by the electrochemical methods parameters. Given that the motional dynamics and
the change in dynamics of the probe aptamer play a pivotal role in the signaling current behavior,
it is reasonable to argue that the time scale of the voltametric interrogation is a key parameter to
the sensor optimization and fabrication®'. Most of the techniques featuring frequency element in
their current data acquisition including cyclic, alternating-current (ACV), square-wave

voltammetry (SWV), and differential-pulse voltammetry are all suitable methods for monitoring
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aptamer conformation changes and the resulting changes in corresponding charge transfer rate.
The signal evolution from E-AB sensor involves two different striking dynamics (bound and un-
bound states) which is disturbed with target biding. E-AB sensors will have an optimum
interrogation frequency range where the measured current exclusively originated from the faradic
conversion of aptamer-bound reporters®. At interrogation frequencies below 10 Hz, the current
evolution is sensitive to non-faradic currents originating for example from side reactions from
metal impurities or gases (e.g., the reduction of oxygen) and vibrational or electronic noise. At
frequencies higher than 1000 Hz the contribution of the double layer ® and electronic noise are
more pronounced %. As shown in the Figure 1-11, plotting the peak current/frequency vs log
frequency before and after target addition gives a map that helps navigation of the optimal
interrogation frequency where the current is solely acquired from the bound and unbound probe
electrons transfer. Here it shows a maximum electron transfer rate of 60 Hz for the unbound and
of 500 Hz for target-bound states of the E-AB sensor®. Therefore, the development of a map, in
which the signal gain is plotted against large ranges of interrogating frequencies is highly
recommended which allows one to identify the frequency range that achieves the largest signal

difference between zero target and saturation
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Figure 1-11. E-AB sensors have an optimal interrogation frequency range irrespective of interrogation
technique. Here, one can determine the frequency ranges in which the bound and un-bound probe aptamer
each produces the highest faradic signal current. Reproduced from %,

We have discussed the parameters influencing the E-AB sensor in terms of fabrication and
operational parameters with no emphasis on any specific target. In the following section, however,
we will highlight the importance of interfacial design and molecular architecture in the fabrication
E-AB sensor to show how such delicate manipulations can meet new demands. We will focus on
the proof-of-the-concept demonstrations of diagnostic devices that have proposed for early

monitoring of breast cancer biomarkers.

1.4 Breast cancer

Breast cancer is the most diagnosed cancer among women, with nearly 1.7 million new cases
diagnosed worldwide in 2012  leading to 551,334 deaths in 2015, and the highest prevalence of
metastasis®’. The total number of cases is predicted to increase by 49% from 1,534,500 (2015) to
2,286,300 annual cases (2050)%. The concept of early detection of various forms of cancer before

they expand to metastatic state and become practically incurable has garnered much attention
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among scientist and physicians®®. Over the past 20 years the survival rate in breast cancer when

diagnosed at early stages have drastically improved with the existing therapies'®.

Biomarkers include species and substances released from the cancer cells themselves or by other
tissues as a result of the response to tumors as well as physiological indicators that can be traced
and visualized by imaging technology or detected by molecular technology!®t. Therapeutic
biomarkers for cancer ranges from macromolecules such as DNA, genetic mutation, RNA, and
protein, to whole cells. They can exist in the blood as circulating mRNA, free DNA, and tumor
cells, making liquid biopsies attractive for clinical use'®2. Two categories of biomarkers are
frequently used to inform cancer treatment. Prognostic biomarkers which are mainly associated
with clinical results and tend to give information about the necessity of the treatment, and
predictive biomarkers that serves to better navigate an effective treatment for a subtype of breast
cancer®, Surprisingly, so far, despite many scientific endeavors, only 9 breast cancer biomarkers
have been approved by the Food and Drug Administration (FDA) for clinical applications!®4.
These biomarkers are all glycosylated proteins, and a modification in the glycan composition of
these glycoproteins may serve as additional information for cancer diagnostics and/or prognosis.
The following glycoprotein-based biomarkers have been published in the literature for breast
cancer management: HER2/NEU, CA15-3, CA27.29, MAM, galectin 3 binding protein, nectin 4,
and fibronectin 1 with a typical concentration in human serum of 1-50 ng/ml 1% Table 1-2 lists

fundamental characteristics of such biomarkers.

CA15-3 represents a soluble form of mucin 1 (MUC1), a transmembrane protein on the apical
cellular surface. MUCL1 is a glycoprotein with three domains. The association between breast
cancer and elevated expression of CA15-3 has been experimentally confirmed%, The CA15-3 has

constantly been employed as the clinical biomarker for the prediction of the disease outcome and
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monitoring of chemotherapy treatment modalities or even the relapse of the disease. In another

word, the CA15-3 accounts for the standard practical serum biomarker of the breast cancer?’.

Table 1-2. Candidate breast cancer biomarkers (BRCAL, BRCA2, CA27.29, CA 15-3, CEA, HER-2,
VEGF, tPA, CIFRA-21-1, PDGF, OPN), reprinted from 1%,

Biomarker Size/kDa Incidence in Cancer Level in Serum
BRCA1 207-220 breast, ovarian, prostate, pancreatic ND
BRCA2 384 Fanconi anemia, breast, ovarian, lung, prostate, pancreatic ND
CA27.29 250-1000 breast <37 U/mL
CA15-3 290-400 breast 3-30 U/mL

CEA 180-200 gastric, pancreatic, lung, breast, medullary thyroid 2-4 ng/mL
HER-2 185 breast, ovarian, gastric, prostate 15 ng/mL
VEGF 18-27 brain, lung, gastrointestin?l,..hcpatobiliary, renal, breast, ~220 pg/mL

ovarian

TPA 2045 breast, lung, pancreatic 109 U/L

CIFRA-21-1 40 breast, lung, pancreatic 50 ng/mL

PDGF 35 glioblastoma, lung, colorectal, breast, liver and ovarian (7.5 £3.1) ng/mL
OPN 41-75 breast, colon, liver, lung, ovarian, prostate 16 ng/mL

1.5 Breast cancer biomarkers and clinical utility

Despite recent advances in cancer research, routine clinical practice in breast cancer diagnosis and
treatment still relies on a limited set of molecular markers (see Table 1-3). There are currently no
well-established markers for early diagnosis. Among the serum tests with prognostic value after
diagnosis, CA15-3, which measures shed forms of the MUC-1 glycoprotein 1910 s not
considered useful for early diagnosis due to its low sensitivity and poor specificity 11°, and its value
in monitoring after surgery is questionable. Carcinoembryonic antigen (CEA) and CA 27.29,
which measure mucin-associated antigens, also have poor sensitivity and specificity and are
therefore of questionable utility for early diagnosis, although they can be useful for monitoring

advanced disease 1. It has been suggested that metabolite profiling, which involves analyzing
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metabolic products in the body, may have the potential to improve early diagnosis and staging of

breast cancer compared to methods based on measuring serum proteins 12113,

Estrogen receptor (ER) and the type 2 human epidermal growth factor receptor (HERZ2 or erbB-2)
are not diagnostic markers but are among the most useful for predicting outcomes in breast cancer.
For instance, a meta-analysis of data from 20 trials involving over 20,000 patients found that ER
status was the only known factor that could predict responsiveness to adjuvant tamoxifen therapy
114 “regardless of other factors such as nodal status . HER2 is also a key predictor of response to
targeted therapies such as trastuzumab. In contrast, other tissue marker proteins such as
progesterone receptor (PR) and Ki-67 have less predictive value. Overall, the evaluation of tissue

marker proteins is an important part of breast cancer diagnosis and treatment planning.

The status of estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) can
be used to divide breast cancer patients into four therapeutic and prognostic risk groups: triple
negative, HER2-positive, and two classes of ER-positive/HER2-negative: low or high
proliferation, as defined by Ki-67 or other additional tests *'°. This has been endorsed by an
international expert panel. While there are currently no established protein-based tests to determine
the mutational status of BRCA1 or BRCAZ2, these genes are important to mention as they are strong
predictive markers of breast cancer. Inheriting a mutation in either gene carries a 50-80% lifetime
risk of developing breast cancer %17 the highest risk among breast cancer susceptibility genes.
The evaluation of tissue marker proteins is an important part of breast cancer diagnosis and

treatment planning, particularly in determining the appropriate use of chemotherapy.
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Table 1-3: Breast cancer biomarker proteins in common clinical use.

Cancer marker
Tissue-based markers
ER

PR
HER2

uPA

PAI-1

Serum-/plasma-based markers
CA 15-3/CA 27.29

CEA

TPA

Breast cancer biomarker proteins in common clinical use.

Predicting response to hormone therapy in both early and advanced
breast cancer

In combination with other factors, assessing prognosis in breast

cancer

Usually combined with ER for predicting response to hormone therapy

Determining prognosis, most useful in node-positive patients
Conflicting data in node-negative patients for selecting patients with
either early or metastatic breast cancer for treatment with trastuzumab
Determining prognosis in breast cancer, including the subgroup with

axillary node-negative disease
In clinical use in parts of Europe.

Usually assayed in combination with uPA, that is, for determining
prognosis in breast cancer including the subgroup with node-negative
disease

Provides prognostic information additional to that of uPA

Postoperative surveillance in patients with no evidence of disease
Monitoring therapy in advanced disease
Postoperative surveillance in patients with no evidence of disease

Overall, appears to be less sensitive than CA 15-3/BR 27.29
Postoperative surveillance in patients with no evidence of disease

CA: Carcinoma antigen; CEA: Carcinoembryonic antigen; ER: Estrogen receptor; HER2: Human epidermal
growth factor receptor 2; PAI-1: Plasminogen activator inhibitor-1; PR: Progesterone receptor; TPA: Tissue
plasminogen activator; uPA: Urokinase plasminogen activator %8,
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1.6 Liquid biopsy: the general concept:
Liquid biopsy is a non-invasive method for collecting tumor-derived materials, such as DNA,
RNA, cells, or extracellular vesicles, from body fluids like blood, urine, or saliva. This technique
can be done through a blood draw or urine collection and is seen as an attractive option compared
to traditional biopsies which involve removing tissue from a tumor. Liquid biopsy can potentially
overcome the issue of tumor heterogeneity by examining the genomic landscape of the entire

tumor in the patient's body °

, and it can be repeated over time to monitor the tumor's response to
treatment. It may also have the potential for early cancer detection, prognostication, and predicting
treatment response. The development of sensitive assays that can detect small amounts of tumor-

derived material in body fluids has made liquid biopsy a viable alternative to traditional

biopsies!?0-124,

1.7 Liquid biopsy: package of tumor-derived materials

According to the literature, liquid biopsy involves collecting a sample of body fluid that contains
various materials derived from a tumor, including DNA, RNA, intact circulating tumor cells
(CTCs), tumor-educated platelets, and extracellular vesicles. These samples can be collected
through a blood draw or urine collection, but different technologies are needed to isolate the
different tumor-derived materials, such as CTCs and circulating tumor DNA (ctDNA), from the
body fluid sample 2. The concept of liquid biopsy likely dates back to 1948 when cell-free DNA
(cfDNA) was first discovered in the bloodstream 12, Unlike ctDNA, which is released by tumor
cells, cfDNA is present in both healthy 27 and sick individuals and can be found in higher
quantities during trauma, heart attacks, strokes, or autoimmune conditions!?. ctDNA is a portion
of cfDNA that is released by tumor cells either at the site of the tumor or from CTCs in the

bloodstream. CTCs are tumor cells that either actively enters the body's circulation or are shed
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from primary or metastatic tumors *?°. Other materials derived from tumors include circulating
RNA such as cell-free messenger RNA and microRNA, which are small noncoding RNA
molecules of 19 to 24 nucleotides in length **°. These may be found in extracellular vesicles in the
circulation, which are small, membrane-bound vesicles that are shed either by plasma membrane
shedding from cells like tumor-educated platelets or by tumor cells through exocytosis (the
resulting extracellular vesicles are called exosomes). These vesicles can contain tumor DNA and

131

RNA, as well as tumor-associated proteins and lipids *>*, which protect their contents from

enzymes such as plasma nucleases. Tumor-educated platelets are platelets that have taken up tumor

RNA from the circulation and may have enhanced functions promoting tumor metastasis'3.

CTCs and ctDNA are two of the most well-studied materials found in a liquid biopsy. The US
Food and Drug Administration recently approved the Therascreen PIK3CA RGQ polymerase
chain reaction (PCR) assay as a companion diagnostic test to detect PIK3CA mutations in patients
with hormone receptor-positive, human epidermal growth factor receptor 2 (HER2)-negative,
PIK3CA-mutated, advanced, or metastatic breast cancer. This approval followed a clinical trial
that found patients with these characteristics who were treated with Alpelisib in combination with
endocrine therapy Fulvestrant had significantly prolonged progression-free survival compared to
those treated with Fulvestrant alone **3. The companion diagnostic assay can be used on both tissue
and liquid biopsies, bringing liquid biopsy closer to being used in the treatment of breast cancer.

CTCs collected from the blood can be analyzed for their contents, such as protein, DNA, mRNA,
miRNA, and other properties 3%, One example of a protein marker found in CTCs is cancer
antigen 15-3 (CA15-3), which is encoded by the Mucin 1 (MUC1) gene. Higher than normal levels
of CA15-3 expression is often used as an indicator of primary breast cancer and early detection of

relapse 1%,
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1.8 Liquid biopsy vs. tissue biopsy
Tissue biopsy is a valuable diagnostic tool that provides information about the tissue's structure
and allows for the analysis of hormone receptors and HER2 status. However, it has limitations
because it only provides a snapshot of the tumor at one point in time from one specific location,
which may not accurately reflect the entire tumor. Cancers are often heterogeneous and can change
over time and in response to treatment. A study by Gerlinger et al ¥’ found that different parts of
a primary tumor and its metastases can have different characteristics. While serial longitudinal
tissue biopsies could potentially provide a more complete picture of the tumor and its changes,
they are impractical in the clinical setting because they are invasive and can have complications.
They are also not possible in cases where the tumor is in a difficult-to-access location or if the
patient is too sick for an invasive procedure. It is also not feasible to obtain tissue samples from
every metastatic deposit in a patient with multiple metastases. The heterogeneity of tumors can
make it challenging to determine the best course of treatment based on a single tissue biopsy, as it

may not accurately reflect the complexity of the tumor's genomic landscape.

In contrast to tissue biopsy, liquid biopsy has the potential to provide a more comprehensive view
of the tumor's genomic landscape, both across all metastatic sites and over time. However, there
are challenges in implementing this technology in the clinical setting. For example, circulating
tumor DNA is often of poor quality, highly fragmented, and present in low concentrations in the
blood. To improve the yield of ctDNA, methods for extracting ctDNA need to be improved or
DNA analysis assays need to be made more sensitive to detect ctDNA at very low allele
frequencies. At present, tissue biopsy is still considered the reference standard for molecular

analysis of tumors in clinical guidelines and recommendations.

33



The National Comprehensive Cancer Network treatment guidelines ** for non-small cell lung
cancer do not recommend using liquid biopsy in place of tissue diagnosis because of a false-
negative rate of 30% for ctDNA testing. Therefore, if a liquid biopsy for EGFR mutations is
negative, it is recommended that a tissue biopsy be performed for repeat molecular testing. While
PCR-based methods such as ddPCR, BEAMing, and amplification-refractory mutation system are
highly sensitive and can detect ctDNA at very low allele frequencies of less than 1%, they can
only test for specific genetic changes that are predetermined. Targeted, massively parallel
sequencing or next-generation sequencing of multiple genes can provide a wider scope of
molecular analysis of the tumor, but it requires specialized bioinformatics support and can have
issues with specificity when trying to distinguish low-allele-frequency variants (which is often the
case with liquid biopsy) from background noise due to DNA polymerase errors. There is also a
lack of standardization in the techniques used for liquid biopsy analysis, including the type of
analyte (CTC or ctDNA), the sample used for extraction (serum or plasma for ctDNA testing), the
method of quantification (spectrophotometry or fluorescence-based techniques for ctDNA), and
the assay itself (ddPCR, amplification-refractory mutation system, BEAMing, or next-generation

sequencing). Table 1-4 compares different attributes of liquid biopsy vs tumor biopsy.
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Table 1-4 : Advantages and drawbacks of tumor liquid biopsies compared to standard tissue-based
biopsies*®.

Circulating biomarkers Tumor biopsy

Advantages Advantages

* Diagnosis * Diagnosis

* Prognosis * Prognosis

* Real-time therapy follow-up * Material obtained from the primary

lesion (high specificity)
* Low cost

» Minimally invasive—higher compliance

Drawbacks Drawbacks

* Lack of well-defined bio-panels * Highly invasive—lower compliance
*Relatively overall lower

specificity/sensitivity, especially if considered * Relatively expensive

singularly

* Outcome strictly dependent on the
correctness of the procedure

1.9 The mucins : family of glycosylated proteins
There is a lot of research being done to identify markers that have biological and therapeutic
importance in breast cancer. Mucins are a large group of glycoproteins that are produced by various
types of epithelial cells and their cancerous counterparts. They are divided into two main
categories: membrane-bound mucins, including MUC1, MUC3A, MUC3B, MUC4, MUC12,
MUC13, and MUC17, and secreted or gel-forming mucins, including MUC2, MUC5AC, MUC5B,
and MUCG6 *°, All mucins have similar structural features, but they differ in the repeating peptides
that they contain 4. Abnormal expression of mucins has been linked to cancer. Mucins have been
shown to play a role in cancer development and to affect cell growth, differentiation,

transformation, adhesion, invasion, and immune surveillance 42, Many studies have found that
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MUC1 is overexpressed in breast cancer, as well as in other types of cancer such as colon and

pancreatic cancer 14,

MUC1 is involved in cell signaling, immune regulation, and the inhibition of cell-cell and cell-
matrix adhesion #4, The cytoplasmic domain of MUC1 has been found to interact with R-catenin
through a motif similar to that found in E-cadherin, which prevents the formation of the E-
cadherin-R-catenin complex . This finding has been confirmed in a study using a breast cancer
cell line 16147 MUC1 may therefore play a role in the detachment, invasion, and metastasis of
tumor cells, which is associated with aggressive tumor behavior and a poor prognosis. The
cytoplasmic domain of MUCL also has the ability to bind to Grb2/SOS, which are signaling

mediators for tyrosine kinase receptors, when it is phosphorylated 8,

MUCL1 has also been found to colocalize with and interact with members of the epidermal growth
factor receptor (EGFR) family 14°. MUC1 mucin is typically found on the top surface of secretory
epithelial cells, but in cancerous tissue, its expression can vary in terms of the amount and location
within the cell **°, High levels of abnormal MUC1 expression in breast cancer and other types of
cancer leads to the creation of antigenically recognizable regions on the MUC1 molecule, which

can stimulate an immune response. This makes MUC1 a potential target for immunotherapy™®*.

MUC2, MUC5AC, and MUCG6 are important proteins that help produce the mucus that protects
and lubricates epithelial surfaces. MUC2 is a major glycoprotein that is produced in large
quantities by intestinal and airway epithelial cells 2, Its expression is a common feature of all
mucinous carcinomas, which are types of cancer that arise from different organs including the
breast, colon, and prostate, and it may serve as a potential prognostic indicator **3-%%, MUC2 is

expressed in mucinous breast cancer and may help prevent tumor invasion . Its expression is
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also associated with aggressive tumor behavior in other types of invasive and intraductal

carcinomas of the breast™*11%7,

MUCS5AC is mainly found in the mucosal layer of the cardia, fundus, and antrum of the stomach,
while MUC6 is found in the pyloric glands *81%°, Both MUC5AC and MUC6 have similar
properties in protecting epithelial tissue and are not usually detected in normal breast tissue'®.
Schmitt et al 1°° have found a correlation between MUCSG expression and mucinous carcinoma of

the breast. Previous studies have not found any association between MUC5AC or MUC6 and

tumor size, histological grade, lymph node status, or estrogen receptor (ER) status °.

MUC3 is found in the intestine and is made up of two distinct genes called MUC3A and MUC3B.
It has been shown that MUC3 can be upregulated by steroids in Vitro, which suggests that there
may be a link between abnormal hormonal mechanisms and the loss of controlled expression of
mucin genes in breast cancer. In gastric carcinoma, or cancer of the stomach, MUC3 expression

has been associated with a poor prognosis?®?.

MUC4 normally provides a protective layer of mucus for the epithelial cells in the breast. The
ability of MUCA4 to create an antiadhesive, antirecognition barrier may potentially be used as a
mechanism to prevent apoptosis and indirectly increase tumor proliferation 2. It has also been
shown to modulate the c-erbB-2 receptor tyrosine kinase through two epidermal growth factor-
like domains in the transmembrane portion of the complex (ASGP-2) 63, Overexpression of
MUC4 has been shown to block cell-cell and cell-matrix interactions, protect tumor cells from
immune surveillance, and promote metastasis. In addition, as a ligand for ErbB2, MUC4 can

increase the phosphorylation of ErbB2 and potentially alter the signals generated by this receptor
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164 The deregulation of MUC4 may contribute to tumor progression and altered expression of

MUC4 has been found in many types of carcinoma 165166,

1.10 The structure of MUC1
Mucins are a type of protein that is heavily glycosylated, meaning that they are decorated with
complex sugars %7, They are found in many different tissues in the body, including the mucous
membranes that line various internal surfaces such as the respiratory and digestive tracts. Mucins
play important roles in various processes such as lubrication, protection, and immune
defensel®8:16°,
There are three main types of mucins: transmembrane (e.g., MUC1, MUC4, and MUCS6), secreted
(Gel-forming) (e.g., MUC2, MUC5AC, MUCS6), and soluble (not gel-forming) (e.g., MUCY7,
MUCS8, MUC9, and MUC20) 111 Transmembrane mucins are anchored to the cell membrane
and extend outwards from the surface of the cell. Secreted mucins are produced by certain cells
and are released into the surrounding tissue, where they form a protective gel-like layer. Soluble
mucins are not anchored to the cell membrane and are found in the extracellular space.
MUC1 is a well-studied transmembrane mucin that is expressed on the surface of many types of
cells, including epithelial cells. It is characterized by a variable number of tandem repeats
(VNTRs), which are short sequences of amino acids that are repeated many times in the protein.
MUC1 also has a sperm protein-enterokinase-agarin (SEA) domain, which is an extracellular
domain, and a transmembrane domain. The cytoplasmic tail domain of MUC1 extends up to 200-
500 nm out of the cell surface. MUCL plays various roles in the body, including acting as a tumor
marker and mediating cell-cell and cell-matrix interactions *"2173,
In cancer, the structure of MUCL is altered due to overexpression caused by the loss of polarity in

epithelial cells. This change results in the carbohydrate side chain becoming incomplete and
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forming new carbohydrate side chains, such as Thomsen-Friedenreich (TF or T), Tn, and sialyl-

Tn (STn) 17 MUC1's core peptide is also more exposed to cancer, as shown in the Figure 1-12.
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Figure 1-12 Structure of MUCL1 in normal tissues and diseased tissues. (A) The structure of MUC1 in
normal tissues; (B) The structure of MUC1 in diseased tissues 1°.

1.11 Significance of MUCL1 (CA15-3)
Circulating tumor cells (CTCs) can be detected in about 50-80% of patients with metastatic breast,
colon, or prostate cancer /"1 It is not currently known why CTCs are not detected in some
patients, whether it is because they are too rare to be captured, do not have surface markers that
allow for the capture, or are not present in the bloodstream (e.g., the metastatic cells are only in
the tissue or lymphatics). For patients with detectable CTCs, the surface antigens currently used

to identify them are epithelial cell adhesion molecule (EpCAM), cytokeratin-19 17°, and MUC1°,
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MUC1 is often used as a capture antigen because it is frequently overexpressed on CTCs. It is
typically found to be expressed in more than 60% of captured CTCs from patients with metastatic
breast, lung, pancreatic, and colon cancer #1718, The detection of MUC1 (also known as serum
antigens CA 15-3, KL-6, and BM7 8418 in patient blood is currently used clinically to evaluate
response to therapy and as a prognostic indicator for survival. The serum antigen CA 15-3 is one
of the most widely used serum antigens in breast cancer, and high CA 15-3 levels are associated
with higher-grade tumors, lymph node involvement, and the presence of distant metastases .

The location of MUC1 within cells is also important.

CA15-3, a high molecular weight glycoprotein (300-450 k Da), is synthesized by the apical surface
of epithelial ducts and acinic breast cells and is then secreted in milk normally. In cancer, CA15-
3 may enter the bloodstream due to changes in the structure of the breast. High levels of CA15-3
may indicate the presence of metastases, especially in the bones. It appears that CA15-3 could be
a useful factor in predicting the likelihood of bone metastases in these patients. According to bone
scans, about 2%, 10%, and 20% of patients with breast cancer in stages 1, 2, and 3, respectively,

will experience bone metastasis®®’.

In a study about the prognostic value of the preoperative CA 15-3 and CEA levels, Park et al'®
reported that, Out of a group of 1681 patients, 176 had high levels of the CA15-3 tumor marker
and 131 had high levels of the CEA marker before surgery. Higher levels of these markers were
linked to larger tumors, cancer that had spread to the lymph nodes, and advanced cancer stages.
Patients with elevated levels of these markers had worse survival rates, even when comparing
people with the same cancer stage. Patients with normal levels of both markers had better survival
rates than those with elevated levels of one or both markers. In a statistical analysis that took into

account other factors, high levels of these markers were found to be independent predictors of
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survival. This association between high marker levels and poor survival was confirmed with longer

follow-up and a larger group of patients.

In another work, performed by Incoronato et al *8°, whose aim was to examine the value of CA15-
3 for the diagnostic integration of molecular imaging findings performed with hybrid positron
emission tomography and computed tomography (PETCT) technology, a cohort of 45 people with
a median age of 65 years (ranging from 39-85 years old) with history of breast cancer who had
already been treated via surgery and other methods were chosen. Before undergoing a PETCT
examination, three measurements of CA15-3 were taken over a period of one year, at intervals of
0-3 months, 3-6 months, and 6-9 months. Disease relapse was determined by either a prolonged
clinical outcome or imaging follow-up. The sensitivity and specificity of both the PETCT and the
CA15-3 measurements were evaluated based on their ability to predict disease relapse in

comparison to the clinical outcome.

The results indicated that in breast cancer patients undergoing follow-up, serial increases in CA15-
3 levels can be used to predict positive PETCT results. Elevated CA15-3 levels may serve as an
early warning sign for patients who are at a higher risk of recurrence and in need of accurate
molecular imaging evaluations, as they may indicate the presence of multiple lesions or liver
involvement. Additionally, patients receiving chemotherapy or anti-hormonal treatment who have
negative PETCT scans, but increased CA15-3 levels should be considered at risk for relapse, as
the presence of a tumor as indicated by elevated CA15-3 levels can predict positive metabolic

imaging.

Elsewhere, Al-Azawi et al % retrospectively examined the role of CA15-3 in conjunction with

other clinicopathological variables as a predictor of response and time to disease recurrence in
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patients with locally advanced breast cancer (LABC) following treatment. The researchers
reviewed pre- and post-primary chemotherapy concentrations of CA15-3 along with other
variables and analyzed their relationship to four outcomes following primary chemotherapy:
clinical response, pathological response, time to recurrence, and time to progression. Persistently
elevated CA 15-3 after primary chemotherapy (PC) was defined as consecutively high levels above
the cut-off point during and after PC. Eventually, they concluded that an elevated CA 15-3 level
is a predictor of a poor response to chemotherapy. Furthermore, persistently elevated CA 15-3
levels in combination with lymph vascular invasion and HER? status after chemotherapy predicts

reduced disease-free survival in patients with locally advanced breast cancer.

There is an ongoing debate about the usefulness of measuring CA15-3 levels in patients with breast
cancer. While the European Group on Tumor Markers has recommended using CA15-3 and CEA
levels to predict prognosis, detect disease progression, and monitor treatment in breast cancer, the
American Society of Clinical Oncology and the National Comprehensive Cancer Network does
not currently recommend using these markers for breast cancer screening or treatment decisions

191 These controversies may be partly due to the conflicting conclusions of research 192194,

1.12 Relationship between CA 15-3 and tumor and patient characteristics

According to a substantial research work that has evaluated the preoperative CA15-3 serum levels
prospectively in 600 patients 1%, it has been shown that CA15-3 concentrations were meaningfully
higher in patients suffering from larger tumors, and in patients with an increasing nodal burden.
Cuzick’s test for trend demonstrated a significant increase in CA15-3 across these groups for tumor
size and for nodal burden. Moreover, no significant difference was found in patients with ER

positive or negative, however, concentrations were significantly higher in patients 50 years or older
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compared with those younger than 50. Additionally, levels were higher in patients with positive
axillary nodes compared to those with negative axillary nodes. Results are shown in Table 1-5. Of
note, it has been shown that the CA15-3 cut-off concentration has been estimated as 30-35 U/ml

(which is approximately equivalent to 5 uM of the target) 19197,
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Table 1-6 Median and mean CA 15-3 concentrations in different subgroups %

Variables CA15-3, units/L
Tumor size, cm n median Mean
0-2 208 20 20.8
2-5 341 21 24.2
5 51 26 37.2

Age at diagnosis
50years 209 19 22.8
50years 391 21 24.9

Axillary node status

Negative 290 19 21.2
Positive 310 21 26.9

ER status(n 505)
Negative 161 20 24.1
Positive 344 21 24.5

1.12.1 Relationship between CA 15-3 and overall survival

As shown in Figure 1-13 and Table 1-6, patients with high CA15-3 (>30 units/L) had a worse

overall survival pattern than those with low concentrations of the marker.
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Figure 1-13 Overall survival according to serum CA 15-3 concentrations in 600 patients with breast
cancer. Thin line, CA 15-3 < 30 units/L (n =489); thick line, CA 15-3 > 30 units/L (n=111). HR =2.16
(Cl, 1.55-3.03); P < 0.0001 %4,

1.13 Current use

Currently, the primary use of CA 15-3 is to monitor treatment progress in patients with advanced
breast cancer, particularly in cases where the disease is not evaluable 1%, Most expert panels do
not enthusiastically recommend using CA 15-3 for routine surveillance of asymptomatic women
who have had surgery for breast cancer 1. However, as more therapies become available for
recurrent or metastatic disease, this may change in the future. The main limitation of CA 15-3 as
a marker for breast cancer is its lack of sensitivity for detecting early-stage disease. The challenge
with using serum markers for breast cancer is to find a marker that is both sensitive and specific

for detecting small or early tumors in women.

45



1.14 Vascular Endothelial Growth Factor (VEGF) Protein

The VEGF gene family includes six proteins, known as VEGF-A, VEGF-B, VEGF-C, VEGF-D,
VEGF-E, and placenta growth factor PIGF-1 and -2, that play a role in the growth of blood vessels
and lymph vessels %20, \VEGF-A, also known as VEGF or VPF, was first identified as a factor
secreted by tumor cells that can increase the permeability of blood vessels. Later, Ferrara et al 2%
isolated and cloned VEGF-A as a protein that stimulates the growth of blood vessels in the
endothelium, or the inner lining of blood vessels. VEGF-A is a 45-kDa protein that exists as a
dimer and has various angiogenic properties. The VEGF-A gene can produce different isoforms,
or variations, through a process called alternative splicing . These isoforms include VEGFi2;,
VEGF165, VEGF1g9, and VEGF206 &. There are also some less common isoforms, such as VEGF1ss
and VEGF1g3 2. VEGF121 is secreted freely, while the larger isoforms, VEGF1ge and VEGFaos,
are trapped in the extracellular matrix and must be activated by proteases, or proteins that break
down other proteins. VEGF1gs5 exists in both a soluble form and a form that is bound to the
extracellular matrix 2%, The isoforms of VEGF-A, VEGF-C, and VEGF-D that are bound to the
extracellular matrix can be made active by being cleaved at the C-terminus by plasmin, or they can
be released from the extracellular matrix by matrix metalloproteinase 9 (MMP-9). VEGFgs is the
most common isoform and is often found at high levels in different types of human cancerous

tumors. Recent research suggests that the expression patterns of these isoforms may be important
in cancer progression and angiogenesis. Recent research indicates that the expression of certain

VEGF isoforms is specific to certain tissues, which suggests that these isoforms have defined roles
in the formation of new blood vessels (vasculogenesis) and possibly in the growth of new blood

vessels in tumors (tumor angiogenesis) 2042,
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It is well-established in cancer biology that tumor growth relies on the development of new blood
vessels, a process known as angiogenesis 2%, This is important for supplying oxygen, nutrients,
growth factors and hormones, proteolytic enzymes, and influencing hemostatic factors that
regulate the coagulation and fibrinolytic system. Additionally, angiogenesis allows for the
dissemination of tumor cells to other parts of the body. The angiogenic process is a complex,
dynamic process regulated by both pro- and antiangiogenic molecules. The "switch™ to an
angiogenic phenotype, where proangiogenic mechanisms overpower negative regulators of
angiogenesis, is considered a hallmark of the malignancy process 2%, In general, increased tumor
vascularization (e.g., increased microvessel density) and tumor expression of proangiogenic
factors have been associated with advanced tumor stage and poor prognosis in a variety of human

cancers 209211,

Decades of research on the molecular basis of angiogenesis have identified several growth factor
receptor pathways that stimulate the formation of new blood vessels in tumors. One of the major
pathways involved in this process is the vascular endothelial growth factor (VEGF) family of

proteins and receptors 22,

VEGFies is the most common isoform of VEGF and is frequently overexpressed in various types
of human solid tumors. Recent studies suggest that the expression patterns of certain VEGF
isoforms are specific to certain tissues, indicating that these isoforms may have defined roles in
both vasculogenesis and tumor angiogenesis. Notably, VEGFies exists in both a soluble and an

ECM-bound form 204:205.207
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1.15 Significance of VEGF 165
Vascular endothelial growth factor (VEGF) is a protein that promotes angiogenesis and is
associated with negative clinical outcomes in breast cancer. In one study evaluation of different
angiogenic markers in breast cancer patients with positive hormone receptors has been examined
213 The authors analyzed serum and tumor samples from 71 patients with operable primary breast
cancer that was hormone receptor-positive to determine the expression of VEGF and the possible
relationship between circulating serum VEGF levels, tumor VEGF expression, microvessel
density (MVD), and other immunohistochemical parameters. They found that basal VEGF serum
levels were significantly higher in breast cancer patients than in healthy controls. There was also
a significant correlation between basal VEGF serum concentrations, MVD, and p53 status.
Intratumoral VEGF expression was significantly associated with neoplastic embolization and
circulating VEGF levels . These results confirm that in primary hormone receptor-positive breast

cancer, serum VEGF levels are elevated and show a positive relationship with tumor VEGF and

p53 overexpression.

In another study 24, conducted on a large cohort consisting of 253 patients with metastatic breast
cancer, in which the clinical relevance of serum VEGF was assessed to explore the relationship
between VEGF and another blood-based biomarker, the author concluded that in metastatic breast
cancer patients with elevated levels of VEGF have a significantly worse clinical outcome. This

finding supports the biological role of VEGF in breast cancer.

There is a significant amount of research indicating that VEGF is overexpressed in many human
tumors and is strongly associated with intratumoral microvessel density (MVD) and prognosis in

breast cancer 2%°. Studies have shown that the immunocytochemically assessed VEGF in human
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primary breast tumors has a close correlation with MVD 216218 Several investigations have also
reported that higher levels of VEGF in tumor cytosols are linked to a poorer course of the disease
in breast cancer patients. Some studies have found that high VEGF levels are correlated with poor
relapse-free and overall survival in patients without lymph node infiltration, while others have
found that high VEGF expression in breast tumors is indicative of poor survival in lymph node-
positive patients 219220, However, a study by Linderholm et al ??' demonstrated that VEGF
predicted poor outcomes in both lymph node-positive and lymph node-negative patients with
primary breast carcinomas. While the negative impact of VEGF is well-documented and accepted,

more research is needed to validate its prognostic significance in specific subgroups of patients.

1.16 To determine the relationship between preoperative serum VEGF and
to compare serum VEGF with two established tumor markers for breast
cancer, namely, CEA and CA15.3

in 2001 Heer et al 222, conducted a series of experiments to evaluate the clinical relevance of serum
levels of VEGF65 0n various prognostic indices in breast cancer. Additionally, to have a better
grasp in a broader context, the author has compared the results with two well-established breast

cancer tumor markers, that is, CEA and CA15-3. Their findings are as follows:
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Serum levels of VEGF are significantly elevated in ductal but not lobular carcinoma. This is
consistent with the findings of Dvorak et al 222, who observed significant VEGF mRNA expression
in various types of carcinoma tissues except for lobular carcinoma of the breast and papillary
carcinoma of the bladder. This suggests that the tumor is the main source of VEGF in the serum.
This has implications for understanding the pathogenesis and progression of lobular carcinoma
and may also be relevant for the future management of this type of cancer. Experimental studies
have shown that animals treated with neutralizing antibodies against VEGF exhibit reduced tumor
and metastasis growth when inoculated with tumor cells, compared to untreated animals. This has
opened the possibility of using antiangiogenic treatment as adjuvant therapy. The different
angiogenic responses of different types of breast cancer may allow for the selection of patients
who may benefit from such adjuvant therapy, similar to the selection of patients for tamoxifen

therapy based on their estrogen receptor status

In the previous study, performed by the same author, on serum VEGF in colorectal cancer they
found a good correlation between VEGF levels, cancer stage, and nodal status. However, this
correlation was not observed in the present study of breast cancer, which may be due to the
influence of the female hormonal environment in the pathogenesis of breast cancer. The correlation
between serum VEGF and estrogen receptor status supports this possibility. Further long-term
follow-up studies are needed to determine if preoperative serum VEGF levels have prognostic
significance, as has been shown for tumor VEGF levels, and whether serum VEGF can be used to

detect early recurrence in breast cancer.

This study found that serum VEGF has a higher sensitivity of 62.1% for detecting breast cancer
compared to the commonly used tumor markers CA15.3 (13.6%) and CEA (10.3%), with a

specificity of 74%. Therefore, it may be useful to include serum VEGF in the preoperative
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diagnostic toolkit, especially in cases where it is difficult to distinguish between benign changes
and ductal carcinoma in situ on mammography. Overall, this study shows that serum VEGF is
elevated in patients with breast cancer and that its relation to cancer type and estrogen receptor

status may provide insights into tumor biology and have therapeutic implications in the future.

1.17 Current technologies available in liquid biopsy
1.17.1 DNA

circulating tumor DNA (cfDNA) has been found in the blood of cancer patients since the 1970s,
but recent technological advancements have allowed for its detection and analysis to be more
precise. Clinical trials have demonstrated its usefulness for identifying mutations that can be
targeted with specific treatments and for monitoring the effectiveness of treatment. cfDNA is
typically extracted from plasma, rather than serum, using manual or automated techniques (e.g.
Qiagen, Siemens, Promega). In laboratory settings, automated methods are often preferred due to

their consistency and cost-effectiveness.

There are several PCR-based Kits available that can detect cfDNA by identifying the size of LINE1
or ALU repeats to determine the fragment size 224225, A commercial version of this technique is in
development. To confirm that the cfDNA is specifically derived from a tumor (ctDNA), it must be
shown to contain mutations present in the tumor or to be methylated at certain tumor gene locations
(e.9. RASSF1A) 2%, These characteristics can be identified using PCR methods, and commercial
PCR-based mutation detection systems can detect some patients with known tumor mutations.
There are also improved methods under development that can detect as little as 0.01% mutant
DNA in wild-type DNA and are being evaluated for clinical use. These methods have shown good
concordance with the presence of tumor in the plasma ??7. Methylated DNA can also be detected

using ELISA methods (Volition SA, Belgium).
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1.17.2 RNA

PCR-based techniques have been used to detect microRNAs (miRNAS) in plasma, and some
studies have suggested that this is a reliable method for detecting cancer relapse or even early
cancer detection 222-2°, One study found that Droplet Digital PCR technology improved the
reproducibility of measuring miRNA levels in patient serum by seven-fold compared to gPCR 23,
However, other groups have had less success with this approach, and the need for special handling
of blood samples for miRNA analysis may make it challenging to use this technology routinely in

clinical settings

1.17.3 Proteins

Measuring protein tumor markers in patient serum is a standard practice in most hospitals for
monitoring patient progress and serves as the gold standard for comparison with other methods 232,
Most hospitals have tests available for a variety of tumor markers, including AFP, CA125, CEA,
CA15-3, CA19-9, and PSA. Some hospitals may also offer tests for additional markers such as
CA72-4, HE-4, CYFRA21-1, S100, NSE, SCCA, sHER2, and ProGRP, which can be measured
using ELISA assays. Other biomarkers such as thymidine kinase, circulating nucleosomes,
HMGB1, sRAGE, and DNAse activity have also been suggested as useful indicators 233, but
multiplex measurement and analysis can be challenging. The advantage of these methods is that

they are simple and relatively inexpensive

1.17.4 Cells

A simple search on PubMed for "circulating tumor cells in blood" returns 9179 references. There
are many methods available for isolating and analyzing circulating tumor cells (CTCs), which are
based on physical properties such as size or shape, or biological characteristics such as adhesion

molecule expression 2323, |solation methods include CTC microchips, filtration systems, and
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bead-based capture, while PCR and cytological techniques are used for analysis. Veridex (now
part of Janssen) is a leading company in this field and offers CellSearch™, a widely used
technology for CTC analysis in research studies and clinical trials. CellSearch™ has been FDA-

approved for use in breast cancer to monitor treatment 237238,

There are limitations to the use of CTC analysis, including the inability to obtain living cells and
the difficulty of conducting molecular studies. CellSearch, a commonly used technology, tends to
identify fewer CTCs than other methods, and there is concern that some of these may be non-
neoplastic cells such as macrophages that express similar markers. Studies have also shown that
CTCs have a high degree of molecular heterogeneity, making it challenging to identify and capture
cells with altered phenotypes and to determine which are clinically relevant. Efforts to improve
sensitivity and usefulness in detecting low volume disease may decrease specificity for CTCs.
Many other CTC detection methods are available or under development, and some are being

commercialized for research use only 2%,

1.18 E-AB sensor fabrication and interfacial engineering
1.18.1 Single-target electrochemical aptasensor

In 2013, Ma et al 2*° developed a simple E-AB sensor for the quantitative detection of MUC1 in
static buffer solution which achieved target detection only by relying on target-induced
conformational changes of the MUC1 probe aptamer that has been immobilized on the surface of
gold electrode via gold-thiol chemistry with a MB reporter being tethered at the distal end of the
probe for electrochemical signal transduction (Figure 1-14). In the absence of MUCL1 target, the
ssDNA aptamers are folded into their inherent hairpin conformation, allowing the electron transfer
from the MB reporter to the gold surface (state one). Upon addition of MUCL1 target, and as a result

of a binding event, the aptamer’s conformation changes to un-folded structure, moves the MB
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reporter away from the electrode surface (second state) preventing electron to flow to the electrode.
With a surface density of 3.5 + 0.5 x 10%2 molecule/cm? (corresponding to probe-to-probe spacing
of ~ 6 nm), they managed with this very simple interfacial manipulation to achieve a limit of
detection (LOD) of 50 nM and linear dynamic range (LDR) up to 1.5 uM in buffer solution,
respectively. according to Table 1-2, the corresponding LDR permits MUC1 quantification in
buffer with meaningful clinical relevance. This simple architecture, however, generally suffers

from a low signal-to-noise and doesn’t permit miniaturization and simultaneous analysis.
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Figure 1-14 The secondary structure of the anti-MUC1 DNA aptamer (a) and the possible
conformational change of MB-anti-MUC1-aptamer (immobilized on gold electrode) upon target binding.
Reproduced from 24°

1.18.2 Dual target electrochemical aptasensor

Other aptasensors have been developed to simultaneously detect more than just one analyte. For
example, Li et al, in 2010 ?*! developed a sensing strategy based on concomitant expression of
different biomarkers on the cell surface. They proposed a cytosensor using a sandwich structure

based immune-aptasensor for the quantification of the carcinoembryonic antigen (CEA) and
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MUC1 in buffer solution. The MUC1 aptamers were first immobilized to the gold electrode to
capture the target cell upon which the CEAs are located. Secondly, the cadmium nanoparticles
decorated anti-CEA are introduced to capture specifically the CEA on the cell membrane. The
presence of CEA and MUCL are then monitored via stripping the Cd ions from the electrode
(Figure 1-15). When MUCT1 is not overexpressed on the cell surface, no signal of Cd?* cations can
be measured. This cytosensor could specially monitor MCF-7 cells in a wide range from 10* to

107 cells mi,
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Figure 1-15 Schematic illustration of the method to detect breast cancer cells through simultaneous
recognition of two different tumor markers. Reproduced from 24

Combination of the affinity-based recognition element in immune-aptasensor with the
electrochemical signal generation happened to result in a very impressive sensitivity. Theoretically
this sensing strategy can afford LDR with clinical relevance, nonetheless, since no real sample
application has been performed, no realistic prediction can be made. More recently, a regenerable
electrochemical aptasensor for parallel and continuous detection was fabricated to monitor MUC1

and CEA 2*2in static buffer solution. The signal generation is a two-step reaction based on relative
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spatial positioning of the distal-tagged MB from surface of electrode, which is initially distant
from the electrode caused by the hybridization of MUC1 Aptamer and CEA Aptamer and the

hybridization between CEA aptamer and DNAL (Figure 1-16).
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Figure 1-16. Schematic routines for the parallel or the continuous detection of MUC1 and CEA, and the
regeneration of this present. Reproduced from 242,

When the MUC1 target is introduced, MUC1 aptamer is detached and the structure loses its
stiffness and the distal tagged MB reporter partially folds to the electrode leading to a primary
signal occurrence®?. The introduction of CEA causes a denaturation of the two aptamers (CEA
and DNAJ1), which contributes to a further signal reduction. Considering the concentration of
linker MUCL1 aptamer is constant, incubation of the sensor with the aptamers allows for another
hybridization and so another measurement, i.e., the reusability. This smart interfacial architecture

manipulation enables multiple quantification, but cannot be empirically employed, as it requires a
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sequential exposure by the analytes, which is unrealistic in physiological environment and
therefore is not clinically relevant. On the other hand, it has the potential guidance for multiplexed
target analysis with good accuracy and reproducibility which can accommodate the task within

clinical range of the MUC1 biomarker in the buffer solution.

Another dual target electrochemical aptasensor for the simultaneous detection of MUC1 and CEA
based on [Ru(NHs)s]®* electronic wires and metal ion electrochemical labels has been reported by
Ma 2* (Figure 1-17). Accordingly, when subjected to MUC1 and CEA, the interaction between
biomarkers and their relevant aptamers leads to the dissociation of the double-stranded DNA
(dsDNA) into ssDNA which makes them available for a secondary hybridization (Figure 1-17).
The latter aptamer is conjugated with unique metal ions (Pb?* and Cd?*), which are later detected
by differential pulse voltammetry (DPV). To maximize Pb?* and Cd?*, Au/bovine serum albumin
(Au/BSA) nanospheres were used as carriers to prepare Au/BSA-metal ions (Pb?* and Cd?*) which
were conjugated with two aptamers. After embedding of [Ru(NH3)s]** complexes into dsDNA and
formation of electronic wires, the electron transfer and electrical conductivity were significantly
improved, which lead to a high sensitivity with a LOD of 3.33 fM, and LDR ranging from 0.01

pM to 100 nM for MUCL1.
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Figure 1-17. Schematic representation of the dual-target electrochemical aptasensor for the detection of
CEA and MUC1 based on metal ion electrochemical labels and Ru(NH3)** electronic wires. Reproduced
from 24,

In this work, the molecular design can be easily translated to other target as opposed to the previous
study. Apart from the use of critical metal ions, their utilization alleviates the concerns of pH
induced variations observed with molecular redox MB reporter. furthermore, the “cut-off
concentration” of MUCI for a normal healthy woman is generally accepted to be around 35 U/mL
which corresponds to approximately 5uM MUC1(Table 1-2), therefore, the proposed sensing
platform should be able to accommodate such a test. Zhao et al 2** reported an electrochemical
aptasensor, using a ferrocene-labeled aptamer-cDNA as DNA probe, for the simultaneous
detection of MUCL1 and vascular endothelial growth factor (VEGFies). the schematic of the

strategy is shown in Figure 1-18.
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Figure 1-18. Schematic illustration of the method to simultaneously detect two tumor markers.
Reproduced from 244,

In this “signal-on” electrochemical biosensing assay, the immobilized complementary DNA
(cDNA) on the electrode surface can be partially hybridized with both MUC1-specific and
VEGF6s5-specific aptamers to form a long double stranded standing upright DNA structure with
ferrocene reporter away from the electrode resulting in no significant electrochemical signal
generation. However, in the presence of the two biomarkers, hybridization of cDNA with aptamers
is inhibited and subsequently, the distance between the electrode surface and the ferrocene is
reduced, resulting in an electrochemical signal which is reported to be proportional to the target
concentrations. The increase of the electrochemical signal is proportional to the addition of either
of the biomarkers, but the highest is obtained when both are present. Here, MUC1, or VEGF1¢s5
were found to be individually detected in a linear range from 1nM to 20 nM, and a detection limit
of 0.33 nM. However, given that the clinical mean serum value of the VEGF45 in patients and
healthy volunteers are 434 pg/mL (11.42 pM) and 256 pg/mL (6.7 pM), respectively?*®, the E-AB
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sensor is not clinically relevant. Additionally, the proposed signaling behavior is relying on the
collision efficiency of the cDNA, which in turn is known to be heavily dependent on the viscosity
and the ambient temperature. therefore, the lack of real sample application for the final

interpretation is critical.

For simultaneous detection of the MUC1 and CEA, Xiang et al 2*® reported an integrated signal
probe/gold nanoparticle [(ISP)/AuNPs-based] aptasensor consisting of two probe aptamers (spl
and sp2) labeled with different redox labels of MB and Fc were combined into one DNA structure
as shown in Figure 1-19. This ISP-based design constitutes a straightforward signal-off type of
sensor. In this platform, target-induced conformational changes of the corresponding probe
aptamers act as the source of signal generation while using MB and Fc redox labels enable
independent and simultaneous detection making the signal generation for target not bound to the
other. The proposed aptasensor, when properly optimized, yields a LDR from 10 pM to 1 uM with
LOD of 4 pM of MUCL. The latter detection system possesses such advantages as simplicity in
design, good reproducibility and accuracy, high sensitivity, and selectivity with a theoretical
clinical relevance based on static buffer results. Yet, due to repetitive washing steps needed for
signal generation, the application is relatively labour intensive. Furthermore, application of Fc,

due to its susceptibility for chemical changes, may be fatal for sensor continuous performance.
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Figure 1-19. A) Schematic representation of the ISP-based aptasensor for dual-analyte detection. B)
SWV responses of MCH/ISP4/AuNPs/GCE (a, b) and MCH/ISP4/gold electrode (c, d) in PBS (10 mM,
pH 7.4) before and after introduction of solution containing 100 ng mL—1 CEA and 100 nM MUCI.
Reproduced from 246,

1.18.3 Signal amplification strategy

Motivated by high sensitivity brought about by signal amplification, Wen et al 2*7, proposed an
exonuclease enzyme-assisted target recycling amplification strategy for their aptasensor. Here, the
initial electrochemical signal is generated by dsDNA structure composed of S1 and S2 aptamers
modified with MB (Figure 1-20). The signal reduction and amplification were carried out by
introduction of MUCL1 and an exonuclease, respectively. After MUC1 target addition, S2 is

dissociated from S1 and the exonuclease can digest sSDNA.
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Figure 1-20. Schematic diagram of aptasensor fabrication process for the MUC1 detection based on
insertion approach and Exo l-assisted recycling. Reproduced from 247,

The digestion of the S2 releases MUCL1, which can once again hybridize with S2. This design
allowed multiple rounds of target hybridization and exhibited a LDR from 10 pM to 1 uM
associated to a LOD of 4 pM. This method is a smart strategy for high amplification factor but is
labour intensiveness to generate analytical signal and due to the inverse relationship between the

signal current and concentration of the target, the signal amplification capacity is limited.

Alternatively, another sensitive electrochemical aptasensor with a DNA bulge-loop (as a L-DNA
probe) was fabricated through hybridization of the MUC1 aptamer with methylene blue labeled
complementary aptamer with high-efficient exonuclease |1 (Exo I)-assisted target recycling
amplification strategy (Figure 1-21)?*8, Due to the existing electrostatic repulsion between
negatively charged ITO and the L-DNA, only a small electrochemical signal was initially detected.

However, upon addition of MUCL1 as the target, the L-DNA structure is dissociated due to the
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MUC1/ aptamer affinity. By adding Exo I, the liberated cDNA-MB was digested into nucleotides
resulting in the production of short MB-labeled mononucleotides fragments MB-MFs). Given the
low negative charges of MB-MFs, they diffused to the negatively charged ITO electrode surface

and produced a stronger electrochemical signal which then is used as analytical current.
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Figure 1-21. Schematic illustration of the proposed homogeneous electrochemical aptasensor for MUC1
detection based on Exo I-assisted target recycling amplification. Reproduced from 24,

This enhanced electrochemical signal was linearly proportional to the log of [MUC1]
concentration in the range of 1.0 pg mlt— 50 ng mI* and the LOD for this assay was as low as
0.40 pg ml%. The proposed strategy has the potential to detect other tumor biomarkers by only
hanging the corresponding aptamer sequence of target. Since this is a signal-on type of biosensor,
the amplification capacity is theoretically limitless, the clinical relevance is doubtful since the but
given that the signal generation mostly relies on electrostatic forces between the 1TO surface and
the prob aptamer, the corresponding application in real samples where there are abundant of

charged particles faces a real challenge.
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Inspired by the ongoing progress in molecular design and interfacial strategies, to address low
signal-to-noise, and hence high sensitivity in E-AB sensor application while sticking to simplicity
in the signal generation and the performance, we have developed a novel and versatile strategy by
judiciously combining an elaborated molecular redox tag with a so-called screening effect derived
by backfilling passivation layer, and applied it for the detection the MUC1 and VEGFies
biomarkers in huma serum. To do this, a lysine molecule, as linker, was conjugated with two MB
molecules, tethered to 5°- end terminus of the surface-bound DNA probe aptamer backfilled with
a 9-carbon thick alkyl thiol SAM passivating layer (Figure 1-22). Increasing the passivating layer
thickness up to 9 carbon was proved to be critical in the optimal signal generation. results showed
that the synergy effect between SAM thickness, and the augmented redox assembly can lead to
60% gain enhancement for MUCL detection in the signal-off, and up to 195%. in the signal-on
type of E-AB sensor for the detection of VEGF1es. which in turn led to an order of magnitude
improvement in LOD i.e., from 3.7 nM to 0.32 nM in detection of the MUCL1 biomarker, and from
6.4 pM to 0.56 pM in the case of VEGFies biomarker when employed in human serum samples
(comparisons were made with conventional mode of fabrication). Considering the LDR, ranging
from 1nM to 500 nM for MUC1, and also from 2 pM to 300 pM for the VEGF165 biomarker, both
E-AB sensors revealed a meaningful clinical relevance which makes them potentially liable for
diagnostic devices. thus, we have developed a simple, and truly reagentless sensing platform that
can address high sensitivity and readily circumvent the low signal-to-noise. The latter attribute
potentially qualifies the strategy for miniaturization applications. where the lack of high surface
area disrupts the sensitivity. furthermore, being reagentless, the outline doesn’t demand for
additional steps in signal generation. Figure 1-22 illustrates different stages in conjugation and

sensor fabrication. One caveat of such an application is that the signal amplification is somehow
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limited to the number of redox tags tethered to the probe aptamer. Also, there is always a chance
that such inclusion would disrupt the natural dynamics of the probe aptamer and hence could

impact the affinity. Though the latter effect was not observed, such validation is highly

encouraged.
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Figure 1-22. schematic illustration of reaction steps (A). fabrication elements (B). the final sensing
platform is based on a modified aptamer chemisorbed on a gold electrode, backfilled with C9-OH
alkylatiol (C). Fmoc represents the fluorenyl methoxycarbonyl protecting group for amino functionalities
on the lysine molecule to facilitate selective conjugation.
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Conclusion

To this date, E-AB sensors have shown to be promising in the development of diagnostic tools for
real-world applications allowing real-time measurement of a great variety of targets ranging from
small molecules to proteins even in unprocessed biological fluids without depending on the
chemical reactivity of their targets. Here, we have critically discussed the most influential
parameters on the E-AB sensor performance in terms of fabrication and operational parameters. It
is evident that a whole set of essential optimizations is required to identify the best interrogation
parameters during the development of next-generation DNA-based sensors. On the other hand,
with enough acknowledgment of these parameters, objectively, they cannot address many of the
challenges. Such as the solution for simultaneous target analysis, the way we can impart
amplification to signal generation, or for example, how it is possible to delay surface non-specific

adsorption.

In addition, in the second part of this review, we highlighted the importance of how new
approaches regarding molecular design in the bioelectrochemical interface can meet further
demands. In doing so, to avoid confusion and in the meantime, to stick with rational comparison
we tried to incorporate MUC1 as one of the approved biomarkers in breast cancer treatment
navigation. Accordingly, it is safe to say that only rigorous duplication in the
fabrication/application of an E-AB sensor is likely to end up with the same results. As a small
variation in temperature, buffer composition, ionic strength, and solvents or biofluids, can affect

the E-AB sensor’s performance.
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In the end, it can be concluded that the realm of biosensors is still in its inchoate stages as the true
translation from laboratory-bound proof-of-the-concept demonstrations to a versatile device for a

closely relevant clinical application awaits further developments.
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Abstract

A new concept for the design and construction of an electrochemical aptamer (E-AB) sensor is
reported where double redox tags (methylene blue) are tethered on an aptamer via the inclusion of
a lysine linker. The effect of the passivation layer thickness was studied to further polarize the
aptamer’s population in equilibrium with the target and surface density and the interrogating
frequency was studied. The analytical performances of this new E-AB sensor were measured and
compared with a conventional single-tagged E-AB sensor towards the detection of MUCL in buffer
and serum. Greater performance for the double-tagged aptamer combined with lysine linker was
measured with a limit of detection (LOD) of 0.32 nM and a linear dynamic range (LDR) from 1
nM to 500 nM, whereas the conventional counterpart exhibits ten times higher LOD (3.7nM) and
a LDR from 10 nM to 500 nM. This synthetic strategy is the solution to build sensitive E-AB
sensors on microelectrodes to compensate for the poor signal-to-noise ratio where normal

performance is critically hindered by the limited geometric surface area.

2.1 Introduction

The detection of transmembrane proteins, involved in cell adhesion, is an important goal as it can
potentially be a predictive marker of malignant cancer cells. MUC1, a heavily O-glycosylated
heterodimeric protein from the mucin family, has a key role in forming a protective mucus on the
apical cell surface of most normal secretory epithelial cells and also to some extent on
hematopoietic cellst. This transmembrane glycoprotein is normally expressed at low levels (3-30
U/ml, Table 1-2) on the apical surface of cells but in cancer, its expression level is greatly
increased, which in turn affects the invasion, proliferation, and survival of cancer cells by

preventing cell-cell and cell-extracellular matrix adhesion?. Many adenocarcinomas including
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cancers of the pancreas, gastric®, lung*, breast®, ovary®, colon”®, and other tissues overexpress the

mucin proteins.”%14

Mucin proteins are overexpressed in several malignant tumors and identified as a key biomarker
in cancer dissemination and metastasis. Thus, their detection and quantification could be important
in cancer diagnosis and treatment information. Traditional techniques including
immunohistochemistry,'® Western blotting,'® enzyme-linked immunosorbent assay (ELISA) 1729,
dot blotting, and immunofluorescence®® have been applied in detection of MUC1 (in blood and
tissue where applicable). These methods are highly reliable and sensitive, however require expert
manpower, expensive and complex instrumentations, which limiting their use in real-time clinical
diagnostics. To meet these drawbacks, electrochemical techniques have been explored for the rapid
and sensitive analysis of biomolecules?*?*. They offer unique characteristics such as simple
instrumentation, low cost, ease of use, selectivity and sensitivity, miniaturization,?® and
portability.?> Among the various mode of detection, aptamers as the recognition element, have
gained more interest as a result of high specificity and selectivity to specific target molecules and
easier synthesis protocols, lower cost, and higher stability compared to antibodies. E-AB sensors
are redox-tag modified short single-stranded DNA, immobilized on the surface of electrode most
commonly on Au electrode via self-assembled monolayer (SAMs) chemistry?”28, The detection is
based on conformational changes (folding and unfolding of the oligonucleotide secondary
structure) of the aptamer following the binding with its target. The target-induced conformational
change in the structure of the aptamer leads to an electrochemical signal (loss or gain) 2°2C.
Biosensors with various aptamers have been designed with different biointerface molecular
strategies for stressing the induced-conformational changes of the aptamer at a low concentration

of biomolecules. For example, Immoos et al designed a self-complementary DNA aptamer using
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single stranded oligodeoxynucleotide intervened by a poly (ethylene glycol) linker- leading to a 6-
fold increase in the signaling current®. Similarly, a binding-induced strand displacement strategy
was applied to the detection of complementary DNA- leading to 7-fold increase in gain (which is

defined as the signal changes before and after target introduction divided by the initial signal,
(%)) compared to the control?’. A DNA pseudoknot reported by Xiao® consisting of DNA

structure containing two stem-loops, was developed to minimize collisions between the redox tag
and the electrode- increasing the gain by 100%. This strategy improves the signaling, but also
jeopardizes the generation of the sensor and their stability in real samples. Moreover, an additional
auxiliary aptamer hybridization (such as capture probe and signaling probe) inherently
complicates the sensor fabrication particularly when high surface coverage of the aptamer is
favorable®3*, or in the case of a DNA pseudoknot, the manipulation can’t afford high
sensitivity. Furthermore, none of the above interfacial manipulations address the issue of low
signal to noise (S/N) more particularly when miniaturization is essential (as for
microelectrodes). In response to the above concerns, we report a new strategy in biointerfacial
molecular design to increase the gain in a simple signal-off architecture based on the MUC1
introduction. Our strategy is schematically illustrated in Figure 2-1. To increase sensitivity, the
improved signal-off architecture consists of two redox modified DNA sequence to augment the
electronic source combined with an optimized screening effect of alkylthiol SAMs. To create
higher degree of freedom while boosting the electronic source, a lysine molecule acts as a linker,
upon which two spatially resolved methylene blue (MB) molecules are appended. Characterization
and optimization of this simple sensing approach are described and compared with the specificity

of the conventional corresponding E-AB sensors in simple buffer and human serum.
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2.2 Experimental

Lysine Linker Selective deprotection of Selective MB Sensor fabrication via C-3, C-6, and
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Figure 2-1 Schematic illustration of aptamer manipulation with lysine and further spatially selective
arrangement of MB conjugations.

2.2.1 Reagents

The following reagents were used as received (all from Sigma-Aldrich unless otherwise stated):
human male AB plasma, USA origin, sterile-filtered, 2-(N-Morpholino) ethanesulfonic acid
(MES), Na, Ne-di-Fmoc-L-lysine (Fmoc-lysine(Fmoc)-OH), Na-Fmoc-Ne-Boc-L-lysine (Fmoc-
lysine(Boc)-OH), Noa-Boc-Ne-Fmoc-lysine  (Boc-lysine(Fmoc)-OH),  Hexahydropyridine,
Piperidine (all reagent grade), 3-Mercaptopropanol (C3-OH), 6-mercapto-1-hexanol (C6-OH), 9-
Mercapto-nonan-1-ol (C9-OH), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), N-Ethyl-
N'-(3-dimethylaminopropyl) carbodiimide (EDC), Hydroxy-2,5-dioxopyrrolidine-3-sulfonicacid

sodium salt (Sulfo-NHS). 3-(N,N-dimethylamino)-7-[N-(3-(N-succinimidyl)-carboxyethyl)-N-
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(methyl)-amino] phenothiazin-5-ium perchlorate (MB-NHS ester) was purchased from Glen

research. The HPLC-purified and desalted anti-MUC1 DNA aptamers are as follows:

- HO-(CH2)s-SS-(CH)6-O-5-GCA GTT GAT CCT TTG GAT ACC CTG G-3'-(CHy)7-
NHCO-(CH.)3-MB  referred to as Control aptamer.
- HO-(CH2)s-SS-(CH)s-O-5"-GCA GTT GAT CCT TTG GAT ACC CTG G-3'-(CHy)7-

NH> referred to as aptamer-NHa.,

These were purchased from Biosearch Technologies Inc. (Novato, CA). The sequence was
reported by Ferreira et al as the $1.3/S2.2.% Also, the 60-mer 3x VTR MUC1 peptide (PDT RPA
PGS TAP PAH GVT SAP DTR PAP GST APP AHG VTS APD TRP APG STA PPA HGV TSA)
was purchased from PL Laboratories Inc. (Vancouver, Canada). The peptides were suspended in
a phosphate buffer (137 mM NaCl, 10 mM NaxHPOQOg4, 1.4 mM KH2PO4, 2.7 mM KCI, pH 7.4) and
stored at -20°C.

2.3 Chemical synthesis of lysine-MB and corresponding DNA aptamer

conjugation

2.3.1 Synthesis of DNA aptamer-Fmoc-lysine(Fmoc)-OH

All materials were used as purchased from Sigma-Aldrich. 8.9 mg of Fmoc-lysine(Fmoc)-OH (5.0
mM) was suspended into 3 ml of DMF, to which 1 ml of 50 mM MES buffer, pH 6.2, was added.
To activate the carboxylic group on Fmoc-lysine(Fmoc)-OH, 30 mM of EDC/ NHS was added
(17.25 mg, and 10.35 mg respectively). After 10 min in RT, 50 ul of the latter mixture, was mixed
with 50 pl of 0.5 mM DNA aptamer-NHz. This reaction was left for 4 h with moderate shaking.
To isolate the labeled aptamers from excess reactants we used precipitation method, in which 20ul
of 4-M LiCl and 500 pl of ethanol (chilled to —20°C) were mixed well with DNA solution (100

pl) and was stored at —20°C for at least 3h. The aptamers were then separated from the supernatant
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via centrifugation at 12,000 g. The pellet was washed with 70% and 100% ethanol, centrifuging

after each wash.

2.3.2 De-protection of aptamer-Fmoc-lysine (Fmoc)-OH
The pellet (aptamer-lysine(Fmoc),) was then suspended in a 80%:20% mixture of DMF :
piperidine solution and was left to react for 30 min. The aptamer-lysine (NH2). was precipitated

from the mixture following the same precipitation method described previously.

2.3.3 Methylene blue labeling of aptamer-lysine

Lastly, the aptamer-lysine (aptamer-lysine(NH2)2) was labelled with MB redox reporters. The
previous aptamer-lysine (NH.)2 pellet was then suspended in 100 pl of 50 mM MES buffer
solution, pH 6.2. 0.30 mg of MB-NHS ester salt (3.71 mM) was dissolved in 50 ul of DMF and
added to the aptamer solution. After 4 h at RT at a moderate shaking, 30 mM of EDC/NHS was
added to the solution and the mixture was left overnight. After the primary mixture aptamer
retrieval, the final round of product isolation from the crude mixture was performed through high-
performance liquid chromatography (HPLC) equipped with size-exclusion column, Phenomenex-
BioSep-SEC-S 3000, 300x7.8 mm 5 micron, under the mobile phase condition of 50 mM
Phosphate and 100 mM NaCl, pH 6.8. The product’s mass was confirmed by liquid
chromatography mass spectrometry (LC-MS). The mass of 9537,1416 m/z was found for DNA-

lysine-(MB)2 (Twin-MB).

2.4 Electron transfer kinetics
Kinetic assessments were performed according to Laviron formalism using the following set of

equations:3®
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E . = 2.3RT l [aan]
e anF 8| RTkuy (Eq2-1)
B — g 2.3RT [(1 — oc)an]
e = A —nF %8| RTkum (Ea 2-2)

where Epais the potential of the anodic peak, Epcis the potential of the cathodic peak, E°’ is the
formal potential calculated by averaging the anodic and cathodic potentials at slow scan rates, v is
the scan rate, a is the electron-transfer coefficient, kapp is the apparent rate constant, R is the ideal
gas constant, T is the absolute temperature, F is the Faraday constant, and n is the number of

electrons transferred.

2.5 Preparation of E-AB sensor

Regardless of whether it is Control aptamer or Twin-MB, the E-AB sensor was fabricated using
gold disk electrode (1.6 mm diameter; BAS, West Lafayette, IN). The electrodes were treated with
polishing on Buehler alumina slurry (1 and 0.05 um) for 5 minutes, after 2 minutes sonication they
were transferred to “piranha” solution consisting of a 3:1 ratio of 30% w/v aqueous solutions of
H>SO4 and H20: for 5 minutes. Then they were subject to electrochemical polishing in 0.1 M
H>SO4solution cycled from 1.4 V to 0.1 V for 25 cycles. afterwards, the electrodes were incubated
with 100% ethanol for another 5 minutes. To fabricate the E-AB sensor, the relevant aptamer
(Control or Twin-MB) was diluted to 70 nM in PBS saline buffer (described below). A cleaned
electrode was immersed in this solution and incubated for 2 h. Next, to passivate the surface and
displace the none-specific adsorbed aptamers, the electrode was subject to another round of 2 h
incubation with 2 mM relevant alkyl thiol dissolved in PBS saline (either C-3, or C-6). To carry
out the passivation with C-9, however, the incubation was done in MES buffer 50 mM, pH 6.5 for

the same duration. This immobilization technique is essential for a proper E-AB sensor function.
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Surface probe density (I') of each electrode was calculated by the area under the reductive peaks

of CVsat 0.2 V/s (eq 3).

Q

I'= m (Eq 2-3)

In eq 3, Q is the area of the reductive signal, n is the number of electrons per redox event (n = 2

for MB), F is Faraday's constant, and A is the area of the gold electrode ca. 0.020 cm?.

2.6 Electrochemical characterization of E-AB sensors

Electrochemical measurements were made using a potentiostat / galvanostat (VersaSTAT 4,
Princeton Applied Research) with a three-electrode system consisting of an Ag/AgCl (saturated
KCI), Pt wire, and gold (1.6 mm diameter; BAS, West Lafayette, IN) as reference, counter and
working electrodes, respectively. Electrochemical measurements were performed in phosphate
buffer saline (PBS) (containing 2.92 g of NaCl, 0.0690 g of NaH2POs, 0.071 g of Na;HPO4 plus
50 pl of 1M MgClI; in 25 ml of deionized water, Millipore, nanopure water, 17.5 MQ cm-1), pH
7.2, using Square Wave Voltammetry (SWV) featuring amplitude of 50 mV, step potential of 5
mV and frequency of 20 Hz or 80 Hz for Control aptamer and Twin-MB featuring E-AB sensors,
respectively. Electrochemical interrogations were recorded from 0.1 V to -0.5 V versus Ag/AgClI

(saturated KCI) reference electrode.

2.7 Results and discussion
This investigation explored a new interfacial design using a specific DNA aptamer that has been
modified at its 5’-terminus with a thiol group and at its 3'-terminus with lysine molecule bearing
two redox active methylene blues. Sensors were built by immobilizing these modified aptamers

via self-assembly alkanethiol chemistry to 0.02 cm? gold electrodes (Figure 2-1). In contrast to
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the conventional commercially available single MB tagged aptamers (Control aptamer) which uses
a C7-NH: alkane linker, the redox probe was further away from the distal end of 26-mer aptamer
due to the lysine group (Twin-MB). To confirm that the incorporation of the lysine group did not
alter the electrochemical behavior of the redox probe attached to the aptamer, cyclic voltammetry
technique is then employed to monitor the four-electron, two-proton reduction of two methylene
blues. As can be seen in Figure 2-2, CV exhibits strong pair of reductive and oxidative peaks with
a midpoint potential at-0.238 V versus Ag/AgCl for both control and experimental electrodes. It
can be also noted that the reductive current emerged from the Twin-MB is significantly higher

than the control with a ratio of 2.16 (lred, modified / Ired, controt).
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Figure 2-2. CVs of the control E-AB and Twin-MB sensors at 0.2 V/s, in PBS, pH 7.2. Both electrodes were
prepared with 70 nM of corresponding aptamers and passivated with a C-6 mercaptohexanol agent.
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The peak current is proportional to the number of methylene blue groups undergoing electron
transfer. This finding indicates the presence of two MB on the Twin-MB electrode. Given that
both control and Twin-MB exhibit same redox peak, the chemical synthesis, and the loading of

two MB with lysine do not affect the electrochemical properties of the sensor.

We then studied the effects of varying E-AB sensor fabrication and operational parameters on the
signal suppression. Among them, the packing density of aptamers on the electrode surface was
studied and controlled by simply varying the concentration of probe DNA employed during sensor
fabrication. To normalize the performances of the Twin-MB E-AB sensor with the control one,
the probe density was only investigated for the control E-AB sensor and kept as a constant value
over the course of study for control and Twin-MB sensors. Using fabrication concentrations of
0.01 pM to 1.5 uM DNA, we reproducibly reached probe densities from 0.06 x 10*2to 8.2 x 10*2
molecule /cm?. According to the diagram Figure 2-3, the optimal probe density is achieved at 4.7
x 102 molecule / cm? built from an aptamer solution of 70 nM. Findings indicate that the MUC1
sensor is optimal with an intermediate probe density. This corresponds to a mean probe-probe

spacing of ~ 6.3 nm.
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Figure 2-3. Probe density versus gain. The experiment was carried out with amplitude 50 mV, step 5 mV,
and the frequency of 20 Hz in PBS solution pH = 7.2. Values are the average and standard deviations from
three independent sensors at each probe density.

Given the effect of the probe density on signal suppression, it is anticipated that the collision
dynamics of the redox tag has a key role, which suggests that the frequency used to interrogate the
sensor has an impact by changing the electron transfer efficiency between the redox reporter and
the electrode. In Figure 2-4 A, the frequency parameter was examined in the range of 10 Hz to
800 Hz (plot of signal/Hz vs log(Hz)) by plotting the signal suppression versus frequency (Hz)
before and after of MUC 1 for control E-AB sensor. We see that a frequency of 20 Hz yields
comparatively the highest signal suppression (49%) (Figure 2-4 B). However, the frequency
interrogations for the Twin-MB E-AB sensor (Figure 2-4 C), revealed that 80 Hz is associated
with the highest gain of 52% (Figure 2-4 D). The similar behavior of SWV profiles with and
without MUCL1 target imply that the mechanism of this E-AB sensor design is probably the result
of MUCI1-binding induced conformational changes, which quantitatively reduces the electron

transfer. We believe that this apparent shift in frequency from 20 Hz to 80 Hz, is likely attributed
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to the lysine inclusion. Since maximum % signal suppression was obtained at a frequency of 80
Hz, all the other experiments in this study were performed at this frequency for Twin-MB E-AB

Sensor.
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The fabrication of the passivation layer on the electrodes is critical. If not adequately insulated
faradic currents will lower or eliminate the capacitive signal. Because the gain of an aptasensor
greatly varies with the conductivity of the SAM, it was essential in this work to combine the ideal
SAM thickness with our new aptamer design. Therefore, we have first characterized the
performance of MUCL1 E-AB sensors with three different SAMs by varying the thickness and
conductivity. 3-, 6- and 9-carbon, hydroxyl-terminated thiols were tested to evaluate the electron
transfer efficiency, hybridization kinetics, and finally the gain. To do so, we have characterized
the performance of sensors fabricated using control and Twin-tagged MB, and progressively
increased the length of the SAM passivation layer. Figure 2-5 displays the gain fluctuations
characterized by control (A) and Twin-MB E-AB sensors (B), relative to progressively increasing
thickness of SAM. As can be seen in Figure 2-5 A, B, the application of C-3 is associated with
the lowest gain for both control and Twin-MB sensors at about 20%, and 17% respectively.
Applying a C-6 passivation layer yields a gain enhancement of approximately 50% for both E-AB
sensors Figure 2-5 A, B. The origin of the differences observed for the C-3 and C-6 gains is
unclear, but we believe that it is likely due to an increase in the fraction of aptamers unfolded in
the absence of MUC1 caused by a strong negative electric field at gold surface in operating
condition that pushes farther away the aptamer and forces it to adopt an unfolded state*” and/or
possibly from a poor surface organization which in the case of C-3, seems to be more critical.
Additionally, the observed gain enhancement for C-6 could be attributed to the longer length of
the SAM improving the overall organization of the aptamers®®38, Surprisingly, using a C-9 SAM
for the Twin-MB E-AB sensor led to a gain enhancement up to 78% (Figure 2-5 B) whereas the

control results in gain suppression down to ~ca. 17% (Figure 2-5 A). While the complete reasons
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are unclear, this difference can be attributed to the longer “lysine” linker incorporated in the Twin-

MB E-AB sensor construct.

The variations of the electron transfer kinetics (from C-3 to C-9) for the control E-AB sensor
demonstrates a growing kinetic limitation particularly in the case of C-9 MCH of 183 s, 147 s*
and 81 s?, corresponding to y = —0.0628x + 0.0438,y = —0.0656x + 0.0408,and y =
—0.0719x + 0.0391, respectively. At the opposite, the apparent electron transfer rates for the
Twin-MB E-AB sensor, were 198 s?, 161 s, and 127 s* (corresponding to y = —0.0592x +
0.0417,y = —0.0641x + 0.0418,and y = —0.0686x + 0.0397). In addition to increasing the
signal to noise for Twin-MB E-AB sensor, it appears that the incorporation of lysine linker
improves the diffusion of the redox probe into the passivation layer or cavities®, which in turn

facilitates the electronic transmission3%:38:4041

100 -1 I Control Aptamer 100 - B Twin-MB
90- A) 90

80 -

Gain (%)

C3- OH C6- OH C9-OH C3- OH C6- OH C9- OH

Passivation length (Carbon Atom) Passivation length (Carbon Atom)

Figure 2-5. demonstrates the gain variations relative to systematic changes in SAMs layer thickness from
C-3to C-9. A) control E-AB sensor, and B) E-AB sensor built upon Twin-MB aptamer.
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Since the gain is defined as an equilibrium between the folded and unfolded aptamers, one can
argue that utilization of the C-9, relative to C-3, and C-6, is likely to create a better gap resolution
between folded and unfolded aptamers. Twin-MB contributes to a higher signaling current. The
results show an ideal balance between the length of SAM layer and the intensified electronic source
(lysine inclusion and spatially resolved MBs). Here, a thicker passivation layer (C-9 for Twin-MB)
contributes to gain enhancement by shifting the equilibrium toward the folded state enabling a
higher variation in current between with and without until the point at which the insulating nature
of the SAM passivation layer get the upper hand and reduces the signaling current. Here, we have
proven that by simply varying the SAM thickness in E-AB fabrication significantly improve sensor
performance. Hybridization kinetics measurements demonstrate the signal gain vs hybridization
time for control and Twin-MB E-AB sensors in Figure 2-6. After 80 min incubation in MUC1
solution, the gain measured for both sensing systems have reached a plateau, which suggests a

very similar dynamics in the formation of the aptamer/MUC1 complex.
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Figure 2-6. Response time comparison between Twin-MB E-AB sensor on C-9 (blue curve), and control
E-AB sensor on C-6 (black curve). Comparison was made among the strongest alternatives.

The electron-transfer Kinetic findings suggest that increasing the thickness of SAMs probably
affect the aptamer organization (as we go from C-3 to C-6), up to a point when the electron transfer
kinetic limitation becomes a critical issue, such as C-9 versus C6 for the control E-AB construct.
However, this limitation appears to be overcome in the Twin-MB E-AB sensor likely due to a
higher signal to noise. Since maximum signal suppression (gain) was obtained with C6 and C9
SAMs for control and Twin-MB E-AB sensors, respectively, all the other experiments in this study

were performed with these construction parameters.

The sensitivity of the Twin-MB E-AB sensor for detection of MUC1 biomarker both in PBS
solution and in serum samples was investigated by SWV technique (Figure 2-7) and compared
with a control E-AB sensor (shown in Figure S 2-1). As shown in Figure 2-7 A, the linear

relationship between the signal suppression and the MUC1 concentration ranges from 1 nM to 500
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nM (Figure 2-7 A inset) with a linear regression equation of y = 0.923x + +106.51 and a
corresponding LOD of 0.32 nM (defined as (3syx)/m, where sy is the standard error of regression

and m is the slope (n = 3)).
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Figure 2-7. A) SWV responses of Twin-MB E-AB sensor (C-9) at different concentration of MUC1 in PBS
buffer. Inset (A) shows the calibration curve: from 1.0 nM to 500 nM in buffer, (B) Dose-response curves
of the Twin-MB E-AB sensor on C-9 in buffer. Inset in (B), shows linearized adsorption isotherm in buffer.
C) SWV responses of Twin-MB E-AB sensor (C-9) at different concentration of MUC1 in 50% human
serum. Inset (C) shows the calibration curve: from 1.0 nM to 500 nM in 50% human serum, (D) Dose-
response curves of the Twin-MB E-AB sensor (C-9) in 50% human serum. (D). The experiments were

carried out with amplitude of 50 mV, step 5 mV, and the frequency of 80 Hz (n=3).

The Control aptamer covers a MUC 1 concentration range from 10 nM to 500 nM with a linear
regression equation of y = 0.1918x + 65.79 and a LOD of 3.70 nM (Figure S 2-1 A,B),
approximatively 10 times higher than Twin-MB E-AB sensor. Figure 2-7. B displays the
correlation between the relative gain, given by Al/lo (the change in the SWV peak current divided
by the initial value, i.e., before the addition of MUCL1) and the concentration of MUC1 (in nM).
We assume that the binding process meets the requirements of the Langmuir isotherm*?, thus the

dissociation constant (Kp) can be calculated from the equations:

MB — Aptamer|y,q + MUC1 — MB — Aptamer. MUC1| 4414 (Eq 2-4)

_ [MB - Aptamer|gold] [MUC1]
Ko = [MB — Aptamer - MUC1|gold] (Eq 2'5)

where [MB - Aptamer|goid], [MUCL1], and [MB - AptamereMUCL1|4q] represent the surface
concentration of probe aptamers, the solution concentration of MUCL, and the surface
concentration of the aptamer-MUC1complex, respectively. Thus, the relationship between the

relative gain (Al/lo), [Al/Io]sat (the saturated sensor signal), the solution concentration of MUCL, and

the Kp can be described as following:

[MUC1]
[A1/16]= [AI/Ig]sac XD+ MUCT] (Eq 2-6)
[MUC1] Ky [MUC1]

(A /loTsee T 61 /Tolsne ~ AI/Ig (Eq 2-7)
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Accordingly, the Kp from the linear parts are 71.33 nM (Figure 2-7. B. inset) and 105.80 nM
(Figure S 2-1 C, D) for Twin-MB and control E-AB sensors in PBS buffer, respectively. Given
that the probe densities are unchanged and nucleotide sequences are identical, the corresponding
decrease in Kp (from 105.80 to 71.33) and hence higher affinity are most likely attributed to the

orientation and better access to the binding sequence on the unfolded aptamer.

The physiologically relevant MUC 1 concentrations are often cited as 34 U/mL “*, which
corresponds to approximately 5 uM. Low levels of MUC1 (usually less than 31 U/mL) can be
found in the serum of healthy individuals 3. However, the normal range of MUC1 in serum can
vary depending on the assay used. In cancer antigen detection tests, levels of CA 15-3 (soluble
form of MUC1) lower than 25-30 U/mL are generally considered normal in serum #4. Whereas, a

100-fold increase in MUC1 levels is a strong indicator of cancer .

We evaluated the sensitivity and dynamic range of the Twin-MB E-AB sensor across the
physiological concentrations of MUCL1 in diluted human serum sample (diluted 1:1 with PBS
buffer). As shown in Figure 2-7 C , the LOD towards spiked amounts of MUCL1 in diluted human
serum was calculated as of 0.4 nM, for which we obtained the value of Kp = 79.0 ( Figure 2-7 D).
According to the LOD and the LDR, the developed Twin-MB sensor demonstrates clinical

relevance for MUC1concentration range in serum.

Regeneration performance was evaluated at both low and saturated concentrations of the MUC1
target. After one minute incubation in 8 Guanidine-HCI, 97% of the signal of the Twin-MB E-AB
sensor was recovered at 200 nM of MUC1 (Figure 2-8 A). The regeneration in saturated
concentrations of 550 nM, causes approximately 87% loss of the initial signal associated with

small shift in potential (Figure 2-8 B).
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Figure 2-8. Regeneration of the Twin-MB E-AB sensor for 200 nM (A), and 550 nM (B), of MUC1
biomarker (C) Stability test of Tein-MB E-AB sensor for 7 days. The experiments were carried out with
amplitude 50 mV, step 5 mV, and the frequency of 80 Hz in 50% diluted serum.

101



Finally, a stability test of the Twin-MB E-AB sensor after storage at 4°C was performed. The Twin-
MB E-AB sensor exhibits a very stable current up to 6 days with less than 4% variation in absolute
current (Figure 2-8 C) and a robust performance in 50% diluted serum for 3 h without significant

deviation in corresponding response.

Over the past two decades, a substantial number of interfacial strategies have been reported to
address some critical concerns related to electrochemical aptasensors for the detection of MUC1
biomarker. Recently, Zhao et al * manipulated the electrochemical biointerface of an E-AB sensor
for multi-target (MUCL and VEGFs65) detection in a sequential format. They used the strand-
displacement approach for each target to induce partial folding in the ferrocene-tagged signaling
aptamer strand. This signal-on. type of sensor exhibits an outstanding sensitivity of 0.33 nM for
MUC1], buta LDR (1 nM to 20 nM) is unfortunately not applicable for real samples for quantitative
target detection, it requires essential washing steps for data acquisition, and this design cannot be
miniaturized. Wang et al, reported the detection of MUC1 with a LOD of 0.1 nM, and a LDR
ranging from 0.5 nM to 20 nM of MUCL1. This was achieved through enzymatically assisted signal
generation validated in blood serum. This enzymatic amplified strategy yields the most sensitive
result for MUCL1 biomarker, however, the restricted LDR, and multi- intervening washing -steps
strongly limit further use. Additionally, it was established that the use of a positive potential for
electrochemical detection promotes the biofouling of the surface by potential assisted protein
recruitment on to the surface. In this work we have introduced a molecular assembly in the
interfacial layer, combining an optimized SAM length, with amplifying redox system. We
demonstrate a strong improvement of the S/N ratio with one of the lowest LOD (0.4 nM) reported
so far for which the LDR ranges from 1 nM to 500 nM, validated in physiologically related

samples. Compared to previously reported methods, our approach offers higher or comparable
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results in terms of sensitivity and reliability but in addition it is easily scalable, allows long-term
operation in real sample and miniaturization with potential application to protein and nucleotide

targets.

Table 2.1 Literature overview on aptamer featuring biosensors for detection of MUCL1 biomarker.

Biorecognition Physiological

Analytical method LOD Reuse Ref.
element sample
Aptasensor-based quantum DNA aptamer 250 nM serum i ®
dots
GO-based fluorescence DNA aptamer  0.04 uM serum i =
aptasensor
Electrochemical aptasensor DNA aptamer 0.1 nM serum - &
QD-based FRET aptasensor ~ DNA aptamer 50 nM No - 4
. DNA aptamer-
A -A ELISA . A2 uM N - =0
ptamer-Antibody ELIS Antibody 0.12 p 0

GO-based ERET aptasensor  DNA Aptamer 40 nM serum - 51
E-AB sensor DNA aptamer 50 nM No - &
E-AB sensor DNA aptamer ~ 0.33 nM No - 4
Thi

E-AB sensor DNA aptamer 0.4 nM serum Yes wo:sk

Conclusion
Here, we have demonstrated that a simple variation in design of the biointerface skeleton could
significantly improve sensor performance. Relying on the equilibrium significance in the concept
of gain, and maintaining the simplicity of the fabrication, we have shown the synergy effect
between SAM monolayer passivation length and augmented redox reporters leading to 60% gain
enhancement. The MUC1 sensors exhibit a LOD of 3.7 and a LDR from 10 nM to 500 nM in
serum. We have for the first time revealed the existence of a delicate dynamic between different
parts of the biointerface. This work on augmented electronic source is one step towards a smart
solution to address the insufficient signal-to-noise in the case of microelectrodes without having

to “increase” surface area” or roughness. Although the magnitude of the effects and improvements
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may slightly vary with the couple target/probe, this concept can serve as a basic outline for the

future fabrication of E-AB sensors.
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Figure S 2-1 A) displays SWV responses of the control E-AB sensor, on C-6, with progressively
increasing concentrations of MUC1 in PBS buffer. B) shows the calibration curves: from 10.0 nM to 500
nM in the buffer. C) Dose-response curves of the control E-AB sensor in the buffer. The illustrated error
bars represent the standard deviation of three measurements obtained at each MUCL1 concentration. D)
shows linearized adsorption isotherm in buffer. The solid line is the best fit to the experimental data from
which the dissociation constant Kp was determined. The incubation time was 80 min. These data were
collected with three electrodes prepared in parallel. The experiments were carried out with amplitude 50
mV, step 5 mV, and the frequency of 20 Hz in corresponding environments

2.8 Methods and materials

The following reagents were used as received (all from Sigma-Aldrich, unless otherwise stated):
human male AB plasma, USA origin, sterile-filtered, 4-Morpholineethanespulfonic acid, 2-(N-
Morpholino) ethanesulfonic acid (MES), Na, Ne-di-Fmoc-lysine (Fmoc-lysine (Fmoc)-OH), Na-

Fmoc-Ne-Boc-L-lysine (Fmoc-lysine (Boc)-OH), Na-Boc-Ne-Fmoc-lysine (Boc-lysine (Fmoc)-
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OH), Hexahydropyridine, Piperidine (all reagent grade), 9-Mercapto-nonan-1-ol (C9-OH), tris-(2-
carboxyethyl)  phosphine  hydrochloride (TCEP), N-Ethyl-N'-(3-dimethylaminopropyl)
carbodiimide (EDC), Hydroxy-2,5-dioxopyrrolidine-3-sulfonicacid sodium salt (Sulfo-NHS),

MB-NHS ester was purchased from Glen research.

The HPLC-purified and desalted anti-MUC1 DNA aptamers,

HO-(CH2)6-SS-(CH2)6-O-5-GCA GTT GAT CCT TTG GAT ACC CTG G-3'-(CH2)7-NH2

(aptamer-NH>)

was purchased from Biosearch Technologies Inc. (Novato, CA). the sequence was reported by
Ferreira et al as the S1.3/S2.2. Also, the 60-mer 3x VTR MUC1 peptide (PDT RPA PGS TAP
PAH GVT SAP DTR PAP GST APP AHG VTS APD TRP APG STA PPA HGV TSA) was
purchased from PL Laboratories Inc. (Vancouver, Canada). The peptides were suspended in a
phosphate buffer (137 mM NaCl, 10 mM NaHPO4, 1.4 mM KH2PQOg4, 2.7 mM KCI, pH 7.4) and

stored at -20°C.
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Figure S 2-2 molecular structure of lysine (A), Fmoc-lysine(Boc)-OH (used in the synthesis of remote
MB)(B), Boc-lysine(Fmoc)-OH (used in the synthesis of vicinal MB) (C), and Fmoc- lysine(Fmoc)-OH
(used for the synthesis of Twin-MB). * and ** specify the vicinal and the remote amino groups,
respectively.

2.9 DNA modification and purification:
2.9.1 Synthesis of DNA-Fmoc-lysine(Boc)-OH

All materials were used as purchased from Sigma-Aldrich.

7.02 mg of Fmoc-lysine(Boc)-OH (5.0 mM) was suspended into 3 ml of DMF to which 1 ml of
50 mM MES buffer, PH 6.2, was added to buffer the reaction. To activate the carboxylic group on

Fmoc-lysine(Boc)-OH, 30 mM of EDC/ NHS was added (17.25 mg, and 10.35 mg respectively).

108



after 10 min in RT, 50 pl of the latter mixture, was mixed with 50 ul of 0.5 mM DNA-aptamer-

NHo.. This reaction was left for 4 h with moderate shaking.

To Purify the labeled DNA from excess reactants we used the precipitation method, in which 20
ul of 4-M LiCl and 500 pl of ethanol (chilled to —20°C) were mixed with crude reaction (100 ul)
well and stored at —20°C for at least 3h. then the DNA was separated from the supernatant via
centrifugation at 12,000 g. the pellet was washed with 70% and 100% ethanol, centrifuging after

each wash.

2.10 Deprotection of Fmoc group
The pellet (DNA-aptamer-lysine (Fmoc)(Boc)) was then suspended in a 80%:20% mixture of
DMF: piperidine solution and was left to react for 30 min. to retrieve the DNA (DNA-aptamer-
lysine) it was precipitated from the mixture following the same method described in the paper.
Through this, the Boc protecting group will largely remain intact to ensure desired arrangement of

MB.

2.11 Synthesis of DNA-MB-lysine(Boc)-OH (referred to as remote MB)

To synthesize the DNA-aptamer-lysine with MB redox reporter (remote MB), the pellet recovered
from the last step was suspended in 100 pl of 50 mM MES buffer solution, pH 6.2. 0.30 mg of
MB-NHS ester salt (3.71 mM) was dissolved in 50 pul of DMF and added to the DNA solution.
This solution was left for 4h at RT on moderate shaking. after 4 h, to further push the reaction
forward, 30 mM of EDC/NHS was added to the solution and the mixture was left overnight. The

crude DNA products were retrieved via ethanol/LiCl precipitation (described in the paper).

2.12 Synthesis of DNA-Boc-lysine(MB)-OH (referred to as Vicinal MB)

The same procedure was followed for the synthesis of DNA-Aptamer with vicinal MB.
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2.13 Synthesis of DNA-MB-lysine(MB)-OH (referred to as Twin-MB).

Twin-MB was synthesized according to the procedure described in the experimental section.

2.14 Purification and isolation of the DNA products
The product isolations were carried out by high-performance liquid chromatography (HPLC)
equipped with a size-exclusion column, Phenomenex-BioSep-SEC-S 3000, 300x7.8 mm 5
microns, under the mobile phase condition of 50 mM Phosphate and 100 mM NaCl at pH 6.8. The
masses of the products were confirmed by liquid chromatography-mass spectrometry (LC-MS). A
mass of 9117.338 and m/z and 9537.1416 m/z were found for DNA-lysine-MB (both remote and
vicinal MB), and Twin-MB, respectively.

2.15 The various spatial arrangement of MB on the lysine linker attached to

the DNA-aptamer will influence the gain fluctuations
To ensure the selectivity in the reactions, we employed lysine linkers whose amnio groups were
distinctively protected by different protecting groups (Fmoc and Boc) in an alternative way as

shown Figure S 2-2.

According to the assumption, the desired result on the gain fluctuations would not be observed
unless the thickness of the SAM (MCH) is also taken into consideration concomitantly. As shown
in Figure 2-5, the C-3 and C-6 MCH lacked any discriminating effect. Thus, all the following
experiments were designed and carried out based on C-9 passivating alkyl thiol layers (Figure S

2-3)

110
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[72]
[72)

Figure S 2-3. E-AB sensor fabricated by the self-assembly of redox/s tagged DNA with C-6 alkyl thiol
modification (5°) embedded with C-9 alkyl thiol monolayer.

To verify the effect of spatially different single MB of lysine on the gain fluctuations, three
individual sets of each modification, that is, DNA-aptamer with vicinal MB, remote MB, and the
one bearing Twin-MB were subjected to the saturated concentration of MUC1 protein (550 nM).

the results shown in Figure S 2-4. represent the averages of three individual experiments.
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Figure S 2-4 . Gain fluctuations resulted from different spatial MB arrangements on probe aptamer, A)
the Twin-MB, B) remote single MB, C) and Vicinal single MB, respectively experiments were carried
out on E-AB sensors passivated by C-9 MCH. The results are averages of three individual experiments.
Sensors were allowed to hybridize with 500 nM of MUC1 for 80 min in PBS buffer. The experiments
were carried out with amplitude 50 mV, step 5 mV, and the frequency of 80 Hz in corresponding
environments.

Figure S 2-4 represents the results of gain variations relative to single MB spatial arrangements
on the lysine linker (Vicinal and remote MB) and the one with two MBs (Twin-MB). One can see
the superior effect belongs to the Twin-MB (Figure S 2-4 A). Owing to the fact that the inherent
electron transfer kinetics of MB stays relatively constant in all three experiments (Figure S 2-4 A,
B, and C), the gain variations can be likely known to be correlated with the structural synergy
effects among lysine linker, MB spatial arrangement, and the thickness of the passivating layer (C-
9).
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We assumed that the longer liker inclusion (lysine) provides a higher degree of freedom and thus
a higher probability of random diffusions into the SAM’s cavities, this effect is noticeable for the
furthest site of MB (remote site), particularly in the folded state (initial state). Whereas in the probe
aptamer with a single vicinal MB (Figure S 2-4 C), this diffusion is less likely to happen. This
argument is in good agreement with results obtained in the electron transfer kinetics study.
furthermore, after hybridization, the longer SAM (C-9) seems to be contributing to a further
aptamer’s population polarization at equilibrium by more effectively pushing the aptamers
outward meanwhile acting as a momentary shield against random back-strikes of aptamers in their
unfolded states. This is particularly noticeable compared with C-6 SAM, shown in Figure S 2-4,

where there seems to be no such contribution and eventually yields similar gains ( ca. %50 ).

The lowest gain was observed in the case of vicinal MB (Figure S 2-4 C, 26%) which can be
thought of as being resulted from the lack of diffusion, longer electron transfer barrier, and lastly

weak initial signal current (folded state).

The gain observed in the probe aptamer with remote single MB (Figure S 2-4 B, 69%) can be
viewed as the in-between condition. That is, unlike the vicinal MB (Figure S 2-4 C, 26%), MB in
the remote one is more prone to random diffusions while population depolarization is supported
by the thicker SAM. In the meantime, to argue its lower gain relative to Twin-MB (Figure S 2-4
A, 78%), we will have to take the back-strikes into account. besides, compared to the Twin-MB,
the initial signal generated by the remote single MB is remarkably weaker, and hence the offsetting

effect is more pronounced.
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The relevance and the contribution to the bigger picture

Throughout chapter 2, we reported a novel E-AB sensor for sensitive quantification of MUC1 in
human serum samples. we underlined an adoption of a new strategy in the manipulation of the
electrochemical interfacial layer during the fabrication of E-AB sensors and outlined the
systematic engineering as well as corresponding comparisons with the conventional E-AB sensors.
briefly, unlike the commercially available single redox-tagged probe aptamers, we employed a
MUC1 probe aptamer tethered to two spatially resolved redox tags (methylene blue) via the
inclusion of a lysine linker. Furthermore, to induce further polarization between folded and
unfolded states at equilibrium, that is, the aptamer’s conformational changes, we have
concomitantly probed the effect of various thicknesses of the thiolated self-assembly monolayers
(SAMs) that are commonly used for surface passivation. We found that there is a positive
combined effect in the form of synergy leading to a significant improvement in the performance
of E-AB sensors (signal gain). And showed that the adaptation of such interfacial manipulation in
the fabrication of an E-AB sensor (signal-off) completely supports a sensitive, and reagentless
sensing platform. However, since the interfacial manipulation and its functioning are rigorously
dependant to the signaling behavior/characteristics of the sensing platform, we continued to further
probe the potential and applicability of the proposed strategy in the context of the signal-on type
of E-AB sensor. to do so, we chose the VEGF165 biomarker which among other isoforms, has
been recognized as one of the most abundantly overexpressed biomarkers in breast cancer. As well
as a 30-mer probe aptamer which has been reported to possess signal-on characteristics if
employed in E-AB sensors. Chapter 2, considers the feasibility of such manipulation in the format
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of a signal-on type of sensor, as well as its advantages over the conventional protocol of fabrication
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Abstract

We report an electrochemical aptamer-based sensor (E-AB) for the detection of vascular
endothelial growth factor (VEGF1es) biomarker directly in serum samples. Here, a E-AB approach
employs a signal amplification strategy based on the synergy effect of the alky thiol passivation
self-assembled layer (SAM) and the terminally tethered lysine twin methylene blue (Modified
aptamer) to the distal end of probe aptamer as the redox tags. The new reagent-less sensing system
yields a gain enhancement up to 195%, that can readily detect VEGFi65 biomarker in diluted
human serum samples down to 2.0 pM offering the limit of detection (LOD) of 0.56 pM. This
strategy is particularly promising for miniaturized sensing platforms where the low signal-to-noise
(S/N) severely hampers the sensitivity of detection. The spatially resolved MB redox tags enhances
the S/N, and the amplification capability also contributes to a greater amount of sensitivity. Given
these advantages, this approach is particularly suitable for implementation in portable

microdevices for the direct detection of proteins and small molecules in complex clinical samples.

3.1 Introduction

2.3 million women are diagnosed with breast cancer according to World Health Organization
(WHO), and there were 685,000 deaths globally, making it the world's most prevalent cancer 1.
Statistics show that 90% of the death are related to cancer metastasis?, which strongly implies the
importance of early diagnosis. Early cancer diagnosis techniques rely on clinical tests or biopsy
and imaging systems *, but they are discomforting, mostly invasive and not accessible for real-
time monitoring. To facilitate an early detection and proper treatment, other diagnostic tools from

traditional ones are required in terms of cost, accessibility, and time.
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Cancer biomarkers are signature biomolecules usually referring to proteins, genes, and other
molecules which can be used to screen and identify whether a patient has a specific disease or
cancer °. Among them, a vascular endothelial growth factor (VEGF), a signal protein secreted by
both endothelial and tumor cells, acts as a key regulator of angiogenesis and vascular development
processes. VEGFi65 one of the most dominating isoforms, has been isolated with the highest
incidence in breast cancer as it regulates vigorously angiogenesis in cancer development and
metastasis ®’. When solid tumors reach around 0.2-2.0 mm in diameter, independent blood
supplies for oxygen and nutrients and metastasis are required, VEGFie5 is overexpressed to
stimulate vascularization 8. Given its key role in tumor growth and metastasis, screening VEGFiss

in blood has also been regarded as a significant biomarker for cancer diagnosis in clinical °

Having the ability to quickly and inexpensively detect specific biomolecules can have a significant
impact on patient care and the identification of infectious disease transmission patterns, as well as
other goals related to health. Enzyme Linked Immunosorbent Assay (ELISA) ¢ is the gold standard
method for detecting and measuring protein biomarkers. Most sensitive mode of detection in
ELISA is achieved through a sandwich assay, which involves binding an antibody with an
additional substance that can be used as a label or to produce small, detectable molecules.
However, this method often requires multiple washing steps to remove background signal, which
increases the duration of the assay and the risk of errors. A faster, cheaper method with specific
detectable capabilities would help to make assay development more accessible and widespread.
To date various VEGF detection techniques have been reported including radioimmunoassay *°,
and mass spectrometry®'. Nevertheless, challenges associated to complexity, speed of detection

make them less ideal for real-time clinical diagnostics.
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Over the last two decades, the E-AB sensors have gained much attention?. Aptamers are
oligonucleotides or peptide that have high affinity, specificity, and selectivity to specific target
molecules. Traditionally one extremity is immobilized onto an electrode surface while the other is
modified with a redox tag. The electrochemical signal is generated when target recognized aptamer
and induced a conformational change making the biosensor reagentless and readily reusable 3.
Various E-AB sensors have been reported to date with architectural related signal amplification
methodologies'*. but so far the S/N ratio remains low and high sensitivity is still challenging to
improvement?®, Despite a relatively large number of E-AB sensors reported to date, architectural
related methodologies including triblock DNA polymer with intervening poly ethylene glycol®,
strand displacement mechanism'’ and DNA pseudoknot approach®®, have been successfully
developed for signal amplification. However, they are complex and not tested in real samples
141617 Immoos et al'® introduced the first signal amplification in a signal-on DNA sensor, which
employed a poylethylene glycol bridge (PEG) separating probe and capture aptamer strands, in
which oligonucleotide target hybridization prompted a loop formation with the aptamers. This
pushes the terminally tagged ferrocene to the proximity of the electrode surface increasing the
signaling current by 600%. Given that the specificity of the design for this oligonucleotide target,
this methodology cannot be applied for every protein targets unless being appropriately tailored,
and as such, it lacks versatility'®. Another approach is based on the strand displacement!’, which
involves a rigidity- caused by double stranded element resulted from hybridization between
capturing and singling aptamer- that keeps the terminally tagged MB away from the surface. The
oligonucleotide target competitive hybridization with the immobilized aptamer, triggers the
release of the signalling strand, and causes a significant current increase, reaching the fM detection

(gain ~ 700% )( which is defined as the signal changes before and after target introduction divided
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by the initial signal, (%)) The major drawback for this multiple strand hybridization-dependant
signal generation, is the complicated fabrication process and the lack of regenerability particularly
in real samples'®?. Lastly, a pseudoknot DNA approach was developed®. In this architecture, a
pseudoknot pulls apart the methylene blue redox compound from the surface in the absence of
target. When hybridized, the DNA sequence changes into a single strand DNA allowing the
electron transfer to the electrode and thus an increase of signalling current. This approach showed

a great stability and regenerability even in blood, yet with a modest gain (~100%) , and relatively

a low sensitivity.

General approaches to improve the surface area either through surface roughness or via
nanoparticle decorations have failed to properly address the signal amplification as the increase of
surface rarely generates a proportional boost in the analytical signal®*. Meanwhile, since the
signaling mechanism in this class arises from the changes in electron transfer efficiency followed
by target induced changes in conformation/flexibility of the aptamer probe, biomedical
engineering of the aptamer sequence, though rarely, has also been used to enhance the analytical
attributes. For example, White and his coworkers 2? successfully demonstrated that by rational
engineering of the aptamer sequence they could tune a ranges of affinity from 220 nM to 42 uM,
and could improve the LOD as much as 100-fold. In addition, biosensors that employ surface
roughness to increase their microscopic surface area offer another strategy to fighting with loss in
signal. However, poor wettability of the surface has been demonstrated to counteract with the real
amplification. In an attempt to enhance the S/N, and the signaling gain, Plaxco and his co-workers
23developed a simple, low-cost method for creating high roughness through shrink-induced high
surface area of the electrode for which they observed exceptional signal strength, and gain

amplification up to 330% that accounts nearly more than two-fold greater than that of seen
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previously on its planar alternative (150%). To accomplish this, they manage to exclude air pockets
from the meniscus of the roughened surface by using a solution prepared with a mass ratio of 6%
polyvinyl pyrrolidone (PVP10) and 0.01% non-polar surfactant (Triton X100). This modification
allows sample to access more electrode surface and maximize the electrochemical active surface
area gain achieved by shrinking. In the final assessment, rational engineering of the aptamer
structure since directly influence the affinity of the aptamer to its target, is probably the most
effective measure in order to enhance analytical performance. However, it should be noted that,
the significant know-how, non-trivial cost associated with the experiments, and significant time

investment to carry out such engineering, make it not readily available and widely practiced.

Recently, we have introduced an interfacial manipulation that not only enables a high signal
amplification, but also can readily address the low S/N ratio specially when the surface area is
becoming an issue e.g., microelectrodes. To do so, we boost the electronic source, i.e. methylene
blue (MB), by modifying the probe with a 2 MB- grafted lysine. Also, we found that by varying
the width of the alkylthiol passivation layer, a higher resolution of the signaling current was
produced leading to significant gain enhancement, and hence sensitivity. Furthermore, this strategy
improves the stability and reusability of the aptasensing platform in human serum samples. In this
work, we have employed this strategy in developing a signal-on type of E-AB sensor for the
detection of VEGF1es biomarker in human serum sample and compared the analytical performance
with the conventional counterpart E-AB sensor. Eventually the evaluation of the regenerability

and stability of the sensing platform are presented.
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3.2 Experimental
3.2.1 Reagents

The following reagents were purchased from Sigma-Aldrich (unless otherwise stated) and used as
received: human male AB plasma, USA origin, sterile-filtered , 4-Morpholineethanesulfonic acid,
2-(N-Morpholino) ethanesulfonic acid (MES), Na,Ne-di-Fmoc-L-lysine, Fmoc-lysine(Fmoc)-OH
(Fmoc-lysine(Fmoc)-OH),  Hexahydropyridine,  Piperidine (all reagent grade), 3-
Mercaptopropanol (C3-OH), 6-mercapto-1-hexanol (C6-OH), 9-Mercapto-nonan-1-ol (C9-OH),
tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), N-Ethyl-N'-(3-dimethylaminopropyl)
carbodiimide (EDC), Hydroxy-2,5-dioxopyrrolidine-3-sulfonic acid sodium salt (Sulfo-NHS).
MB-NHS ester was purchased from Glen research. The HPLC-purified and desalted anti-VEGF

DNA aptamers are as follows:

HO-(CH2)6-SS-(CH2)s-O-5"-TTT-TCC-CGT-CTT-CCA-GAC-AAG-AGT-GCA-GGG-3 - (CH2)-

NHCO-(CH)s-MB. referred to as Control aptamer.

HO-(CH2)6-SS-(CH2)s-O-5"-TTT-TCC-CGT-CTT-CCA-GAC-AAG-AGT-GCA-GGG-3'-(CH2)-

NH2. Referred to as anti-VEGF aptamer-NHo.

These were purchased from Biosearch Technologies Inc. (Novato, CA). Also, Recombinant
Human VEGF Protein CF (isoform 165), was purchased from Bio-techne Canada. The protein was

suspended in a sterile PBS and stored at -20°C.

3.3 Chemical synthesis of lysine-MB and aptamer conjugation
3.3.1 Modification of aptamer-NHCO-lysine-(Fmoc):

8.9 mg of Fmoc-lysine(Fmoc)-OH (5.0 mM) was suspended in 2 ml of DMF to which 1 ml of 50

mM MES buffer, PH 6.2, was added to buffer the reaction. To activate the carboxylic group on
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Fmoc-lysine(Fmoc)-OH, 30 mM of EDC/ NHS was added (17.25 mg, and 10.35 mg respectively).
After 10 min at RT, 50 ul of the solution was mixed with 50 ul of 0.5 mM Anti-VEGF aptamer.
This reaction was left for 4 h under moderate stirring. To extract the labeled DNA from excess
reactants, 20 pl of 4-M LiCl and 500 pl of ethanol (chilled to —20°C) were thoroughly mixed with
DNA solution (100 pl) and stored at —20°C for at least 3 h. Then, the DNA was isolated from the
solution via centrifugation at 12,000 g. The precipitate was washed and centrifuged with 70% and

100% ethanol.

3.3.2 De-protection of aptamer-lysine (Fmoc):

The anti-aptamer-lysine (Fmoc). precipitate was suspended in an 80% : 20% mixture of DMF:
piperidine solution and left to react for 30 min at RT. The anti-aptamer-lysine was retrieved after

the deprotection and precipitation following the previous method.

3.3.3 Labeling aptamer-lysine-(COOH)2 with methylene blue (Modified aptamer)

The anti-aptamer-lysine precipitate was suspended in 100 pl of 50 mM MES buffer solution at pH
6.2. Then, 0.30 mg of MB-NHS ester salt (3.71 mM) was dissolved in 50 ul of DMF and added to
the DNA solution. This solution was left 4h at RT at a moderate shaking. After 4 h, 30 mM of
EDC/NHS was added to the solution and the mixture was left overnight in fridge at RT . To purify
and isolate the reacted DNA, a high-performance liquid chromatography (HPLC) using a size-
exclusion column, Phenomenex BioSep-SEC-S 3000, 300 x 7.80 mm, 5 micron was used with
phosphate buffer (50 mM PBS, 100 mM NacCl, pH = 6.8) as the mobile phase. The DNA-lysine-
(MB). (Modified aptamer) mass was confirmed with liquid chromatography mass spectrometry
(LC-MS). A mass of 10701.664 m/z was found for Modified aptamer, corroborating a calculated

mass of 10719.638 m/z.
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3.4 Preparation of E-AB sensor

Control and Modified aptamer electrodes were fabricated using gold disk electrode (1.6 mm
diameter; BAS, West Lafayette, IN). The electrodes were treated with polishing on Buehler
alumina slurry (1 and 0.05 um) for 5 minutes, after 2 minutes of sonication they were transferred
to “piranha” solution consisting of a 3:1 ratio of 30% w/v aqueous solutions of H.SO. and H-O:
for 5 minutes. Then, the electrodes were subject to electrochemical polishing in 0.1 M H2SO4
solution cycled from 1.4 V to 0.1 V for 25 cycles. Afterwards, the electrodes were incubated with
100% ethanol for another 5 minutes. To fabricate the E-AB sensor, the relevant aptamer was
diluted in 0.07 uM of PBS saline buffer (Figure S 3-1). A cleaned electrode was immersed in this
solution and incubated for 2 h. Next, to passivate the surface and displace the none-specific
adsorbed aptamers, the electrode was subject to another round of 2h incubation with 2mM relevant
alkyl thiol dissolved in PBS saline (C-3 and C-6 hydroxyl alkyl thiol). To carry out the passivation
with C-9, however, the incubation was done in MES 50 mM, pH 6.5 for the same duration. This
immobilization technique is essential for a proper E-AB sensor function. Surface probe density (')
of each electrode was calculated by the area under the reductive peaks of CVs at 200 mV/s (Eq
3-1).

_Q
r= (nFA)

(Eq 3-1)
In Eq 3-1, Q is the area of the reductive signal, n is the number of electrons per redox event (n = 2

for MB), F is Faraday's constant, and A, is the area of the gold electrode ca. 0.020 cm?.

Kinetic assessments were performed according to Laviron formalism using the following set of

equations:

Ep,c = E* —

2.3RT anFv
| (Eq 3-2)

anF log [RTkapp
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Ep,a = E” —

2.3RT (1 — o)nFv (Eq 3-3)
(1 - o)nF log[ RTkapp ]

where Epais the potential of the anodic peak, E,cis the potential of the cathodic peak, E°' is the
formal potential calculated by averaging the anodic and cathodic potentials at slow scan rates, v is
the scan rate, a is the electron-transfer coefficient, kapp is the apparent rate constant, R is the ideal
gas constant, T is the absolute temperature, F is the Faraday constant, and n is the number of

electrons transferred.

3.5 Electrochemical characterization
Electrochemical measurements were carried out with a potentiostat/galvanostat (VersaSTAT 4,
Princeton Applied Research) and a three-electrode system consisting of an Ag/AgCl (saturated
KCI), Pt wire, and gold disk electrodes (1.6 mm diameter; BAS, West Lafayette, IN) as reference,
counter and working electrodes, respectively. Electrochemical measurements were performed in
phosphate buffer saline (PBS) (10 mM phosphate containing 2.92 g of NaCl, 0.0690 g of NaH2POs,
0.071 g of Na2HPO4 plus 50 pl of 1M MgCl2 in 25 ml of deionized water, Millipore, nanopure
water, 17.5 MQ cm™), pH 7.2, using SWV featuring amplitude of 50 mV, step potential of 5 mV
and frequency of 40 Hz (Figure S 3-2). Electrochemical interrogations were recorded from 0.1 V

to -0.5 V versus Ag/AgCl (saturated KCI) reference electrode.

3.6 Results and discussions
A new interfacial design using a VEGF specific DNA sequence modified with a thiol group at 5°-
and with two redox active methylene blues grafted lysine at 3’- (Modified aptamer), whereas the
conventional commercially available single MB tagged aptamers (Control aptamer) which
presents a C7-NH> alkane linker (Figure 3-1). In our experimental group, the redox probe was

further away from the distal end of 30-mer aptamer due to the lysine group. The Modified aptamer
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electrode is constructed by tethering two spatially resolved MB conjugated aptamer to a C-OH
passivated gold electrode via self-assembled monolayer chemistry 2* Figure 3-1) . In the absence
of a target, the aptamer is believed to assume an unfolded structure holding the redox tags away
from the electrode and thus undergoes the minimum amount of electron transfer with the electrode.
Upon target binding, the aptamer is thought to fold into a configuration that forces the redox tags
(MBs) further to the proximity of the electrode, leading to improved electron-transfer efficiency

(signal-on) %26,

AY
,-‘.. 1) Aptamer-Lysine (Fmoc), %,
Q.. * .“‘
74 Lysine (Fmoc), %
1 2 3
. —» —> —> —> .
_-: 5'-SH-C6-Aptamer-3'-C7-NH, 2) Fmoc Deprotection 3) MB conjugation %
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Figure 3-1. schematic illustration of reaction steps (A). fabrication elements (B). the final sensing
platform based on Modified aptamer chemisorbed on gold electrode (C).

Electrochemical characterization along with hybridization kinetic analysis were carried out to
establish that the lysine group did not change the electrochemical signature of MB and the results
were compared to the Control aptamer. As can be seen in Figure 3-2, the cyclic voltammogram
demonstrates strong reductive and oxidative peaks with a midpoint at -0.23 V vs. Ag/AgCl, similar
to the Control aptamer. Furthermore, the reductive current generated by Modified aptamer is
significantly higher than the Control aptamer with a ratio of 2.16 (lred, modified / Ired, contror). Given
that peak current is proportional to the number of methylene blue groups undergoing electron

transfer, this result confirms the incorporation of 2 MB on the Modified aptamer electrode.

Modified-aptamerq
Control-Aptamer9]

0.3 1
0.2
0.1

0.0 1

I /uA

-0.14

-0.24

-0.3 1

-0.4 1

E/V
Figure 3-2. CVs of the Modified and the Control aptamer in 10 mM PBS buffer at pH 7.2 , and a scan
rate of 0.2 Vs!
Adding a passivation layer on the surface of electrodes is essential for insulating against the faradic
currents and preventing a decrease of the capacitive signal. We investigated three different layers

(thickness and conductivity), i.e. 3-, 6- and 9-carbon, hydroxyl-terminated thiols and assessed the
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gain of the aptasensor (Figure 3-3). After 50 min incubation in target solution, the electrodes
fabricated with C-3 exhibited the lowest gain for Control aptamer (50%) and the modified one
(34%). The gain increased gradually with the thickness of the passivation layer for both electrodes
(Control aptamer gain of 103%, and 113% and Modified aptamer gain of 125%, and 195% for C-
6 OH, and C-9 OH respectively). The steady increase observed in gain values for both alternatives
was attributed to the progressively thicker passivation layer, which probably improved the surface
organization of aptamers leading to higher accessibility and offered a greater binding ability to the

VEGF165 target or a better ratio between folded and unfolded structures.?”23

1 I Control aptamer
200 - I Modified Aptamer T

C3-OH C6-OH C9-OH

Passivation lenght

Figure 3-3. Gain measurement function of the passivation layer, i.e. C-3 to C-9. SWV was carried out in
PBS hybridization buffer after 50 min incubation with the VEGF165 target.

In Table 3.1 apparent electron transfer rate for Control and Modified aptamers are calculated as

function of the passivation layer. The apparent electron transfer kinetics (Kapp) for the Control
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aptamer were 177.82 s, 139.40 s, and 69.90 s for C-3, C-6, and C-9 passivation layers,
respectively. Accordingly, the same descending trend was obtained for the Modified aptamer in
the Kapp along with a widening in passivation layer. This finding confirmed that a thicker
passivation layer might create a higher barrier towards the electron transfer ability. However, as
can be seen in Table 3.1, the Modified aptamer showed to be relatively less sensitive against such
effect, probably due to the fine equilibrium between the thick passivation layer and electronic
boost generated by the 2-methylene blue redox probe. In this case, a thicker passivation layer
causes a better spatial resolution between folded and unfolded aptamer populations at the
equilibrium and the presence of the 2 redox molecules can compensate for the higher charge

transfer barrier resulted from the longer alky thiols.

Table 3.1. Apparent electron transfer rate for Control and Modified anti-VEGFies probes.

A|ky|-th|0| Kapp fOI’ VEGF165 Kapp fOl’ VEGF165

passivation Control aptamer  Modified aptamer
length /st /st
C3-OH ‘ 183.03 189.3
C6-OH ‘ 139.40 158.6
C9-OH ‘ 69.90 118

The latter effect is more noticeable when the aptamer is in the folded state, i.e., after target
hybridization, because the distance of MB to the electrode caused by the lysine inclusion enhances
the diffusion of the redox probe into the passivation layer or cavities, thus facilitates the electronic
transmission?®. The hybridization kinetics for E-AB sensor composed of Control and M aptamers
were plotted in Figure 3-4. The electrodes exhibited a similar trend for the signal gain with an
increase with the incubation time followed by a plateau after 50 min incubation in VEGFiss

solution suggesting similar dynamics in the hybridization of the aptamer with VEGF1es molecule.
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Nevertheless, the kinetics for Modified aptamer was faster with 100% of signal gain after only 15
min compared to 40 minutes for the control electrode. Given that both electrodes share the same
surface density along with other fabrication parameters, a faster rate is likely attributed to the
lysine-(MB)2 moiety on the modified aptamer. This was supported by the Kp values of 13.29 and

15.74 pM for Modified and Control aptamer, respectively calculated from Eq-3-7)(see below).

—s— Modified aptamer
2004 —— Control aptamer

1504

1004

Gain (%)

40 0 10 20 30 40 50 60 70
Time (min)
Figure 3-4. Hybridization kinetics of E-AB sensor composed of Modified aptamer and Control aptamer.
SWYV performed in a saturated concentration of VEGF165 with amplitude of 50 mV, step potential of 5
mV, and frequency of 40 Hz. Electrodes were fabricated with 0.07 uM of aptamers and with C9-OH
passivation layer.

3.7 The E-AB sensor performance in diluted human serum
The E-AB sensor signaling behaviour was evaluated in both PBS and human serum samples
(Figure S 3-3). A well-defined peak, characteristic of MB reduction, was observed at 0.238 V vs
Ag/AgCl. The analytical performance of the modified E-AB sensor against VEGF1es biomarker
was investigated in 50% diluted human serum samples (Figure 3-5 A,B) and the results were
compared with the control E-AB sensor concomitantly (Figure 3-5 C,D). The Modified aptamer
E-AB sensor’s responses were assessed toward a range of VEGF1e5 concentrations (from 0 pM to
2000 pM) in 50% diluted human serum via SWV. As shown in Figure 3-5 A, under the optimized

experimental conditions, the Modified aptamer E-AB sensor exhibited a reliably sensitive response
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toward its target. A linear relationship between the signal and the VEGFissconcentration was
measured from 2 pM to 300 pM (Figure 3-5 A) with a linear regression equation of (y = 1.426x +
61.50, R? = 0.987) which corresponds to a LOD of 0.56 pM (defined as (3syx)/m, where sy is the
standard error of regression and m is the slope (n = 3)) (Figure 3-5 B). The control E-AB sensor
displays an inferior sensitivity against the VEGFies target (Figure 3-5 C), where a linear
relationship from 20 pM to 150 pM with linear regression equation of (y = 0.664x + 24.0, R? =

0.991) corresponding to the LOD of 6.4 pM of the VEGF165 was calculated (Figure 3-5 D).
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Figure 3-5. A) displays the SWV responses of Modified aptamer E-AB sensor on C-9 OH, with varying
concentrations of VEGF165 biomarker. B) the corresponding LDR. C) calibration curve corresponding
to control E-AB sensor and D) the corresponding LDR. E) represents the Dose-response curves of the
Modified aptamer E-AB sensor. Inset in (E) shows linearized adsorption isotherm. The solid line is the
best fit to the experimental data from which the dissociation constant KD was determined. F) represents
a comparison of the calibration curve slopes resulting from Modified aptamer and Control aptamers
incorporated E-AB sensors, respectively. The experiments were carried out with amplitude 50 mV, step
5 mV, and the frequency of 40 Hz in corresponding environments with 50 min incubation time in 50%
diluted human serum. The illustrated error bars represent the standard deviation of three measurements
obtained at each VEGF165 concentration. These data were collected with three electrodes prepared in
parallel.
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In Figure 3-5 E, the correlation between signal change (gain) and the VEGF1e5 concentration (in

pM) was analysed and the gain variation reached a plateau beyond 300 pM of VEGFss.

Given the 1:1 binding stoichiometry between VEGF1es : Aptamer % and assuming the Langmuir

isotherm 3, a Kp was obtained through (Eq 3-7)).

MB — Aptamer|goq + VEGF 45 = MB — Aptamer. VEGF 45| g014 (Eq 3-4)
Kp = [MB — Aptamer|gold] [VEGF145] (Eq 3-5)
[MB — Aptamer - VE(EF165|gol§1]
_ VEGF345 (Eq 3-6)
B1/1o]= [A/lolsat oy ropem—

, Where [MB - Aptamer | goid], [VEGF45], and [MB - AptamereVEGF 45 | goia] represent the surface
concentration of MB-anti-VEGF,¢5 aptamers, the solution concentration of VEGF,45, and the
surface concentration of the aptamer-VEGF;,scomplex, respectively. Thus, the relationship
between the relative gain (Al/lb), [Al/lo]sat(the saturated sensor signal), the solution concentration

of VEGF;¢s, and the Kp can be described as following:

[VEGF165] KD [VEGF165] (Eq 3-7)

[A/Iplsar — [A/Iolsac A1/l

Accordingly, the Kp calculated from the linear part is equal to 13.29 pM for modified E-AB sensor
(Figure 3-5 E, inset), and the one for control E-AB sensor was obtained as 15.74 pM (data not
shown). The data in Figure 3-5 D showed that the new strategy resulted in an increase of more
than twice (2.1 times) in the slope of the calibration curve compared to that of the control E-AB
sensor, (y = 1.426x+ 61.50) and of (y = 0.664x + 24.0), respectively. Furthermore, the
improvement in LDR (Figure 3-5 F, red line) is beyond to what was achieved for the control E-
AB sensor, and is most likely attributed to a higher S/N ratio®. The advantage of higher S/N creates

a broader signal resolution before and after the target hybridization and contributes to a higher
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signal capacity. In contrast to the conventional mode of sensor preparation, this interfacial
manipulation offers great advantages particularly in terms of S/N and sensitivity. Indeed, the
corresponding span particularly for the modified E-AB sensor successfully cover the clinical cut-
off concentration of VEGF16s biomarker in the serum (i.e., 3 pM to 12 pM and more) As reported
32, the mean value of serum VEGFis for control is 201.7 pg/ml (~5.3 pM) (median, 167.5 pg/ml;
with range of 101.5-245.3 pg/ml), vs significantly elevated amount in cancer patients (median,

305.9 pg/ml; with range of 156.7-451.6 pg/ml) with cut-off value of 241.02 pg/ml (~6.4 pM).

Finally, the regeneration of the signal and reusability of the sensor were evaluated using 8-M
Guanidine HCI and VEGF 165 concentration at saturated level in 50% diluted serum (Figure 3-6 A,
B respectively). To assess the signal regeneration, i.e. to retrieve the initial signal after each
hybridization, the sensor was incubated in 8-M Guanidine HCI for 100 s followed by soaking with
water for 150 s. The data show that the mean signal regeneration for the modified E-AB sensor
was 94% (RSD = 4.43% for 3 individual sensors). The reusability of the sensor was also examined
under the same VEGFies removal protocol. Data reveal that the gain value calculated after the
second trial decrease gradually to 172% compared to its initial gain value (195%). This means that
this sensor in optimal condition can be reused no more than twice. The sensor demonstrated a high
surface stability up 3 days in buffer with a mean value of 95.2% of its initial signal value (RSD

3.91%, n= 3 electrodes), as opposed to 87.0% (RSD of 3.77%) for the control one (data not shown).
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Figure 3-6. (A) Regeneration of the modified E-AB sensor for 350 pM of VEGF165 biomarker (B)
Stability test of modified E-AB sensor. The experiment was carried out with amplitude 50 mV, step 5
mV, and the frequency of 40 Hz. in 50% diluted serum sample.

The performance of interfacial manipulation in this work has been compared with previously
reported electrochemical assays for the detection of VEGF1es (Table 3.2). So far, one of the best
method, in terms of stability and regenerability, has been reported by Feng et al, 3. They have
employed electrochemically triggered aptamer immobilization that takes place withing 30 min
with outstanding outcome in regeneratabilty (reaching ~84% of initial current after two times of
applications). Compared to their data, using C-9 alkyl thiol is highly comparable as only 11%
decay in its initial signal after three times of application was measured. Furthermore, LOD
measurement were performed in buffer whereas in this work, diluted human serum was used.
According to the literature, the lowest LOD in VEGF165s detection has been reported by Jang et al,
34 as of 100 fM of VEGFi¢s in buffer solution with wide LDR (from 10 fM to 10 nM). A graphene-
based field effect transistor (FET) was obtained by growing the Polypyrole-converted nitrogen-
doped few-layer graphene (PPy-NDFLG) on Cu substrate by chemical vapor deposition combined
with vapor deposition polymerization. which then incorporated this into a liquid-ion gated FET.

The FET sensor fabrication is complex, data lacks verification in physiological fluids and the
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regenerability of the sensor mostly relies on the re-fabrication of at least the whole monolayer of
biorecognition element, and therefore doesn’t address the robustness of the monolayer itself after
its hybridization with the target, whereas in our work the corresponding evaluation directly refers
interfacial layer composing of the biorecognition. Overall, the results show a greater performance
with previously reported works and because of the ease of the fabrication steps, it make this
interfacial manipulation a very fast and versatile method suitable both for macro and
microelectrode applications. The use of a lysine-(MB): as the redox tag assembly, has proven to
be rewarding in the generation of a robust signal current with improvement of S/N even with
microelectrode applications. The reagentless process of VEGF1es detection, which is free of multi-

step washing and addition of exogenous reagent stand out among previously reported work34-3,
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Table 3.2. Literature overview on DNA/RNA biosensors for detection of VEGF165 detection

Biorecognition

Repeat

Method LOD serum sample - Ref.
element ability
E-AB sensor DNA aptamer 6.2 nM No Yes €
Optical detection via QDs DNA aptamer 12nM Yes No 37
modified probe aptamer
Porosity induced hydrogel Capturing- 0.13 pM Yes No 33
microspheres Antibody
Capturing- 39
AuNPs/ITO Antibody 2.6 PM Yes No
Surface p!asm(_)n resonance RNA aptamer 1PM No No 36
imaging
Rolling circle amplification SPR DNA aptamer 2.6 PM No No 3
E-AB sensor DNA aptamer 5PM Yes Yes 2
Chemiluminescence _Ilnked DNA aptamer 50 PM Yes No 20
aptamer catalysis
Polypyrole nanotube biosensor RNA aptamer 0.4 pM No Yes al
N-doped Graphene transistor RNA aptamer 0.1 pM No Yes 34
E-AB sensor DNA aptamer 0.56 pM Yes Yes Present
work
Conclusion

Precise monitoring of physiologically and clinically important targets heavily rely on the suitable

signal amplification strategies that are easily incorporated with the sensing platforms. in this work,

we have shown a new approach in signal amplification that is directed towards VEGF1es biomarker

measurement in 50% serum which achieves physiologically relevant sensitivity and specificity for

prognostic purposes. Our data show that this strategy is implementable both with signal-off and

signal-on type of E-AB sensors. Moreover, the sensing platform integrated with this strategy is

perfectly reagent-less and single step. Last, due to the two spatially resolved MB redox tags, this

strategy can successfully maintain its significance even in miniaturized sensing platforms where

the scantly populated prob aptamers fail to generate enough signal to achieve a desirable

sensitivity. The E-AB amplification approach thus appears well suited for convenient point-of-

care diagnostics and the field monitoring of proteins and small molecule analytes.
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Figure S 3-1 packing density optimization for varying concentrations of Control aptamer ranging from

0.01 UM up to 0.5 pM. with optimum concentration of 0.07 uM corresponding to 1.11x1011
molecule/cm2 and probe-probe spacing of approximately 33.9 nm.
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Figure S 3-2 Plot of the SWV Frequency range (Hz) vs signal gain for the Control aptamer and the
Modified aptamer. The best results coincide at 40 Hz.
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Figure S 3-3 SWV responses of Modified aptamer E-AB sensor on C-9 OH alkyl thiol passivation layer.
in, PBS buffer (dashed green curve), in 50% diluted human serum ( solid green curve), and in undiluted
human serum (black curve) with 33% signal variation. The experiments were carried out with an
amplitude of 50 mV, step 5 mV, and frequency of 40 Hz in corresponding environments.
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The relevance and the contribution to the bigger picture

So far, we have shown that the molecular manipulation of the interfacial layer is consistent with
both signal-off and signal-on types of E-AB sensors. We have also been able to show how useful
such an adaptation could be in the fabrication of a reagentless, sensitive sensing platform. This
chapter relates to the role of gold nano-dimensionality of the electrode surface.

In chapter 4, we have emphasized the role of morphological dimensions on the E-AB sensor’s
performance for the detection of MUC1 (breast cancer biomarker) in the human serum sample. To
accomplish this, bottom-up approaches were utilized for the synthesis of one- and three-
dimensional gold substrates that were used in the construction of E-AB sensors, and the results
were benchmarked with the regular gold electrode (two-dimensional) based E-AB sensor. The data
revealed that, contrary to the general perception, increasing the surface area won’t always lead to
higher signal gain if there is a morphological mall effect in play. Also, data suggested that the
surface/orientation of aptamers, on top of the alkanethiols SAM, may strongly rely on the surface
morphology features and eventually affect the sensor performance/sensitivity. the insight gained
from this work can be used to further probe the role of dimensionality/morphology in the signaling
behavior of E-AB sensors. In this study, the role of aptamer’s length was not included. this
inclusion can further complement our statement regarding the role of surface nano-dimensionality

on the aptamer’s surface organization and its dynamics.
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Abstract

The modularity of the electrochemical aptamer-based (E-AB) sensors has made them useful
candidates for a real-time, and specific determination of molecular targets (irrespective of their
chemical reactivity). This, however, can hardly be achieved without certain considerations being
applied to the interfacial region. In this work, we have emphasized the role of the electrode
surface’s morphological dimensions on the E-AB sensor’s performance for the detection of MUC1
(breast cancer biomarker) in the human serum sample. To accomplish this, bottom-up approaches
were utilized for the synthesis of one- and three-dimensional gold substrates (with 0.072 cm?and
0.079 cm? ECSA, respectively) that were later used in the construction of E-AB sensors, and the
results were compared to the planar gold electrode (two-dimensional with ECSA of 0.02 cm?). The
selection of the regular gold electrode as the two-dimensional substrate was essential to make the
study relevant and comparable with the widely used type of electrode that is commonly used in
the fabrication of E-AB sensors. Our data show that the E-AB sensor based on the three-
dimensional gold substrate with a limit of detection (LOD) of 6.8 nM literally didn’t make any
improvement relative to the regular electrode (two-dimensional) with a LOD of 7.8 nM. Whereas
the one-dimensional gold substrate proved to be the most sensitive one with a LOD of 3.5 nM. this
enhancement is likely due to the attributes of the surface organization. Therefore, our findings
suggest that a large surface area alone does not necessarily guarantee a better sensitivity unless

causing a fruitful contribution to the aptamers’ surface organization.
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4.1 Introduction

Aptamers have attracted much attention in diagnostic medicine due to their easy synthesis
protocols, low cost, great stability, and ability to recognize and bind a broad range of target
analytes’. These short, single-stranded DNA or RNA molecules have been endorsed as
recognition elements in biosensors, more particularly in E-AB sensors®. E-AB sensors are
comprised of a surface-bound redox-modified probe aptamer (stem-loop) that is immobilized on
the surface of a gold electrode via self-assembled monolayer chemistry (SAM). In absence of a
target, the redox entity is found at the proximity of the electrode where a large current flows. After
target addition, the hybridization-induced secondary-structure change will take the redox moiety
away from the surface decreasing the current. This change in the current is readily measurable and

is relatable to the target concentration.

The properties that define the interfacial region’s characteristics are key in the performance of E-
AB sensors °>. Generally the SAM of the oligonucleotides on the electrode surface is considered
the most well-defined building block in the construction of an E-AB sensor, and therefore has been
tremendously employed to immobilize different probes on Au surface®. In addition, the goal in
optimization of an E-AB sensor is to find a condition that affords the largest conformational
changes ° of the aptamer, as well as optimum strand-to-strand interspace %1, As the interfacial
recognition layer develops, several properties have been shown to be impactful such as aptamer
organization/orientation*> 4 aptamer length'®, chemistry'®, and spatial location of the
electrochemical tag'’, surface density, and backfilling strategies'®®. Incorporation of
nanostructures can significantly contribute to the progress of many of these features?®. For
example, it can stabilize the DNA or RNA strands?!, enhances the sensitivity?2 and enables a rapid

electron transfer?®, Nanomaterials possess a large number of unique physical and chemical
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properties emerging from their nano size (e.g., varying in electrical conductivity and optical
characteristics compared to their bulk alternatives) 24?°, Interestingly, these attributes can be
tailored and optimized for specific applications by manipulation of their properties including size,
surface area, dimensionality, and porosity 26. There are many reports showing the influence of size

and shape of nanostructures on the SAM quality, target binding, and surface chemistry?’~2°,

Among metal nanostructures, gold is the most widely used® due to its ease of synthesis,
biocompatibility, excellent conductive properties, and strong electron carriers. Given that they tend
to display size, shape, and composition-dependent properties® such as morphologies (e.g., shape
and surface structure) and distance-dependent properties (e.g., plasmonic and quantum
confinement effect) Au nanomaterials have been studied and applied to biomedical applications®*
3 Recently, surface’s nano-effects have received considerable attentions in the fabrication of E-
AB sensors as they provide superior analytical performance, because not only can they
significantly increase the loading amount of DNA probes, but also may serve as a medium to
bolster the electrochemical response in hybridization reaction *>-7. Plaxco et al have shown the
application of nanoporous gold for the miniaturization of an in Vivo E-AB sensor and concluded
that such incorporation can lead to 100-fold increase in macroscopic surface area of the electrode
38 Other works have shown that these nanomaterials were key to enable a precise long-term
measurement of specific molecular target in Vivo *°. In addition, Kelley et al have demonstrated
that utilization of nanostructured gold surface dramatically enhances the hybridization efficiency
compared to the same probe molecules when tethered to smoother surface “°. Moreover,
Shahrokhian and his co-workers *! developed a label-free aptasensor based in nanoporous gold for

the detection of salmonella by selective removal of the Cu from Au-Cu alloy. They have observed
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that nanoporous gold morphology is more efficient in formation of SAM in comparison with planar

gold electrode.

So far, there has been very few attempts in addressing the impact of the dimensionality of gold
nanostructures on the E-AB sensor’s analytical performance. In this study, we aim to identify the
impact of the gold substrate nano-dimensionality on the performance of E-AB biosensor. To do
so, bottom-up approaches were employed to synthesise one-dimensional (1D) and three-
dimensional (3D) gold substrates- which later serve as substrates for the aptamer functionalization.
Fabricated E-AB biosensors were then employed in the detection of MUC1 (breast cancer
biomarker) in human serum samples and ultimately compared with the gold-standard regular gold

electrode (2D) as the benchmark of the comparison.
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Figure 4-1. Schematic illustration of this work.

4.2 Experimental
4.2.1 Reagents
The following reagents were used as received (all reagents are by Sigma-Aldrich unless otherwise
stated): human male AB plasma, USA origin, sterile-filtered, 6-mercapto-1-hexanol (C6-OH), tris-
(2-carboxyethyl) phosphine hydrochloride (TCEP). The HPLC-purified and desalted anti-MUC1

DNA aptamers,

HO-(CH2)6-SS-(CH2)6-O-5-GCA GTT GAT CCT TTG GAT ACC CTG-G-3-(CH2)7-NHCO-

(CH2)3-MB  referred to as MB-anti-MUCL1 aptamer.
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The products were purchased from Biosearch Technologies Inc. (Novato, CA). The sequence was

reported by Ferreira et al as the S1.3/52.2 %2.

The 60-mer 3x VTR MUCL peptide (PDT RPA PGS TAP PAH GVT SAP DTR PAP GST APP
AHG VTS APD TRP APG STA PPA HGV TSA) was purchased from PL Laboratories Inc.
(Vancouver, Canada). The peptides were suspended in a phosphate buffer (137 mM NaCl, 10 mM

Na;HPO4, 1.4 mM KH2POg4, 2.7 mM KCI, pH 7.2) and stored at -20°C.

4.3 Preparation of E-AB sensor

The E-AB sensors (2D) were fabricated using gold disk electrode (1.6 mm diameter; BAS, West
Lafayette, IN). The electrodes were polished with Buehler alumina slurry (1 and 0.05 um) for 5
minutes, sonicated for 2 minutes and then transferred to “piranha” solution (3:1 ratio of H2SOg :
H20>) for 5 minutes. Finally, the electrodes were cycled in 0.1 M H2SO4 solution cycled from 1.4
V to 0.1 V for 25 cycles and incubated with 100% ethanol for another 5 minutes. To fabricate the
E-AB sensors, the relevant aptamer was diluted in 0.07 uM of PBS buffer (see below). The
electrode was immersed and incubated in E-AB solution for 2 h. Passivation of the surface and
displacement of the non-specific adsorbed aptamers were performed after 2h incubations in 2mM
mercaptohexanol (MCH). The surface probe density (I') of each electrode was calculated by the

area under the reductive peak of CV at 200 mV/s (Eq 4-1).

_Q
F"(nFA)

(Eq 4-1)

where Q is the area of the reductive signal, n is the number of electrons per redox event (n = 2 for
MB), F is Faraday’s constant, and A is the area of the gold electrode as 0.020 cm?. Accordingly,
the probe density was obtained as of 4.7x10* molecules/cm?. The same fabrication protocol was

followed for preparation of other E-AB sensors featuring 1D and 3D gold nanostructures.
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Electrochemical optimizations were performed in 10 mM phosphate buffer saline (PBS)
(containing 2.92 g of NaCl, 0.0690 g of NaH2POa, 0.071 g of Na;HPO4 plus 50 ul of 1M MgCl:
in 25 ml of deionized water, Millipore, nanopure water, 17.5 MQ cm™), pH 7.2, using Square
Wave Voltammetry (SWV) featuring amplitude of 50 mV, step potential of 5 mV and frequency
of 20 Hz. Electrochemical interrogations were recorded from 0.1 V to -0.5 V versus Ag/AgClI (sat.

KCI) reference electrode.

4.4 Synthesis of gold nanostructures
4.4.1 Gold nanospike synthesis

The gold nanospike surface was prepared via a shape-controlled electrochemical method*®.
Briefly, gold nano-spikes were electrochemically formed on a gold disk electrode (1.6 mm
diameter) from a solution containing 6.9 mM HAuUCls and 0.5 mM Pb(CH3COQO),. The
electrochemical deposition was performed for 600 s at 0.05 V using Ag/AgCl (sat. KCI) as

reference electrode and a graphite as an auxiliary electrode.

4.4.2 Gold nanorods synthesis

The soft template-assisted electrodeposition method was used to produce gold nanorods in the
pores of the track-etched polycarbonate (TEPC) membrane (pore diameter of 200 nm). To achieve
this, a 100 nm thick gold layer was created through the sputtering method on one side of the TEPC
membrane that served as a conductive substrate. Next, we assembled the TEPC membrane on a
carbon with 2% Nafion acetate solution as polyelectrolyte glue (Figure 4-2). This unit was then
placed in a mixture of 5.8 mM HAuCIls and 0.1 M HCIO4 for 2 hours. Then Au nanorod was
electrodeposited at a constant potential of 0.18 V for 110 s. The membrane was finally dissolved

in dichloromethane for 5 min.
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Figure 4-2. Schematic representation of template-based synthesis of gold nanorods using TEPC.

4.5 Physico-chemical characterization and electrochemical measurements
The surface morphology was investigated by FEI Quanta 450 environmental scanning electron
microscope field-emission scanning electron microscopy (FE-ESEM), and the energy-dispersive
X-ray spectroscopy (EDX) was used to determine the chemical composition of the 3D gold
substrate surface. Electrochemical measurements were made using a potentiostat/galvanostat
(VersaSTAT 4, Princeton Applied Research) with a three-electrode system consisting of an
Ag/AgCI (sat. KCI) reference electrode, Pt wire counter electrode, and gold disk electrodes.
electrochemical measurements were performed in 50% diluted human serum samples using SWV
featuring amplitude of 50 mV, step potential of 5 mV and frequency of 20 Hz, respectively. The
electrochemical interrogations were recorded from 0.1 V to -0.5 V versus Ag/AgCI (sat. KCI)

reference electrode.
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4.6 Results and discussion
In this study, we investigated the influence of the gold surface dimensionality on the E-AB sensor’s
analytical performance in a signal-off sensor directed against the protein MUCL1 in diluted human
serum samples. Each sensor includes a DNA aptamer (25 nucleotides) that has been attached to
the gold surface at its 5’terminus via thiol chemistry and present at its 3* a redox active methylene
blue (MB). The E-AB sensors were built by immobilizing these modified aptamers through
alkanethiol chemistry on three different nanostructured gold surfaces: control (2D), nanospike
(NSs, 3D) and nanorods (NRs, 1D). Figure 4-3 A-B-C shows a scanning electron microscopy
(SEM) image in top view of a representative TEPC membrane, and the corresponding Au NR
electrode after the removal of the TEPC membrane. The electrode surface is fully covered by high-
density (~5.0 108 NWs.cm™2) and parallel NRs of 200 nm in diameter and 800nm in length, with

300 nm to 700 nm of inter-distance between them.
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Figure 4-3. SEM images of the gold substrates A) surface of TEPC membrane. B) close view of 1D gold
nanorods. C) showing the electrode surface with 1D orientation. D) zoomed-in top-view of 3D gold
nanospikes. E) zoomed-out top-view of 3D gold nanospikes. F) tilted view of the 3D gold nanospikes. G)

side-view of 2D gold surface.
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In Figure 4-3 D-E-F, the surface of the electrode exhibits a uniform coating of well-defined Au
nanospikes as can be seen in a lower-magnification SEM image of the nanospikes (Figure 4-3
D) with prismatic tapering ends. The top view of 3D gold nanospikes indicates a base thickness
dimension of about ~350 nm (Figure 4-3 E-F) and approximately, 500 nm in length. Lastly, in
Figure 4-3 G one can see the side-view of the 2D sputtered-gold surface. Complete removal of Pb

for the NS structure has been confirmed with EDX analysis as shown in Figure 4-4 A.
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Figure 4-4. A) EDX spectrum from 3D gold nanospikes. B) CV of a gold electrode featuring a various
morphological aspect of 1D, 2D, and 3D nanostructures. Cyclic voltammetry was performed in 0.1
H,SO, solution with sweep rate of 0.05 V.s. C) ECSA resulted from LSV, and D) the corresponding
LSV performed in water solution containing KsFe(CN)s (10.0 mM), v=0.1 V.s*

The electrochemical active surface area (ECSA) of the Au control, Au NSs and Au NRs were

determined using cyclic voltammetry in 0.1 M H2SO4 solution. Figure 4-4 B represents cyclic

voltammograms that were taken from each of the Au surfaces. ECSA was calculated from the

cathodic peak which is related to the removal of monolayer of oxide formed on the surfaces during

the onward scan of the cyclic voltammogram. A cathodic peak was observed in the range of 0.90

to 1.05 V vs. Ag/AgCl. The onset for oxide formation for the Au nanostructures (NSs and NRs) is

at a lower potential (1.12 V) than that of the Au-control electrode (1.18 V) confirming the presence
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of Au nanostructures on the electrode. As expected, the ECSA of the Au NSs (0.079 cm?) and NRs
(0.072 cm?) revealed higher surface area compared to that of control Au electrode (0.04 cm?) as
has been shown in Figure 4-4 C. Given the geometrical area of the bare electrode ca., 0.02 cm?, a
roughness factor (R, the ratio of real surface area to geometrical area) of 3.95 and 3.6 were

calculated for the NSs and NRs, respectively (Figure 4-4 D).

Given the MUCL1 E-AB sensor’s signalling mechanism, the electron transfer rate before and after
MUC1 hybridization at the electrode surface is dependent on the SWV frequency used to
interrogate the electrode, as well as the packing density. The latter was optimized by measuring
the signal response of MUC1 on the aptamer modified gold electrode using various concentrations
of the probe aptamer. An optimal probe density was achieved at 4.7x10*? molecule.cm?,
corresponding to an aptamer solution of 70 nM. Due to the size of surface nanostructures (> 80
nm), a similar probe surface density of 4.7x10'2 molecule.cm?was expected for 1D and 3D based
E-AB sensors #4. Given that they will share the same probe surface density, the difference in

performance will be only the result of surface dimensionality.

Au nanostructures can influence the diffusion, thus the response time for the E-AB sensor to
capture a detectable number of analyte molecules on its surface was determined (Figure 4-5).
Three electrode configurations with MUCL1 were screened and their response time vs signal gain
were compared. The results shows that the electrodes exhibited a similar behavior in terms of gain
variations vs. time until a plateau is reached. The highest gain (~60%) was achieved for Au NR
(1D) electrodes in 70 minutes whereas Au NS (3D) and Au control (2D) required 70 minutes to
reach only 40%. These gain variations, in the case of Au NR (1D), started to be measurable only
after 10 min in contact with MUC1, whereas Au Ns (3D), and the control electrodes (2D) needed

at least 20-30 min. This hybridization kinetic behavior is likely due to the difference between
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accumulation of MUC1 on the sensor surface and can be easily influenced by the surface

geometry-induced steric hindrances *°.
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Figure 4-5. representation of the typical response time (signal suppression) of the various E-AB sensors
featuring 1D, 2D, and 3D gold substrate within 2h incubation with a saturated concentration of MUC1
in 50% diluted human serum. Data points have been collected from a single measurement.

The influence of Au dimensionalities on the analytical performance of the corresponding E-AB
sensors were analyzed with increased concentrations from 0 nM to 650 nM of MUCL1 in the 50%
diluted human serum samples. The corresponding signal changes (Ai = the change of peak current
before and after addition of MUC1) were monitored via SWV technique (Figure 4-6 A.B.C). The
SWYV voltammograms showed a proportional decrease of MB current at ~ —0.25 V vs Ag/AgCl

with the increase of MUC1 concentrations.
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Figure 4-6. SWV responses of the E-AB sensors featuring 1D (A), 2D (B), and 3D (C) gold substrates
after incubating with MUCL1 at different concentrations. (D) collected Calibration curves for the detection
of MUC1 based on various dimensionalities. The experiment was carried out with amplitude 50 mV, step
5 mV, and the frequency of 20 Hz in the 50% diluted human serum samples.

The SWV data were converted into calibration curve by plotting the signal suppression vs.
concentration of MUC1 (Figure 4-6 D). MB redox peak linearly decreased in response to the
addition of MUCL for the three electrodes. We obtained the corresponding regression equations of
Ai = 0.3332x +81.51 (R? = 99.47), Ai = 0.1833x + 37.72 (R? = 99.30), and Ai =

0.2079 x + 60.56 (R? = 98.82), for NRs (1D), control (2D) and NSs (3D) featuring E-AB
sensors, respectively. A detection limit (LOD) (calculated by D; = % , Where S, is the standard

deviation of the blank measures and m is the slope of the calibration curve obtained from the linear
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regression analysis) of 3.5 nM, 7.8 nM, and 6.8 nM, was calculated for NRs (1D), 2D control, and
NSs (3D) featuring E-AB sensors, respectively. There is an obvious relationship between the
sensitivity and the dimensionality of the surface but not only 1D gold substrate was relatively more
sensitive, it also yielded a wider LDR (from 12 nM to 650 nM), whereas the performances of 3D
gold substrate did not differ from control 2D. The observed behavior can be most likely explained
through the influence of surface morphology on the surface organization of aptamers. The large
surface area of the 1D gold substrate significantly increased the immobilization sites for the MUC1
probe aptamers, also the properly oriented, and evenly distribution of gold nanorods seem to have
facilitated the MUC1 diffusion to the nicely projected probe aptamers. thus, making the electrode
readily accessible to the target. At the opposite, it appears that 3D Au produced the opposite effect
with either the de-activation of the probe aptamers, or an unfavorable conformational change after
target hybridization, which when combined, counterbalanced the positive impact of high surface

area.

To investigate the repeatability, we prepared three fresh E-AB sensors and incubated them with
saturated concentration of MUCL in 50% human serum samples. All E-AB sensors exhibited
similar signaling behavior with relative standard deviations (RSD) of 4.1% (NR), 4.5% (control),
and 3.7% (NS), respectively. These values demonstrate that the repeatability character of the E-
AB sensors within the corresponding time frame (90 min) was satisfactory. Moreover, the stability
of fabricated E-AB sensors was also examined. Following the storage in the refrigerator at 4 °C
for 9 days, NR (1D) and NS (3D) based aptasensors retained 91% and 95% of their initial currents,
respectively, whereas the control electrode (2D) lost more than 90% of its initial value after only

3 days. The stabilization of aptamer by nanostructure is a well-documented effect 404,
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Nanostructure employment can increase the robustness of the surface which leads to higher

stability of surface immobilization.
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Figure 4-7. Shows repeatability results for three freshly prepared E-AB sensors 1D, 2D, and 3D.
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Conclusion

In this work, the surface nano-dimensionality and the corresponding influence on the E-AB sensor
performance were investigated. Two bottom-up approaches, a template-based synthesis using
TEPC and electrochemical deposition were used to build and synthesize 1D gold nanorods (ECSA
= 0.072 cm?) and 3D gold nanospikes (ECSA= 0.079 cm?) respectively. After attachment of
aptamer on the various Au surfaces using thiol chemistry, the analytical performances were
measured and compared to the regular gold electrode (ECSA= 0.02 cm?) as the benchmark of the
study. The highest sensitivity was obtained for 1D nanorods with 3.5 nM versus 6.8 nM for 3D
nanospike featuring electrode. while control E-AB sensor only resulted in the LOD of 7.8 nM. our
data revealed that, contrary to the general perception, increasing of the surface area won’t always
lead to higher gain if there is a morphological counterplay. Also, data suggested that the
surface/orientation of aptamers, on top of the alkanethiols SAM, may strongly rely on the surface
morphology features and eventually affects the sensor performance/sensitivity. on the other hand,
surface enhancement on the electrode due to employment of NS, and NR, demonstrated a
significant improvement in the shelf-life of the E-AB sensors (~9 days) relative to the control
sensor with planar surface (~3 days). Given that the effect of various aptamer’s lengths was not
included in this study, future works are needed to consider the morphological influences on the
aptamer’s surface organization and the corresponding target-probe dynamics. In future, we plan to
further grow such line of studies to achieve deeper insights into the interfacial properties and

corresponding effect on the E-AB sensor performance.
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Chapter 5.

Comprehensive scholarly discussion

An electrochemical biosensor is rigorously defined as a self-contained integrated device that serves
to translate the information from a biological domain, mostly the activity/concentration of the
analyte, into physical output signal with a defined sensitivity®. In the realm of medical devices and
applications, it is arguable that the last frontier goal of such development is envisioned as
implantable bioanalytical sensors that enable precise and continuous monitoring of clinically and
physiologically important analytes in the living body for a long period of time 2*. E-AB sensors
have partially fulfilled the task, by so far allowing the multi-hour in Vivo continuous measurement
over the plethora of molecular targets, irrespective of their specific chemical reactivity. These
sensors achieve this by employing nucleic acid aptamers as the biorecognition elements that can
reversibly bind to their target molecules with selectivity even in a contamination-driven biological
environment such as the whole blood®®. Nevertheless, the road from in Vitro proof-of-the-concept
demonstrations, i.e., benchtop prototypes, to a truly relevant in Vivo clinical application is still

challenging.

One major bottleneck lies in the art of Systematic Evolution of Ligands by Exponential Enrichment
(SELEX), which is not primarily directed towards R&D of aptamers for E-AB sensor application.
Currently, the biofouling of the surface of E-AB sensors can’t withstand non-specific adsorption
of inborn protein entities” and the low signal-to-noise is a conventional downside of the current
fabrication methodology®. Consequently, new innovations in the fields of biomedical engineering,
interfacial chemistry, material science, and data management are required to tackle current E-AB

sensor challenges.
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The low signal-to-noise, and lack of signal amplification, thus sensitivity, are the most common
issues that have impeded the development of E-AB sensors®. With regard to the signal-to-noise, ,
the most commonly used methodology has been so-called the roughening of the surface of the
electrode material for generating microstructures and increase the number of immobilization sites
for biorecognition elements®. This method is rather simple however the corresponding signal
amplification lacks proportionality to surface area enhancement, e.g., a 10X increase in the surface
area via roughening, will only yield in a two or three-times boost in the analytical signal. And
therefore, fails to meet the real demand for signal amplification. Other innovations such as
exploiting biotechnological-derived molecules such as phi29 DNA?®, a polymerase, which can
trigger an intense proliferation of signal-generating elements like G-quadruplex aptamers, fails to
address the real challenge in creating a truly reagentless sensing platform as they tend to complex
the signal acquisition process by requiring more additional processing steps. Keeping this is in
mind, these methodologies although interesting and sophisticated, hardly satisfy the requirements

for the development of implantable biosensor applications.

The core of the current thesis which is composed of three research papers tends to propose and
underline new strategies that help circumvent these issues from an interfacial chemistry point of
view. Figure 5-1 illustrates the general configuration of the E-AB sensing platform vs the one that

has been proposed in the current body of research.
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Figure 5-1. schematic structure of the E-AB sensor. A) conventional vs. B) modified configuration.
Where in A) C6-OH is used as a backfilling agent with a single redox-tagged probe aptamer, whereas in
B), C9-OH as a backfilling agent, and Twin-MB redox-tagged probe aptamer are used.

Unlike conventional sensor configuration, which comprises a Cs-OH backfilled gold electrode
modified with surface-immobilized single-MB redo x-tagged DNA aptamer, the proposed setting
includes a Co-OH backfilled surface combined with a twin-MB tagged DNA aptamer. Figure 5-2
illustrates the chemical steps needed to synthesize the Twin-MB tagged DNA aptamers, as well as
the backfilling agent’s length. We have manipulated the interface during the fabrication of E-AB
sensors and studied the analytical performances towards the detection of breast cancer biomarkers
in human serum samples. To confirm the versatility of this strategy and its effectiveness in
electrochemical aptasensors, both signal-off and signal-on types of sensors were investigated with

the use of MUC1 and VEGF16s biomarkers, respectively.
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Figure 5-2. Schematic illustration of aptamer manipulation with lysine and further spatially selective
arrangement of MB conjugations.

The signal gain was studied to normalize the differences for any microscopic changes, and to offer
a fair comparison between the different variations used in the fabrication parameters. It must be
noted that the signal gain is calculated by the relative changes in the initial peak current induced

by the target.

In Chapter 2, the interrogating parameters for MUCL1 aptamer probes were optimized and two
distinct frequencies of 20 Hz and 80 Hz were chosen as optimum frequencies for the control and
the modified DNA aptamers, respectively. This difference in frequency was not attributed to the
chemical manipulations on DNA aptamer i.e., conjugation of the lysine (MB).. Based on three
observations: 1) the similar trends during the CV experiment (Figure 5-3), 2) the calculation and

comparison of the affinity between probes and their targets via corresponding Kp values and 3) the
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perfect frequency match that we had in the case of the VEGFies biomarker (Figure 5-4), we
concluded that the conjugation of aptamer probes, be it for MUCL1 or VEGFies had little or no

effect on the spatial dynamics of the strands.

600 - _ Twin-MB
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Figure 5-3. CVs of the control E-AB and Twin-MB sensors with a C-6 mercaptohexanol agent.

It should be noted that these methods, CV and Kp values, are widely-used in many research
works®*2, however, due to the indirect nature of these experiments, one can always hold on to
some degree of incertinity'3. Alternatively, to unequivocally address the phenomenon, we could
have instead utilized the circular dichroism spectroscopy method (CD spectroscopy) which, in
turn, could reveal any minute changes in the natural folding-unfolding states of the DNA strand.

And therefore, could provide an absolute answer.
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Figure 5-4. Plot of the SWV Frequency range (Hz) vs signal gain for the Control aptamer and the
modified aptamer. The best results coincide at 40 Hz.

In the case of the MUC1 biomarker, the signal gain increased from switching from the
conventional to modified E-AB sensors (Figure 5-5). The thicker passivation layer used for
backfilling the surface, may have caused a bigger cleavage in folded and unfolded aptamer
structures. According to many previous reports, thicker passivation layers generally tend to hamper
the electron transfer efficiency by putting a higher barrier amongst the tag and the electrode 47,
This phenomena is observed in Figure 5-5 A, where the utilization of Co-OH profoundly
suppressed the gain, and where the highest gain is with Ce-OH (Figure 5-5. A). At the opposite in
Figure 5-5. B, Co-OH improved the signal gain. These findings suggest that the higher length of
lysine linker at the distal terminus of the probe aptamer creates a higher degree of proximity to the

surface, and thus can somehow compensate the higher barrier effect.
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Figure 5-5. demonstrates the gain variations relative to systematic changes in SAMs layer thickness
from C-3 to C-9. A) Control E-AB sensor, and B) E-AB sensor built upon Twin-MB.

In the case of VEGF1ss, similar effect associated with the lysine linker was observed (Figure 5-6),

where progressive gain enhancements were observed for both control and modified E-AB sensors.
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Figure 5-6. Gain measurement function of the passivation layer, i.e. C-3 to C-9. SWV was carried out
with the VEGFs5 target.

This line of reasoning, though may sound reasonable, may need further consideration. For instance,
by further extension in the length of backfilling agents from Co-OH to C11-OH or even higher, we
could have gained better insight into the authentic effect of lysine linker. To consider this, we can,
at least hypothetically, think of three possibilities..
A) only for Twin-MB, assuming that such an extension would result in further gain enhancement.
Then it would give us reassurance about the positive effect of the lysine linker and our argument

could have been unambiguously confirmed.

B) this time, let’s suppose that such length extension in control, and Twin-MB, would result in a
gain reduction, let’s say by 50% and 30%, respectively. still, the relative gain reductions between

control and Twin-MB, comparatively, could bear some implications regarding the lysine effect.

C) In the worst-case scenario, we would have ended up in a situation where we had proportional

reductions, that is, both reductions in control and Twin-MB were equivalent to e.g., 60%. this
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would serve as the most inconclusive situation where the most likely interpretation would be,

multiple variables are involved.

Keeping these in mind, the maximum length studied in this work was Co-OH, in order to be able
to find a common ground for future experiments while adhering to the objectives of the current
research. Eventually, to elaborate on the higher gain, one can argue that the effect of linker lysine
combined with the bigger cleavage in folded and unfolded structures, in a synergy effect, has
resulted in a higher gain for Twin-MB. The use of backfilling agents has been the subject of much
research so far>!8, For example, C11 agent resulted in a significant long storage ability of the
sensor for up to one month. In chapters 2, and 3 we did observe that the utilization of longer
backfilling agents for passivation of gold surface had a greater stability after being stored in the
fridge compared to the control one with a short agent. However, compared to the literature, our
data show a weaker effect. We hypothesize that in our case the short incubation time i.e., 2 h was
the reason for shorter stability®. Indeed, it is believed that longer incubation time will lead to more

homogenous and organized monolayer.

Throughout chapters 2 and 3, to enhance the signal-to-noise, we adopted multiple redox-tagged
aptamers in the fabrication of E-AB sensors and showed that such a strategy could easily result in
producing a twice higher signal-to-noise than the conventional methods with single redox-tagged
aptamers. One of the biggest advantages of our technique compared to the conventional methods
such as surface roughening or enzymatic activity, is the proportionality of signal enhancement.
This proportionality can create much higher capacity in maintaining the signal-to-noise in
miniaturized applications where micro- or ultramicroelectrodes are used but the signal

enhancement capacity is limited to the number of redox molecules. Meaning that, due to the steric
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hindrance restrictions, adding more molecules is challenging which potentially shrinks the

expandability.

In chapter 4, we examined the effect of gold surface dimensionality on the analytical performance
of the E-AB sensor in the detection of MUCL1 in human serum samples. Our data showed a
significant surface area enhancement with the highest pertaining to 3D morphology and the lowest
to 2D one. According to research works available in the literature 2°-22, and based on the authors’
conclusions, the utilization of nanoparticles on electrode surface has a meaningful effect on the
surface area enhancement to which many of the biosensor’s improvements have been addressed.
Accordingly, we were expected to observe the highest sensitivity with the highest surface area, the
E-AB sensor featuring 3D morphology, but our results suggested otherwise. Indeed, the highest
sensitivity was obtained for the 1D Au based E-AB sensor. Potential explanation is the effect of
surface orientation/organization on the efficiency of hybridization in the aptamer-target complex
formation which was confirmed with the kinetics of hybridization. As shown in Figure 5-7, the
well-ordered surface organization of the 1D morphology suggested a faster interaction in the

corresponding hybridization kinetics.
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Figure 5-7. representation of the typical response time (signal suppression) of the various E-AB sensors
featuring 1D, 2D, and 3D gold substrate with a saturated concentration of MUCL1 in 50% diluted human
serum. Data points have been collected from a single measurement.

The gain enhancement for 1D morphology aptasensor suggested that the well-ordered surface
organization is less compact and provide a better spatial environment to assist aptamer-target
hybridization For example, Kim and his colleagues have demonstrated how secondary structures
in oligonucleotide monolayer, affected by the surface property, can change the DNA-target
hybridization efficiency?®. This works reflects how oligonucleotide’s surface orientation can

change the course of target hybridization.

Many pioneering works have been done on the investigation of the effect of DNA probe length on
the performance of the E-AB sensor, particularly on the signaling behavior and their hybridization
efficiency 24?°. They suggested that signaling efficiency in an E-AB sensor relies on the
hybridization-link changes in probe flexibility, which will alter the efficiency with which the

terminal redox tag collides the electrode. They concluded that the latter effect suggests the length
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of the probe aptamer will affect the E-AB signaling. According to this, in the course of our
argument to elaborate the final gain enhancement, we did not include the length difference that
exists between MUC1 and VEGFies probe aptamers (24 and 30 meters, respectively).
Consequently, studying a series of probe aptamers of varying lengths with Co-OH backfilled
surface would help us elucidate the lysine linker effect and its relationship with the probe aptamer’s

length.

Alternatively, to further understand the role of the linker’s length in gain enhancement, a survey
with a series of linkers with varying lengths and their corresponding effects in signaling behavior
of the E-AB sensor in both signal-off and signal-on types of sensors should be considered. To this
end, introduction of asparagine, and glutamine amino acids with 4- and 5-carbon chains,

respectively could be envisaged.
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Conclusion and summary

E-AB sensors have thus far enabled highly sensitive measurement of physiologically and clinically
important molecular targets. E-AB sensors owe this success to the nucleic acid aptamers as the
recognition elements. Although this can be considered an unprecedented way in the realm of
biosensors, where detection is achieved by relying on the target-induced changes in electron
transfer efficiency between the redox-tagged aptamer and the surface of the electrode, we are still
far away from the ideal translation of this platform to be realistically used in clinics. This is, at

least partially, dependent on further innovations in interfacial chemistry.

Motivated by this, we have proposed a novel, yet simple molecular design for the engineering of
the interfacial layer that can partially unblock some sensor bottlenecks, particularly in the signaling
behavior. To accomplish this, unlike the commercially available single redox-tagged probe
aptamers, we employed a MUCL probe aptamer tethered to two spatially resolved redox tags
(methylene blue) via the inclusion of a lysine linker. Furthermore, to create a bigger ratio between
folded and unfolded states at equilibrium, we have concomitantly probed the effect of various
thicknesses of the thiolated SAMs that are commonly used for surface passivation. We found that
these fabrication parameters have a positive combined effect leading to a significant improvement
in the signaling efficiency of the E-AB sensor, probably due to the assembly of molecular redox

tags that evidently increased the signal-to-noise capacity.

The interfacial manipulation was tested for the detection of two important biomarkers, MUC1 and
VEGF165 which are clinically known as biomarkers in breast cancer. According to our findings,
the resultant E-AB sensors significantly outperformed their conventional counterparts in both areas

of sensitivity and stability. The adaptability of the strategy with both signaling behaviors, i.e.,
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signal-on and signal-off was confirmed. Moreover, since the interfacial manipulation doesn’t
require any additional steps during the signal acquisition, it can fully support a reagentless, and
sensitive E-AB sensing platform without compromising its performance and, due to the higher
capacity of its electronic source, it is readily amenable to miniaturization and to be used in

implantable E-AB sensors.

The nano-dimensionality of the interfacial layer and its probable effect on the sensor’s
performance applied for the detection of MUCL1 biomarker in human serum samples was studied.
Among 1D, 2D, and 3D surface morphologies, the E-AB sensor featuring the 1D morphology
proved to be the most sensitive one, suggesting that the aptamer’s organization could be influenced

by morphological-induced conditions and not only by the enhanced surface area.

According to the bulk of research presented in this thesis, these biomarkers qualify to be used in
the metastasis stage of breast cancer, at least to some extent, especially toward tumor size or
survival rate of the patients. Thus, their routine monitoring will be meaningful.

Current research demonstrates a proof-of-concept reagentless sensing platform that enables quick,
and sensitive serum-based biomarker detection with no need for sample preparation. meaning that,
if envisioned as a point-of-care device, it can provide a higher degree of accessibility and ease in
the detection of desired biomarkers and therefore greatly contributes to a more rapid clinical
decision.

The limitation of our strategy lies in the conjugation of the higher number of redox tag molecules.
This makes the S/N enhancement (gain amplification) potentially restricted as follows: a linker
that can accommodate more than two redox-tag molecules is hardly found. Next, even when
accessibility is not an issue, further conjugations of the molecules become progressively more

problematic as the steric hindrance element will present itself to compromise the efficiency of the
188



desired reactions, and thus making the higher conjugations less productive. To overcome the first
problem, we need to specifically design and synthesize a linker with abundant of reactive
functionalities and devise a way to sequentially protect them via protecting groups to be able to
control the reaction progress. The second issue is unlikely solvable as it lies with the intrinsic of
organic reactions. Many arguments in the discussion across the whole thesis are subject to change
or temper since other elements such as the length of the probe aptamers, length of the linkers,
etc....., are, at least theoretically, thought to be impactful on the sensor performance. Therefore,
these explorations should be carried out in future to gain deeper insights into interfacial layer

manipulations and the corresponding impacts.
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