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“The important thing is to never stop questioning (or learning).”

—Albert Einstein

“Science means constantly walking a tightrope between blind faith and curiosity; between bias
and openness; between experience and epiphany; between ambition and passion; and between

arrogance and conviction — in short, between an old today and a new tomorrow.”

—Henrich Rohrer
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THESIS OVERVIEW

The thesis endeavors to contribute to innovative biosensing systems by employing aptamers and
molecularly imprinted polymers (MIPs) for the precise and sensitive detection of small molecules. These
synthetic (bio)receptors aim to address significant challenges in biorecognition and sensor performance,
particularly for small-molecule biomarkers in point-of-care applications. The primary focus will be on the
synthesis, characterization, and electrochemical detection methods of MIPs and MIP nanopatticles
(nanoMIPs), alongside the utilization of iz vitro isolation of aptamers through Systematic Evolution of
Ligands by EXponential enrichment (SELEX). Advanced techniques such as magnetic bead-based

partitioning and next-generation sequencing (NGS) will be incorporated in the aptamer selection

Chapter 1 provides an extensive overview of the challenges associated with traditional antibody-based
methods for detecting small molecules, particularly within Acute-on-Chronic Liver Failure (ACLF). It
emphasizes the difficulties posed by the size, lack of immunogenicity, and structural similarity of small
molecules to endogenous compounds, which complicates their detection using antibodies. The chapter
introduces aptamers and MIPs as promising alternatives, highlighting their advantages, such as specificity,
high affinity, ease of synthesis, and stability. It discusses the SELEX technique for aptamer selection and
the potential of MIPs for small molecule recognition. Additionally, it underscores the importance of
integrating advanced biorecognition elements into biosensing platforms for enhanced diagnostic,
prognostic, and disease monitoring applications in ACLF, setting the stage for the following experimental

chapters.
Chapter 2 outlines the objectives of the thesis.

Chapter 3 explores MIPs as synthetic recognition elements. MIPs are created by polymerizing functional
monomers in the presence of a template molecule, which is later removed to leave a cavity that matches
the target molecule in shape and chemical functionality. The chapter highlights MIPs' robustness,
reusability, and the ability to tailor their selectivity and affinity through careful design and synthesis.
Applications of MIPs in biosensing for small molecule detection are discussed, demonstrating their

potential in clinical diagnostics, environmental monitoring, and food safety.

Chapter 4 focuses on advanced SELEX methodologies for aptamer selection, specifically magnetic
bead-based SELEX (MB-SELEX) and Joint One-Pot SELEX (OP-SELEX) for single- and multi-target
aptamer isolation, respectively. These methods use magnetic beads to partition aptamers based on their
binding to target molecules, enhancing the selection process's efficiency and specificity. The chapter
describes using NGS and custom MATLAB analysis to identify and track aptamer sequences across SELEX
rounds, facilitating early detection of promising candidates. The potential application of this bioinformatic
workflow in other SELEX processes is discussed, and its utility in sequence tracking and aptamer selection

is validated.



Chapter 6 contains a summary highlighting each chaptet's conclusions, milestones, and future

perspectives.
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ELISA: Enzyme-Linked ImmunoSorbent Assay
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e-nanoMIPs: Electroactive nanoMIPs

EP: Electropolymerization

EtOH: Ethanol

FcMMA: Ferrocenylmethyl methacrylate
GB: Glass beads

HRP: Horseradish peroxidase

IUPAC: International Union of Pure and
Applied Chemistry

jOP-SELEX: Joint OP-SELEX

KA: Kynurenic Acid

mABs: Monoclonal antibodies

MB: Magnetic beads
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MES: 2-(N-morpholino)ethanesulfonic acid
MIPs: Molecularly Imprinted Polymers
MRI: Magnetic Resonance Imaging
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OP-SELEX: One-Pot SELEX

pAbs: Polyclonal antibodies

PAGE. PolyAcrylamide Gel Electrophoresis
PBS: Phosphate Buffered Saline

PBST: Phosphate Buffer Saline with Tween
PCR: Polymerase Chain Reaction

PEG400: Polyethylene Glycol 400

Phe: Phenylalanine

POC: Point-of-Care

POCT: Point-of-Care testing

PoPD: poly(ortho-phenylenediamine)

QA: Quinolinic Acid

R: round

SELEX: Systematic Evolution of Ligands by
EXponential enrichment

SEM: Scanning Electron Microscopy
sGBs: Silanized GBs

SMs: Small molecules

ssDNA: Single-stranded DNA

TBAB: Tetrabutylammonium Bromide
TMB: 3,3’,5,5-tetramethylbenzidine
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CHAPTER 1

CHAPTER1:

GENERAL INTRODUCTION

Identifying Acute-on-Chronic Liver Failure (ACLF)-associated small-molecule biomarkers presents
notable challenges due to their size, lack of immunogenicity, and complexity when using traditional
bioreceptors, such as antibodies, enzymes, and nucleic acids. Synthetic (bio)receptors, including aptamers
and molecularly imprinted polymers (MIPs), exhibit promising potential in addressing these challenges.
Their antibody-like specificity and affinity offer valuable alternatives for the detection of small-molecule
targets, offering the potential to significantly impact clinical decisions and therapeutic strategies. Ultimately,
these advancements could contribute to effectively managing this complex condition and improving patient

outcomes.

This chapter provides an in-depth exploration of the fundamental elements of MIPs and aptamer
technology, emphasizing their benefits in comparison to traditional bioreceptors. These advantages include
synthetic production, ease of labeling, and stability. Additionally, the chapter discusses the thermodynamics
of MIPs- and aptamer-target interactions and the SELEX method, which is utilized to isolate high-affinity
aptamers. Furthermore, the chapter explores the synthesis, factors influencing selectivity and affinity, and
potential biosensing applications of aptamers and MIPs, setting the stage for subsequent chapters that will
detail their practical applications and technological advancements in the context of ACLF and other related

conditions.
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11.  Acute-on-Chronic Liver Failure (ACLF) Diagnosis

Any chronic liver injury, such as alcohol overuse, chronic hepatitis C, metabolic-associated steatotic liver
disease (MASLD), and cholestatic and genetic disease, can lead over time to liver cirrhosis. As shown in
Figure 1.1, while compensated cirrhosis is rather silent and may impact outcome as a comorbidity,
complications of liver cirrhosis may lead to the so-called decompensation stage. Decompensated cirrhosis
is mainly defined by ascites, but precipitants such as bacterial infections, alcohol-related hepatitis, and
gastrointestinal bleeding can lead to organ failures, not only of the diseased liver but also of extrahepatic
organs. '3 This syndrome is called Acute-on-Chronic Liver Failure (ACLF), which has a high risk of short-
term mortality and multiple organ failure. The main driver of ACLF is systemic inflaimmation and
dysregulation of immune cell function, where the main pathways identified associated with inflammation
seem to be via the kynurenic acid (IKKA), which seems to be closely linked to metabolic dysfunction and

even predicts short-term outcomes. +-6

Second insult
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Figure 1.1. Schematic representation of the evolution of the disease progression in ACLEF. Retrieved from 7

The global significance and existing understanding of cirrhosis and ACLF underscore the importance
of identifying biomarkers and their undetlying mechanisms.® This would be achieved by exploring the
human microbiome, which is the central objective of MICROB-PREDICT (https://microb-predict.eu/).
Additionally, the project aims to develop Point-of-care (POC) nanobiosensors and propose treatment

approaches that target the microbiome, as well as other strategies outlined within the project.

It is essential to prioritize the design of different biosensors for detecting a range of preliminary
biomarkers associated with ACLF.” Following comprehensive omics analyses including proteomics,
genomics, metabolomics, and bacteriomics, metabolomics emerged as particularly significant for the
diagnosis, prognosis, and monitoring of the disease. Specifically, Neutrophil Gelatinase-Associated
Lipocalin (NGAL), phenylalanine (Phe), quinolinic acid (QA), N-acetylneuraminic acid (NANA), and KA

were identified as key biomarkers. 10 Interest in the last four biomarkers (Scheme 1.1) has grown


https://microb-predict.eu/
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significantly in the detection of cirrhosis, although it is worth noting that most of the commercially available

ELISA kits rely on the use of conjugated targets rather than free in solution.

O 0 B
N N '
= OH | = OH
= P> OH O W
NH; OHO .
OH 0

Kynurenic Acid Quinolinic Acid Phenylalanine N-acetylneuraminic acid
187.17 g/mol 167.12 g/mol 165.19 g/mol 309.27 g/mol

Scheme 1.1. Four ACLF-associated small-molecnle biomarkers with their respective molecular weights.

KA and QA are byproducts of the kynurenine pathway. KA exhibits neuroprotective properties, acting
as an antagonist at excitatory receptors such as NMDA and AMPA, while QA acts as an agonist at NMDA
receptors, leading to excitotoxicity.!'-'4 Elevated levels of both metabolites could potentially be associated
with increased neuroinflaimmation and oxidative stress. The imbalance between neuroprotective KA and
neurotoxic QA may lead to the development of hepatic encephalopathy and other mental disorders in
ACLF patients. 131518 Phe is an essential amino acid involved in protein synthesis and as the precursor in
the biosynthesis of various neurotransmitters. When the hepatic metabolism is distrupted, Phe levels can
become elevated, leading to hyperphenylalaninemia. Additionally, NANA, also known as Neu5Ac, is one
of the most common types of sialic acid, which plays a crucial role in cell signaling and immunological
response. Elevated NANA levels in ACLF have been linked to inflammation and liver damage, indicating

potential alterations in sialylation and increased immunological activity.!6:19-21

Therefore, monitoring the levels of these small-molecule biomarkers could offer insights into the extent
of liver damage and ACLF stage, significantly aiding in early diagnosis and prognosis, severity assessment,
and the guidance of targeted treatment strategies.®!0 Nevertheless, (bio)sensing small molecules is a complex
task that poses various challenges related to analytical performance, selectivity towards structurally similar
or co-occurring molecules, stability in complex media, and consistency in batch-to-batch (bio)receptor
synthesis. Traditional biorecognition elements, such as antibodies, enzymes, and nucleic acids, encounter
difficulties in effectively detecting small molecules due to several reasons, including but not limited to (i)
potential lack of epitopes or functional groups for strong binding; (if) non-immunogenic or toxic nature,
relying on cattier proteins, a.k.a. haptens, to activate the animal model's immune system and trigger antibody
generation. Moreover, antibodies synthesized using a hapten may exhibit lower binding performance
compared to the unconjugated target, compromising desired applications and potentially leading to false-
positive or false-negative results. Additionally, enzymes and antibodies can be further influenced by their

surrounding environment. To overcome these obstacles, novel molecular tools have been studied.?2-26
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1.2. From Sensing to Biosensing

Before discussing humanity's advancement in the constant pursuit of selectivity in detection and
quantification methods, it is important to emphasize the progression from sensing to biosensing
technologies. Early humans relied on chemical processes and visual observations to detect poisons and
predict weather patterns. These “simple” sensing methods laid the historical foundations for the concepts

of sensing and biosensing, as observed in Figure 1.2.
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Figure 1.2. Historical timeline of the discovery of various sensors and their development with respect to materials (green), sensor technologies (blue).

Retrieved from 27

A significant advancement occurred with Galileo's invention of the Galilean thermometer in the 16th
century, introducing the concept of quantifiable measurements. Later, in the early 20th century, more
sophisticated equipment was developed by Prof. Arnold Ozrville Beckman, including but not limited to the
spectrophotometer and pH meter, enabling more precise chemical analyses. Furthermore, the discovery of
glucose oxidase (GOx) in 1928 was a significant milestone in biosensing.?® Nevertheless, Clark and Lyons's
groundbreaking work in 1962 truly marked the transition from traditional sensing to biosensing, as it
attempted to incorporate or mimic binding mechanisms found in nature.?? Their development of the first
glucose biosensor, which combined an enzymatic activity with electrical transduction systems, provided

high specificity and sensitivity, paving the way for developing a plethora of (bio)sensors.
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Figure 1.3. Schematic representation of biosensing principle, showing the typical components of a biosensor. Retrieved from 3

TUPAC defines biosensors as devices that use specific biochemical reactions facilitated by biologically
derived receptors (enzymes, antibodies, tissues, organelles, or whole cells) to detect compounds using
transduction strategies, including electrochemical, thermal, optical, and mass-based (Figure 1.3).
Conversely, chemical sensors convert chemical information into a quantifiable signal from single- to multi-
target analysis. Both sensors have two primary components connected in series: a receptor and a transducer.
In chemical sensors, the receptor is of chemical (molecular) nature; while in biosensors, the receptor is

biological or biologically derived. 31-32

The ASSURED criteria (Affordability, Sensitivity, Specificity, User friendliness, Rapid and robust,
Equipment-free, Deliverable to end-users) were established by the World Health Organization (WHO) in
2003 to provide guidance for treatment and clinical management decisions. These criteria are widely
acknowledged as the gold standard for ideal point-of-care testing (POCT) and can be effectively utilized by
healthcare providers at all levels, particularly in the developing world.?* Land et al. (2019) have introduced
two new criteria, R (real-time connectivity) and E (ease of specimen collection and environmental
friendliness), to supplement the original ASSURED criteria. This has resulted in the creation of a new

acronym, REASSURED. 34

1.3.  Bioreceptors in Biosensing Technology

The effectiveness of biosensing technologies mainly relies on (bio)receptors specifically detecting
analytes either qualitatively or quantitatively. These (bio)receptors —namely antibodies, enzymes, nucleic
acids (NA), peptides, cells, or synthetic receptors like molecularly imprinted polymers (MIPs) and other
supramolecular systems (Figure 1.4)— selectively bind to target molecules through various noncovalent
interactions such as electrostatic forces, hydrogen bonding, and van der Waals interactions, among

others.26,35-37
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Protein-based recognition elements
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Figure 1.4. Schematic representation of available recognition elements, including both traditional and synthetic receptors. Retrieved from 3

1.3.1.  Traditional Bioreceptors

1.3.1.1. Antibodies

Antibodies (Ab), such as immunoglobulin G (IgG), are Y-shaped glycoproteins comprised of two
disulfide-bonded heavy chains and two light chains. They contain a variable region, Fab, for antigen (Ag)
binding and a constant region, Fc, as observed in Figure 1.5. The chemical nature of the Fab region enables

the specific identification of a diverse range of antigens due to its molecular diversity. 3738

Antibody production involves the immunization of laboratory animal models, such as goats, rabbits, or
mice, with antigens of interest in order to stimulate B cells and antibody generation. Polyclonal antibodies
(pAbs), a combination of antibodies recognizing several antigen epitopes, are obtained from the anti-serum
of an inoculated animal within weeks. Unlike pAbs, monoclonal antibodies (mAbs) are produced using the
hybridoma technique, which involves fusing the inoculated animal's spleen cells with myeloma cells and
cloning these hybrid cells capable of continuously producing a specific type of antibodies. Although they
have high specificity and sensitivity, their fabrication process can take up to several weeks or months.
Furthermore, recombinant antibodies are a more modern approach to antibody development. The genetic
sequences of antibodies' heavy and light chains can be extracted from B cells or plasma cells of immunized
animals and then replicated in a laboratory setting to yield recombinant antibodies, which are essentially
monoclonal.23 Distinct from those generated with hybridomas, antibodies produced using recombinant

vectors involve introducing such vectors into host cells, such as E. coli. This recombinant methodology
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minimizes batch-to-batch variability by mitigating genetic drift, which may otherwise induce disparities in

monoclonal antibodies. 23,3942
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Figure 1.5, Schematic representation of the general structure of traditional and recombinant antibodies.

Over the past two decades, there has been a noticeable shift towards using recombinant antibody
libraries over animal-derived hybridomas for commercial antibody production. This shift is driven by the
potential benefits of in vitro libraries, such as (i) improved product consistency, (ii) flexibility in modifying
binding kinetics through stringent selection conditions, (iii) expanded targeting capabilities across a broader
range of compounds, and (iv) reduced reliance on animals. Due to their exceptional performance,
antibodies are considered the “gold standard” bioreceptor in biosensing applications, particularly in
immunoassays such as Enzyme-Linked ImmunoSorbent Assays (ELISAs), %44 and Lateral Flow Assays
(LFA).#4 Immobilizing antibodies on sensor surfaces further facilitates capturing the analyte from
complex samples, and a resulting measurable signal could be obtained when coupled with several

transduction mechanisms.41,48:49

1.3.1.2. Enzymes

Enzymes (E) are comprised of amino acid chains folded into complex three-dimensional structures
forming active sites where substrates (S) selectively bind and are rapidly catalyzed into products (P). Two
predominant models, the “lock-and-key” and the “induced fit” models, are potential explanations for
enzyme-substrate specificity. Emil Fischer initially proposed the “lock-and-key” model in 1894,
emphasizing the specific nature of enzymes and their geometric complementarity to the substrate. 551
Howevert, the stabilization of enzymes' transition states is not considered by this theory. On the other hand,
the “induced fit” model, introduced by Daniel Koshland in 1958, posits that the enzyme's active site
undergoes continuous adjustments until the substrate is fully bound. At this point, the final shape and

charge are determined. 5253

8
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These bioreceptors play a crucial role in various natural processes, although it is important to note that
the repeatability and performance of biosensors can be compromised if the enzymes used are unstable or
strongly sensitive to environmental factors. Nevertheless, immobilizing enzymes — via physical adsorption,
covalent binding, or entrapment in polymeric matrices — onto sensor surfaces stabilizes enzymatic activity
and builds the foundation of enzymatic biosensors. 55 The most widely used enzymatic biosensor is the
glucometer. There have been many generations of glucose sensors, but most use enzymes as bioreceptors.
One example of how glucose sensors work is depicted in Figure 1.6, where immobilized GOx catalyzes the
oxidation of B-D-glucose, producing gluconolactone and hydrogen peroxide, which can be monitored
electrochemically.>5 The effectiveness of this approach has paved the way for the development of various

types of enzymatic platforms for a variety of analytes.
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Figure 1.6. Evolution of engymatic biosensing from indirect to direct substrate detection. Retrieved from >

1.3.1.3. Nucleic acid sensors

DNA-based biosensors, also known as genosensors or DNA sensors, allow the examination of genomic
or genetic information in various samples, including patient samples or sequences for pathogen invasion.
The capability of DNA sensors to provide sequence-specific information is fundamental across various
fields, especially in the scrutiny of food, environmental, and clinical samples, as evidenced during the

COVID-19 pandemic (Figure 1.7).589,

The fundamental principle of DNA sensor detection is the specific hybridization property between NA
strands, which is widely utilized in diagnostic laboratoties primarily due to its simplicity and is often
preferred over the direct sequencing method. 5860 The sensitivity of the measurement depends on factors

such as the efficiency of sequence hybridization, the level of background signal, and the methods employed
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for sequence amplification, such as polymerase chain reaction (PCR). Various factors can influence
biosensing specificity, such as reaction temperature, ionic strength, the presence of nanomaterials, and

specific components in a PCR mixture.
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Figure 1.7. Examples of nanoparticle-based NA optical biosensors for (A) SARS-Col’-2 viral RINA detection. Retrieved from >°; (B) Hepatitis C
viral RNA detection. Retrieved from >

1.3.2.  Synthetic Receptors

1.3.2.1. Molecularly Imprinted Polymers

Molecular imprinting of small-molecule targets, proposed by Polyakov in 1930, represents a remarkable
achievement in molecular recognition as they are inspired by the binding mechanisms present in biological
systems, such as E-S and Ab-Ag interaction. 2261-63 MIPs can be classified into 2 approaches: (i) covalent
approach, proposed by Wulff and colleagues in 1977;%* and (i) noncovalent approach, proposed by the
Mosbach group in 19916567 (which is the approach selected in this thesis). As depicted in Figure 1.8, these
polymers are supramolecular systems whose functional monomers and crosslinkers interact with target
molecules through multiple noncovalent interactions. During their synthesis, the target molecule serves as
a template, guiding the polymerization of the monomers and cross-linkers. Upon completion of the
polymerization, the template is removed, leaving cavities that closely mimic the target’s physicochemical

properties, such as size, shape, and functional group orientation/distribution.68-70

10
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Figure 1.8. Schematic representation of MIPs fabrication, from pre-complex: formation to target elution and subsequent cavity generation. Image generated

using Biorender

The tailored noncovalent interactions within MIPs’ cavities play a pivotal role in their target affinity,
ensuring that the binding sites within the polymer matrix exhibit exceptional selectivity for the target

molecule, even in the presence of complex sample matrices or co-occurring molecules.

11
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Figure 1.9. Schematic representation of a range of different polymerisation tfechniques including: (a) bulk, (b) precipitation, (c) emulsion, (d)
suspension, (e) surface, (f) epitope, (g) sol—gel, (h) electropolymerisation, and (i) legend for each technigue. Retrieved from ™

Several fabrication methods for obtaining MIPs are shown in Figure 1.9, including but not limited to:
sol-gel processes, emulsion, and precipitation polymerization.”! These have all been shown to generate
uniform particle sizes and decent target accessibility. As always, these methods have advantages and
disadvantages (as seen in Table 1.1), and some challenges that need to be addressed when developing MIPs
are (i) high binding site heterogeneity due to the highly “polyclonal” nature; (i) an abundance of non-
templated polymer, i.e. polymer lacking specific binding sites; (iii) the presence of residual template in the

MIP; and (iv) the non-standard or labor-intensive procedures necessary for their production.?5.72-75

12
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Table 1.1. Advantages and disadvantages of different nanoMIPs fabrication techniques. Adapted from 7

Bulk

Precipitation

Emulsion

Core-shell

emulsion

Core-shell
grafting

Living radical

Solid-phase

Procedure

Advantages

Drawbacks

Use of organic solvents to obtain a
Block 1s then grounded and sieved

Polymer chains grow in a solution
Precipitation due to size-related
insolubility

Use surfactants and high-shear
homogenization .
Emulsification of the water and
organic phase

MIP layer deposition onto preformed

nanoparticles .
Core could be metals, silica, or .
polymers

Chemical linkage of MIP to modified .
nanopatticles with surface double
bonds

Use of iniferter

Controlled growth of polymer chains .
Use of nitroxide species, metal-
containing, or dithiocarbonyl
initiators

Template immobilization onto solid
support .
High affinity nanoMIPs are collected
by a temperature-based elution

Simple method

Easy and fast with high yields
Low quantity of reagents required

Possible to obtain very small NPs
(50 nm)

Suitable for large-scale production
High yields

Excellent control over shell
thickness
Sequential shell polymerization

Excellent control over particle size
and PD
Useful for thermolabile templates

High affinity and selectivity (nano-
or picomolar)

High purity with low template
contamination

Fully automatable process.

Wide particle size distribution
Heterogeneity of active sites

Low concentration of monomers
may impair recognition events

Surfactants may disrupt the
imprinting process
Difficulty to remove surfactants

Surfactants and the aqueous phase
may decrease the imprinting effect

The shell may be too thin for bulky
templates or too thick for small
target diffusion.

Low yield

Catalyst removal needed
Not suitable for photolabile
templates

The template must have functional
groups for immobilization.
Typically, one binding site per
particle (low binding capacity)

In an attempt to circumvent these limitations, solid-phase polymerization (SPP) was proposed by

Canfarotta & Piletsky in 2016, where the target is immobilized onto a solid substrate, and polymerization

occurs around the target.247¢ This allows for the tuning of the target density and availability on the solid

surface, leading to high-affinity nanoMIPs with single- or multiple binding sites (Figure 1.10). Nevertheless,

small molecules or targets with limited binding interaction sites remain a challenge, other types of

noncovalent interactions and conjugation approaches may be more suitable in these cases. Among the

different (nano)MIPs fabrication approaches (Figures 1.9 and 1.10), SPP stands out regarding enhanced

“monoclonal” orientation and distribution of binding sites in the polymeric matrix. nanoMIPs via SPP

exhibit lower binding capacity but faster binding kinetics, as the cavities would be only at the surface of the

polymeric matrix. 76-78
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Figure 1.10. Schematic representation of nanoMIPs synthesis via SPP. Retrieved from 7

1.3.2.2. Aptamers

The development of NA binding in test tubes to interact with a wide range of analytes, beyond just
DNA or RNA, has become possible through in vitro selection or systematic evolution of ligands by
exponential enrichment (SELEX). This has resulted in creating high-affinity and highly specific binding

NAs known as aptamers. The term aptamer is detived from the Latin word "aptus,"

meaning "to fit,"
symbolizing the specific and robust aptamer:target interactions, often related to the enzymatic models
aforementioned. In recent decades, using aptamers as novel recognition elements in biosensors, known as

aptasensors, garnered significant attention among researchers. 80-82

Aptamers have demonstrated exceptional specificity and sensitivity for binding to various targets,
including cells, proteins, whole viruses, tissues, and small molecules. These (bio)receptors fold into unique
three-dimensional shapes to form highly robust antibody-like interactions with their target molecules,

rendering them a viable alternative to traditional bioreceptors. 8384

The SELEX approach, which involves an iterative process of oligonucleotide selection, amplification
and purification, is an effective combinatorial strategy for identifying and isolating aptamers with high
affinity towards a desired molecule.8>8¢ As observed in Figure 1.11, traditional SELEX starts with exposing
a vast library pool of randomly generated oligonucleotide sequences to the desired target molecule. The
subsequent steps include isolating the target-binding sequences and using the polymerase chain reaction
(PCR) to amplify them. These target-binding aptamers are enriched with each selection round, aided by
introducing negative and counter-selection steps for discarding sequences interacting with the sample
matrix and structurally similar molecules, respectively. These selection steps require adjusting stringency

conditions such as the buffer of choice, partition strategy, incubation times, and temperature. 8587-89

14
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Figure 1.11. Schematic representation of SELEX workflow for target-conjugated beads or target free in solution. Retrieved from 5

Furthermore, Next-Generation Sequencing (NGS) is crucial for identifying and analyzing the aptamer
candidates enriched through the SELEX process, as it provides a complete assessment of all potential
aptamer candidates. Furthermore, bioinformatics tools are used to analyze the sequencing data in order to
predict secondary structures, identify common patterns (or motifs), and cluster the sequences into distinct
families. This comprehensive approach is valuable for refining the pool of potential aptamers for further
validation in binding assays, where their affinity and specificity are studied. 85292 For instance, Surface
Plasmon Resonance (SPR) is employed to assess kinetic parameters and dissociation constants (KD) by
monitoring the real-time aptamer:target interactions. Alternatively, colorimetric, chemiluminescence, or

fluorescence techniques have been used to investigate aptamer binding performance. 93-%

There are several SELEX variations that rely on different partition strategies to separate target-bound
and unbound sequences. Examples of partitioning approaches include nitrocellulose filters, agarose beads,
magnetic beads (used in this thesis), graphene oxide, and electrophoretic mobility, among others.?-100
Optimal tailoring of the noncovalent interactions during the SELEX process, such as library and primer
designs, and modulation of stringency conditions, among others, ensures that the identified aptamers

possess suitable binding properties for their intended applications.8>88.101,102
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1.3.3. The Role of Noncovalent Interactions

As stated before, molecular recognition processes typically rely on noncovalent interactions, which are
crucial in biosensing systems. These interactions encompass various forces, such as van der Waals forces,
electrostatic interactions, n-n stacking, and hydrogen bonding. The size and diversity of the target analytes
can pose significant hurdles when detecting small molecules, as these often have limited binding areas,
unlike macromolecules like proteins and NAs. It may be advantageous to optimize the fabrication
conditions of MIPs and aptamers in such a way that they promote interactions complementary to the
properties of the target analyte. This approach could potentially lead to the development of highly robust

binding complexes, addressing some of the challenges highlighted in eatlier sections.!04105

The extent to which a (bio)receptor binds to its target is influenced by these interactions' nature,
strength, quantity, and physicochemical conditions. This is encompassed in the Gibbs free energy (AG),
where lower dissociation constant (KD) values typically suggest more specific and robust binding. This

highlights the necessity to harness these interactions in biosensing technologies. 100

Regarding MIPs, the initial and most crucial step is selecting the appropriate functional monomers and
cross-linkers to form the polymer matrix around the target molecule. For effective imprinting, the
monomers must establish stable interactions with the target.!?”” Computational modeling and molecular
dynamics simulations can be employed to predict the optimal monomer combinations and 3-D spatial
arrangements to enhance binding affinities. Furthermore, refining the polymerization parameters, including
the ratio of polymerizing components, solvent selection, and temperature, can lead to high-affinity binding
sites.108-110 Post-synthesis procedures, including washing and conditioning methods, are vital for removing
weakly attached template molecules and/or unreacted monomers and oligomers, resulting in enhancements

in imprinting fidelity.
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Similarly, tailoring the SELEX conditions could optimize aptamer:target interactions in aptamer
selection. During selection rounds, carefully controlling parameters, such as ionic strength, pH, target
concentrations, buffer’s chemical nature, temperature, and even the presence of structurally similar or co-
occurring molecules, promotes and potentially refines aptamer:target interactions. 898 Additional features
can be introduced via post-SELEX modifications of the aptamer, such as truncation or incorporation of

modified nucleotides, further improving binding strength and specificity. '

The strength and nature of these interactions determine the binding affinity and selectivity of molecular
recognition elements, both natural and synthetic. Ultimately, biosensing technologies rely on their ability to
selectively detect the target molecule among numerous other compounds in buffer conditions, initially, and

subsequent adaptations for more complex biological or environmental matrices. 254069

1.4. Integration of Transducers with MIPs and Aptamers

The synergistic integration of bioreceptors with transducers is crucial in developing effective biosensing
devices. Transducers convert biorecognition events into quantifiable signals, including but not limited to
electrochemical, optical, thermal, or piezoelectric outputs. Considering several parameters is necessary to
achieve optimal performance in integrating bioreceptors with transducers. For instance, if the
immobilization approach is employed, bioreceptors tethered onto the transducer surface should maintain
their biological activity and orientation to ensure efficient target binding. Furthermore, the selection of
transducer technology should align with the bioreceptor's characteristics and intended use. For example,
optical transducers are often used in immunosensors and genosensors.!'2113  Similarly, electrochemical
transducers are commonly used with enzymes for their capacity to generate measurable signals via catalytic

processes. 114118

1.4.1. Optical

The use of optical transducers is of great relevance in biosensing. These methods have proven to be

invaluable in the field of colorimetric LFA, as can be observed in Figure 1.13.
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Figure 1.13. Schematic representation of (A) a LEA; (B) Immunosandwich recognition in (B) presence and (C) absence of the target molecule. Retrieved

from ¥

SPR biosensors are widely favored due to their ability to perform the label-free detection of binding
events, as they measure changes in the refractive index near the surface as target molecules bind to
bioreceptors on a metal surface (typically gold). '19-121 Additionally, fluorescence-based sensors enable the
quantitative measurement of binding events via fluorescence intensity or wavelength shifts. Another
method, Fluorescence Resonance Energy Transfer (FRET), can sensitively detect molecular interactions
through energy transfer between fluorophores. Furthermore, optical waveguide biosensors offer a reliable
platform for detecting small molecules by assessing changes in light propagation via a waveguide upon

target attachment. Examples of some aptamer-based sensing technologies are shown in Figure 1.14. 122
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Figure 1.14. Lllustration of detection strategies of optical aptamer-based sensors: (a) Molecular Beacon, (b) complementary sequence, (¢) graphene/ CNT,
(d) LEA, (e) gold-nanoparticle (AnINP) aggregation, (f) DINAgyme, (g) surface-enbanced Raman scattering (SERS), and (h) localized surface plasmon
resonance (LSPR) shift. Retrieved from 122

1.4.2. Electrochemical

Similarly to their optical counterparts, electrochemical transducers are also compatible with downsizing
and on-site analysis. These transducers transform biochemical recognition events into electrical signals,
altering an electrochemical cell's impedance, voltage, or cuttrent. Electrochemical biosensors offer cost-
efficiency and ease of use while providing sensitive quantitative analysis, rendering them highly valuable in

various fields such as healthcare, environmental monitoring, and food safety.!22-125

As depicted in Figure 1.15, electrochemical biosensing relies on essential methods such as
electrochemical impedance spectroscopy (EIS), voltammetry, amperometry, and

electrochemiluminescence. Voltammetry assesses the current response to a changing applied voltage over
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time. Cyclic voltammetry (CV), for instance, is widely employed in electrochemical biosensors for
characterization purposes in electrode surfaces and redox-active (bio)receptors or analytes. Furthermore,
techniques such as differential pulse voltammetry (DPV) and square wave voltammetry (SWV) have
demonstrated success in detecting small molecules, such as dopamine and pesticides, by combining the low
KDs of (bio)receptors with the high sensitivity and resolution of these voltammetric methods. These
techniques are designed to minimize or eliminate the contribution of capacitive cutrents' contribution to
signal changes and focus solely on faradaic currents, making them more sensitive than voltammetric

techniques. 120
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Figure 1.15. (A) Schematic representation of electrochemical biosensors based on different (bio)receptors and detection probes; (B) Amperometric and
voltammetric biosensing; (C) lon-selective electrodes; (D) Organic electrochemical transistor sensors; (E) Photoelectrochemistry biosensing; (F) Aptamer-

based electrochemiluminescence biosensing of cells. (G) Integration of electrochemical biosensors in portable/ wearable devices. Retrieved from 2.

Amperometry, on the other hand, measures the current flow due to a target-induced redox reaction at
a constant voltage. The most widely recognized example is glucose biosensors using GOx, which is

commonly used for continuous monitoring (Figure 1.6). Aptamer-based amperometric biosensors can
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detect proteins, small molecules, and whole pathogens. For instance, aptamer-based thrombin aptamers

have demonstrated high specificity and low detection limits, essential for many clinical applications. 121128

Another technique to study binding events and interfacial characteristics is EIS, which examines the
impedance across various frequencies in the electrochemical cell. This method is particularly suitable for
MIPs- and aptamer-based (bio)sensors due to its sensitivity to changes at the electrode surface, either by
target-induced conformational change, positioning redox markers closer or further to the electrode sutface,
or even ionic alterations in the electrode vicinity. EIS has been used to detect analytes such as glucose,
cholesterol, and heavy metals, among other small molecules.!?>129.130 Integrating these electrochemical
methods with the high affinity and resilience of synthetic receptors can result in robust biosensing systems

capable of detecting various small molecule targets in several samples.

1.4.3.  Other transduction principles

Besides electrochemical and optical transducers, acoustic transducers, such as quartz crystal
microbalance (QCM) and surface acoustic wave (SAW) devices, utilize sound waves to detect biomolecular
interactions. QCM sensors measure changes in the resonant frequency of a quartz crystal due to mass
variations, while SAW sensors detect alterations in surface acoustic waves caused by analyte binding. These
transducers offer high sensitivity and the ability to monitor real-time interactions. 31132 Based on the
piezoelectric effect, piezoelectric transducers detect binding-induced mechanical changes in functionalized
surfaces. Microcantilever-based biosensors, for instance, measure deflection or resonance frequency
changes in small cantilevers upon target binding, providing label-free detection and real-time monitoring
capabilities. 33135 Thermal transducers detect changes in temperature resulting from biochemical
interactions. Components like thermistors and thermocouples are commonly used in thermal transducers,
providing precise temperature measurements. Calorimetric sensors measure the heat produced or absorbed,

offering insights into the thermodynamics of binding events. 75136

When choosing a transduction mechanism, factors including the analyte’s nature, desired sensitivity,
biosensing response time, and the particular conditions of the type of sample to be used should be carefully
evaluated. By harnessing the variety of approaches and considering their advantages and disadvantages,
biosensors could be tailored to address the needs of diverse fields, such as medical diagnostics and

environmental monitoring.

1.5. Applications and Limitations of MIPs- and Aptamer-based

(Bio)sensors

MIPs and aptamers present various advantages over traditional bioreceptors, particularly in detecting

small molecules. MIPs have demonstrated remarkable stability in harsh environmental conditions, and their
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reversible binding process. However, certain limitations should be considered as challenges may arise in
imprinting very small or highly hydrophilic molecules. Aptamers, for instance, also provide consistency in
production and batch uniformity due to their chemical nature, eliminating variability in biological
manufacturing processes. Nevertheless, the need for stability modification should be addressed, as their

high specificity may render them susceptible to degradation by nucleases in biological materials.

As aforementioned, sensitivity is a critical factor in biosensing, particularly when detecting ultra-low
concentrations of a small-molecule target within complex biological matrices. Despite the higher stability
and antibody-like affinity of these alternative receptors, achieving the required sensitivity can be challenging

mainly due to nonspecific binding, depicted in Figure 1.16.

Nonspecific binding has posed challenges in biosensing for several decades, especially in clinical
scenarios involving complex biological matrices like blood, urine, or feces. This may lead to (i) false-positive
results, (if) reduced specificity, (iii) increased background noise, and (iv) reduced accuracy, making it difficult
to accurately distinguish between true and false signals. This is due to their biological nature, as they
typically contain various proteins, salts, and metabolites that can interact nonspecifically with the sensor
surface. These interactions can interfere with or compete against target binding, impacting the sensitivity
and detection limits of the biosensor, along with hindering reliable and consistent measurements. 137,138
Nonetheless, certain bodily fluids such as urine, sweat, and tears offer the benefit of being externally
sampled in a non-invasive manner. In comparison to serum or plasma, their protein content may present a
less intricate approach while still providing clinically relevant information, which can be correlated with

other bodily fluids.
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Figure 1.16. (A) Approaches to minimize nonspecific binding. (B) Different possibilities on a sensor surface: direct binding (1) to the surface (la) or to
the bioreceptor (1b), binding to surface defects (11), binding to the bioreceptor’s paratope (111), specific binding (IV). (C) Surface blocking to avoid I and
11 interactions. (D) Different types of surface defects (11) that may indnce nonspecific binding. Retrieved from 138
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Several strategies can be employed to mitigate nonspecific binding. Surface modifications with anti-
fouling materials such as polyethylene glycol (PEG) or BSA can create a hydrophilic layer that resists protein
adsorption. Using blocking agents like casein or synthetic peptides can occupy nonspecific binding sites,
while proper sample preparation techniques such as centrifugation, filtration, and pH adjustment can
remove interfering substances.!38-140 Advanced detection techniques, including differential measurements
and multi-step washing procedures, can further reduce nonspecific contributions. These approaches are
essential to improve biosensing platforms' sensitivity and reliability in clinical diagnostics, particulatly for

detecting small molecules.

Stability is also a key concern, requiring a deep understanding of supramolecular interactions in polymer
synthesis, aptamer selection methods, and the development of practical test formats. MIPs demonstrate
exceptional stability and endurance, making them suitable for various scenatios as their specificity can be
precisely tailored for specific target molecules using several imprinting procedures.'#! On the other hand,
aptamers offer flexibility, simplicity of modification, and tuning control, making them an appealing

alternative to traditional antibodies, enzymes, and NA.

Reproducibility is another critical consideration, particulatly in the synthesis of MIPs. Consistently
producing high-quality MIPs (or nanoMIPs) with homogenous binding sites necessitates careful
management of the imprinting process to avoid batch-to-batch discrepancies that could compromise the
biosensors' performance. 142143 Furthermore, enhancing sensitivity by incorporating nanomaterials and

signal amplification strategies (Figure 1.17) is crucial to developing more accurate detection platforms.
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Furthermore, MIPs and aptamers are finding new avenues in biotechnological research, industrial
process control, and security. Aptamer-based biosensors have proven particularly valuable in early disease
detection and monitoring by identifying metabolites and small-molecule biomarkers, such as estradiol,
progesterone, and testosterone, as they are involved in many physiological processes and are relevant

biomarkers in cancer diagnostics. 14

Notable advancements have been made in creating MIP-based sensors capable of identifying biomarkers
in various biological fluids!40-14° and initial efforts have been made to commercialize MIP technology for
public or private acquisition (MIP Discovery, UK) . In summary, the use of MIPs and aptamers
demonstrates great potential for the advancement of next-generation small-molecule biosensing. Their
robustness and specificity provide a promising solution to the intricate aforementioned challenges, thereby

laying the groundwork for reliable and efficient biosensors with broad relevance and accessibility.

1.5.1.  Existing Diagnostic Methods for ACLF

Existing methods such as ELISAs, Mass spectrometry (MS), and High-Performance Liquid
Chromatography (HPLC), have proven effective in identifying biomarkers. However, they come with
certain drawbacks such as high costs, lengthy processing times, and the requirement for expensive
equipment and highly skilled personnel to operate and interpret them. Aptamers and MIPs may present
some advantages as diagnostic and prognostic tools for ACLF.16.151 Additionally, modifications can be made
to aptamers to enhance their stability and resistance to nucleases. Moreover, the synthetic nature of aptamer

generation eliminates the uncertainties and ethical considerations associated with animal-derived antibodies.
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enabled detection of N-acetylnenraminic acid (Neu5.Ac or NANA) after aptamer isolation via SELEX, along with its fluorescent detection. Retrieved

from 100

Some examples of biosensors for the previously mentioned ACLF-associated biomarkers are shown in
Figure 1.18. 10015315 Additionally, nanoporous gold electrodes have been functionalized with Neutrophil
Gelatinase Associated Lipocalin (NGAL)-specific aptamers for ACLF diagnosis. The electrochemical
detection was performed via an affordable smartphone-based platform in both PBS and artificial urine.

This method concurrently ensured continuous monitoring of AKI at a POC setting. 15

Additionally, in a study comparing target- or library-immobilized MB-SELEX against NANA,
sequences with high affinity are more effectively enriched employing the latter. % Aptamer candidates
against NANA were obtained, exhibiting an almost a two-fold enhancement in binding affinities after post-
SELEX optimization using rational design and molecular docking simulations for truncation purposes.
Consequently, this study suggests that library-immobilized approaches may represent the optimal choice

for screening aptamers targeting the small-molecule targets to be investigated in this work (Figure 1.18D).

1.6. Future Perspectives in Biosensing

As aforementioned, the ability to create supramolecular systems exhibiting strong binding affinities has
opened the door to biosensors with outstanding performances for detecting ultra-low concentrations of

several types of targets, highlighting their contributions to the detection of small molecules. 105,157,158

The ongoing advancements in the field are expected to enhance the adaptability of aptamer- and MIPs-
based (bio)sensing of small molecules in the foreseeable future. Researchers have recently focused on
integrating nanomaterials with these synthetic receptors to improve their performance. For instance, a
(poly) o-phenylenediamine (o-PD) MIP-based sensors enhanced with gold nanoparticles was developed for
glucose detection, reaching nanomolar KDs. 159160 Similarly, incorporating graphene and carbon nanotubes
into these supramolecular systems has resulted in enhanced electronic characteristics, leading to lower

LODs and improved signal transduction.

Techniques such as microfluidic-enabled MIP synthesis (either membrane or particle) and high-
throughput SELEX (HT-SELEX) enable the rapid development of highly specific receptors. 102161162
Furthermore, advancements in MIP manufacturing, including surface imprinting and SPP, result in
nanoMIPs with more homogeneously distributed and easily accessible binding sites, thus enhancing their

effectiveness in biosensing applications.

Regarding aptamer isolation, HT-SELEX coupled with NGS bioinformatic analysis has significantly
contributed to the aptamer screening process by enabling the simultaneous examination of vast nucleic acid
libraries. This has accelerated the discovery of high-affinity aptamers for small molecules. For instance, HT-

SELEX was employed to produce aptamers against 3 out of 5 small-molecule targets, namely KA, 3-
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hydroxykynurenine (3-HK), and xanthurenic acid (XA), with dissociation constants ranging from high

nanomolar to low micromolar, as observed in Figure 1.19. 163

Multitarget enrichment Sequencing and cluster generation

Aptamer Cluster
e ! ¢ it
NS — 20 > >
Enriched R
Multitarget DNA pool Sequencing
capture-SELEX flow cell ~10°- 10”aptamer clusters

High-throughput specificity screen l

fDisplacement Displacement \
Strand Target 1 Strand Target N

gra
the o ,:;? ?? o {;?m

@ Buffer Cycle @ Target 1 Cycle Buffer Cycle @ Target N Cycle
3HK1 KA1 XA1
21000 o ¢ ’}- 2 iiggg =X 18000 S 4
20000 LI W> ¢ 22000] "% 16000 oy
- 19000 Z-Hydmx:«;}y‘:;‘renine ,,/ 20000 Kynurenic Acid - 14000 Xanthurenic Acid
iz, 29008 Z 18000 £ , T 12000 oA ,
17980 /o 16000 i 10000 {5 frees
16000 /,/ ¢ 14000 * 8000 x i x x a4as {g
15000{% 3 s +% 4 B °
i | : Piatens 12000 o a56b s
1072107! 10° 10! 102 10~ 10° 10' 10? 103 107! 10° 10' 102 103
Concentration (uM) Concentration (uM) Concentration (uM)
 Kyn V¥ KA ® 3HK A 3HA | XA

Figure 1.19. Multi-target Capture-SEILLEX for isolation of target-specific aptamers for 3HKT, KA and XA. Retrieved from 193

These advancements facilitate the integration of biosensing assays into compact, more portable devices,
streamlining (i) sample preparation, (i) biorecognition reaction, and (iif) detection on a single chip. This
would improve detection speed and efficiency while minimizing sample volume and reagent use. Such
integration holds considerable promise for the advancement of POCT in diagnostics and environmental

monitoring technologies that demand on-site analysis. 164166

The current landscape shows that while many integrated biosensor devices offer high portability, their
sensitivity is often limited as they typically rely on traditional bioreceptor, such as enzymes or antibodies.
Conversely, fluorescence-based systems demonstrate excellent sensitivity, albeit impractical for on-site

diagnostics due to the need for additional equipment.'” Meanwhile, electrochemical biosensors have shown
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significant sensitivity improvements through advancements in nanomaterials and nanotechnologies.
Researchers continue to strive for enhanced capabilities across various platforms. For instance, integrating
flexible materials and electrodes into battery-free wireless devices represents a promising development, as
depicted in Figure 1.20. When paired with conventional smartphones, these devices have the potential to

provide reliable data in real-time, thus paving the way for potential commercialization. 168

Artificial Intelligence

Biosensors for In vitro Diagnosis 00000 eeem—mmmmsmmoommmmSSSSTTEOOITT @

/

.8 "y y /
743 Wearable /

Biosensors /
I’l
mouth K
Il l'
Integrated Biosensor Devices { /
' 4
wab eyes 7
4
'I
...;.. = Q ;
¢ y - ll
skin ’

'z saliva !

M~y ;
blood % /

Continuous Monitoring
Biosensors

0

CRISPR-based Biosensors

N
N

urine

P g

Figure 1.20. Several types of biosensor for health applications based on their use in in vitro sampling (blood, saliva, nrine, etc.), for continnous monitoring,

and adaptation to wearable sensing. Retrieved from 18

A recent development has arisen, bringing the potential of utilizing artificial intelligence (Al) as a tool
for several applications including interpreting the signals generated by biosensors, and aiding in the in-silico
design and selection of constituents for highly specific supramolecular structures. 24105169 The current state
of biosensors and the trend of continuous monitoring indicate that Al-supported biosensors will
undoubtedly have a crucial role in the biosensing field, assisting with diverse tasks ranging from initial data

analysis utilizing machine learning to the unveiling of new biomarkers.

Nevertheless, several considerations must be considered to enable biosensors to fulfill their potential as
sensitive and reliable tools, and subsequently successful transition from the laboratory to clinical settings.
Firstly, scalable and standardized manufacturing processes are essential to ensure the batch-to-batch
repeatability of these synthetic receptors. Secondly, preserving their stability and performance under diverse
physiological conditions is vital to their application in clinical settings. Lastly, maximizing the integration of
these (bio)receptors into transducer technologies, coupled with battery-free readout devices with wireless
communication protocols, such as Near-Field Communication (NFC), is necessary for real-time on-site

detection and monitoring of small-molecule biomarkers. 170:171
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In resource-limited settings, the need for portable and cost-effective biosensing platforms is paramount;
thus, these platforms should comply with the REASSURED criteria. > Additionally, consideration should
be given to long-term storage and stability. One application of electrochemical biosensors is disposable test
strips that can be read using a portable reader. For instance, blood glucose test strips often have a long shelf
life when stored in dry conditions at room temperature, eliminating the need for a cold chain during
shipping or storage.146172173 Owing to integrating electrochemical biosensors in wearable platforms,
individuals can now conveniently monitor their health and diagnose illnesses by measuring biomarkers in

their homes.

In summary, biosensors not only enable point-of-cate testing, leading to improved patient outcomes
and expedited decision-making, but they have also revolutionized several fields, such as environmental
monitoring, food safety, and security. Their invaluable contributions to science and technology are
undeniable, and their ongoing progress promises to further enhance their capacity to tackle diverse

analytical problems.
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CHAPTER 2

THESIS OBJECTIVES

The main goal of this Ph.D. thesis is to develop and optimize advanced biosensing technologies for the

eatly diagnosis, prognosis, and monitoring of Acute-on-Chronic Liver Failure (ACLF). This research aims

to address critical clinical needs associated with ACLF, thereby contributing to improved patient outcomes

through early intervention and tailored treatment strategies. The specific objectives of this Ph.D. thesis are

shown below:

Synthesis and applications of electropolymerized MIPs and SPP-synthesized electroactive
nanoMIPs

1. Development of e-MIPs for kynurenic acid (KA) sensing

1.1.

1.2

1.3.

Investigation of binding interactions between o-phenylenediamine (o-PD) and KA via
spectrophotometric analysis.

Characterization of the electrode surface to comprehend its electrochemical properties and any
surface modifications.

Refinement the electropolymerization process and template removal to promote the creation of

efficient binding sites.

2. Synthesis and Characterization of NanoMIPs via Solid-Phase Polymetization (SPP)

2.1.
2.2.
2.3.

2.4.
2.5.
2.6.
2.7.
2.8.

Validation of target conjugation on silanized glass beads via Dansyl Chloride test.

Study and selection of monomer composition in nanoMIPs’ synthesis

Determination of size distribution and stability of nanoMIPs through Direct Light Scattering
(DLS) measurements.

Evaluation of binding capacity and specificity using bead-ELISA.

Assessment of yield through the solvent evaporation method.

Optimization of DPV parameters to enhance sensitivity in electrochemical measurements.
Analysis of temporal and cyclic stability of nanoMIPs.

Determination of critical analytical parameters such as the limit of detection, dissociation constant,

and limit of quantification.

Single- and Multi-target aptamer isolation via MB-SELEX and jOP-SELEX

1. Development of Conventional MB-SELEX for phenylalanine.
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1.1. Use of maleimide magnetic beads conjugated to phenylalanine as the target molecule.

1.2. Selection of tryptophan as a counter-selection target to augment aptamer specificity.

1.3. Implementation of multiple rounds of SELEX to enrich aptamers specific to phenylalanine.

1.4. Utilize next-generation sequencing (NGS) analysis and custom-developed MATLAB code for

comprehensive sequence comparison and identification of potential aptamer candidates.

Development of Joint One-Pot SELEX Process

2.1. Conduct the positive incubation of three ACLF-related targets simultaneously during the initial
SELEX rounds.

2.2. Splitting of the process into three parallel SELEX streams. Each stream focuses on one target
while using the remaining two targets as counter-selection targets.

2.3. Utilize next-generation sequencing (NGS) analysis and custom-developed MATLAB code for

comprehensive sequence comparison and identification of potential aptamer candidates.

Optimization and Validation of SELEX Processes

3.1. Validate the efficacy of MATLAB code in identifying potential aptamer candidates at earlier
rounds to accelerate the selection process.

3.2. Enhance the specificity and reduce cross-reactivity of aptamers through rigorous selection and

counter-selection strategies.
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CHAPTER 3:

MOLECULARLY IMPRINTED POLYMERS: AN
ALTERNATIVE BIOMIMETIC APPROACH FOR SMALL-
MOLECULE DETECTION

This study investigates the use of molecularly imprinted polymers (MIPs), focusing on both
electropolymerized MIPs (e-MIPs) and electroactive MIP nanoparticless (e-nanoMIPs), for the detection
of ultra-low concentrations of Acute-on-Chronic Liver Failure (ACLF)-associated small molecule
biomarkers, highlighting their potential clinical applications. MIPs, particularly nanoMIPs, offer numerous
benefits, including high specificity, low production costs, and exceptional stability, making them viable
alternatives to traditional antibodies and enzymes. This research focuses on synthesizing and characterizing
e-MIPs for kynurenic acid detection and e-nanoMIPs for both kynurenic and N-acetylneuraminic acid
detection. Both of these targets have been previously identified as biomarkers for ACLF, as mentioned in

Chapter 1.

Key findings from this study demonstrate the superior performance of e-nanoMIPs in detecting small-
molecule biomarkers at ultra-low concentrations, achieving low fM KDs in phosphate-buffered saline
(PBS) and diluted synthetic urine. The synthesis and characterization processes, involving techniques such
as solid-phase polymerization (SPP), dynamic light scattering (DLS), and electrochemical analysis,
confirmed the e-nanoMIPs' high affinity and specificity towards their target molecules. The electroactive
nature of these nanoMIPs provides enhanced sensitivity and stability, which is crucial for clinical
applications. The potential applications of these e-nanoMIPs are vast, offering a promising avenue for
developing reliable sensor devices for the prognosis and monitoring of biomarkers associated with various
diseases. Future research should focus on optimizing large-scale production processes and further
enhancing the stability and specificity of e-nanoMIPs in complex biological matrices to realize their full

potential in biosensing and ensure a successful transition from laboratory settings to real-world applications.
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CHAPTER 3

3.1. INTRODUCTION

3.1.1. The Ubiquitous Role of Noncovalent Interactions

Living organisms rely on noncovalent interactions for communication between cells and within the
body, e.g., antibody-antigen (Ab-Ag) binding, receptor-hormone interaction, or enzyme catalysis. Genetic
information is contained in long strands of DNA, arranged as double helices held together by hydrogen
bonds between complementary base pairs. In the same manner, the distinctive structure of a protein is
maintained by a wide range of noncovalent interactions between its amino acids. For instance, the biotin-
avidin pair is an excellent example of a strong connection where the dissociation constant is in the
femtomolar range. Therefore, it highlights how combining various noncovalent weak forces can result in a

remarkably strong binding.

Enzymes and antibodies have been extensively used for accurate diagnostic tools as they provide high
reliability and exceptional sensitivity and specificity. Although antibodies are the “gold standard” for
diagnostic purposes, they have certain limitations, such as a limited shelf life, high cost, and low stability
under certain conditions. Additionally, developing antibodies for immunosuppressants and toxins can be
challenging due to their impact on the immune response, rendering it difficult to detect small molecules,
thus relying on haptens. Nevertheless, (bio)sensing small molecules is a complex task with challenges related
to analytical performance, selectivity, stability in complex media, and consistency in receptor synthesis.
Traditional biorecognition elements encounter difficulties in effectively detecting small molecules due to a
potential lack of binding sites and a non-immunogenic (relying on haptens) or toxic nature, as

aforementioned. 2 Therefore, novel molecular tools are being studied to overcome these obstacles. 37

3.1.2. Molecular Imprinting as A Biomimicking Strategy

As mentioned in Chapter 1, scientists have been exploring Molecular Imprinting (MI) as an alternative
to antibodies and enzymes, mimicking their ability to bind to biomarkers through noncovalent interactions
while overcoming many limitations.”8 In the eatly 1970s, Wulff and Sahan introduced the concept of
covalent molecular imprinting, which entails carrying out reversible covalent-based polymerization in the
presence of a target or template (i.e., target analog).” Subsequently, almost twenty years later, Mosbach
introduced the noncovalent approach, in which synthetic recognition sites complementary to specific
molecules are formed within the polymeric matrix, as depicted in Figure 3.1. During the initial stage of
molecularly imprinted polymers (MIPs), the template interacts with functional elements (FE), creating a 3-
D prearrangement. These interactions are then locked in, with the aid of structural elements (SE), followed
by template elution, forming a matrix containing recognition sites tailored for the template’s

physicochemical features. 10-12
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Figure 3.1. Schematic representation of MIP synthesis indicating monomers (pink, green, and yellow), crosslinker (white), and a template. (top) 1) Pre-
complex: formation and subsequent polymerization around the target. 11) template elution and 111) target re-binding. (bottom) Some examples of noncovalent

interactions involved in MIP:target binding. Retrieved from 17

Traditional imprinting techniques require a template (i.e. target analog) to avoid contamination and
achieve precise detection or separation at low levels. The selected sites should be carefully chosen based
on their relevance to both the target and the template, indicating a strong similarity between them, i.c., the
template must possess target-like chemical capabilities to interact with the functional monomer and be

closely related to the target.!4!5

As aforementioned, MIPs provide a promising alternative to antibodies in replicating natural binding
sites, as can be seen in the evolution in Figure 3.2. 1617 Their in vitro fabrication is more straightforward
and cost-effective, and they also offer exceptional physicochemical stability while not requiring in vivo
production (animal testing). With applications ranging from sensors to drug delivery, MIPs have been
fabricated to recognize numerous targets, including small molecules, proteins, and whole cells. These
features have made them suitable for various applications and scenarios, such as clinical use, environmental

monitoring, food safety, etc.!.18
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Figure 3.2. The timeline presents an overview of several imprinting processes and strategies that have contributed to the evolution of MIPs. Additionally,
it showcases the emergence of commercial platforms aimed at promoting the use of MIPs in numerons applications, encompassing diagnostics and

environmental sectors. Retrieved from °

Molecular recognition is the first step in developing MIPs, and, to maximize its efficiency, it is crucial
to study the self-assembly of the template-FE complex due to the interactions between their moieties.
Figure 3.1 illustrates the process of MIPs generation based on the template’s physicochemical features,
which have unique functionalities complementary to FEs. Each template has multiple types of noncovalent
interactions, including crucial ones such as van der Waals forces, hydrogen bonding, ionic, and hydrophobic
interactions. 2023 These functionalities may be combined or used independently to form the polymeric
matrix. There are a wide variety of monomers available from which MIPs can be fabricated, the choice of
monomer can be used to target specific types of noncovalent interactions with the target. Given the wide

choice of monomers available, MIPs have the potential to be developed for virtually most biomarkers.

16,22,24,25

3.1.2.1. The Role of Functional and Structural Elements

As aforementioned, imprinting protocols use two types of construction elements: FEs and SEs. The
FEs are monomers directly interacting with the template during polymerization and recognition. The SEs,
on the other hand, are responsible for constructing and ensuring the proper recognition site’s geometry,
organizing the polymeric network, and locking the FEs in the correct 3-D structure. Although some FEs
and SEs (if not all) can serve structural and functional purposes, distinguishing them may help identify

possible MIP synthesis strategies.!0-26.27
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Figure 3.3. Commonly used FEs and SEs in MIP's synthesis. Retrieved from 2

There has been a significant amount of research dedicated to the FEs. The monomers presented in
Figure 3.3 have been categorized into two primary groups based on the nature of their chemical interactions
with the target: (i) reversible covalent mechanisms?, or (i) noncovalent interactions!®!!. The second group,
which is the one selected to be used in this chapter, can be further subdivided based on their predominant

interaction types, such as acidic, basic, hydrogen bonding, or n-n-stacking interactions.

Briefly, the noncovalent method, developed by Mosbach and his team, involves using pre-polymerized
complexes between the monomer and the template through hydrogen bonding, electrostatic interactions,
and hydrophobic interactions. An excess amount of monomer is typically used to stabilize the
monomer:template (M:T) complex. This method is simpler and more adaptable than the reversible covalent

approach, but the variability in the binding sites created can pose a challenge. >2!

3.1.2.2. Enhancing Functionality through Combinatorial Chemistry
The design of an ideal (bio)receptor with an enhanced strength of the receptor:target binding
interactions may be achieved by delving into ligand-receptor and host-guest chemistry, as MIPs are

considered supramolecular systems.”2>3 Therefore, using monomer combinations has frequently resulted
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in improved affinity and selectivity, especially when FEs target distinct moieties on the template (Figure
3.4). Testing of M:T interactions under several solvents could serve as a preliminary screening method to
identify potential monomers. Additionally, successful complexation through noncovalent interactions can
be detected through NMR, UV-Vis, or fluorescence spectra changes. For example, as the monomer
concentration increases or the solvent is changed, it can lead to variations in the characteristic spectroscopic

signals of the template. These signals are commonly used to estimate the M:T association constants, 232930
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Figure 3.4. Different noncovalent interactions taking place in MIP:target binding Modified with permission from 3!

One of the most commonly used SEs over the years is ethylene glycol dimethacrylate (EDMA or
EGDMA), which acts as a cross-linker in several procedures that involve acrylate or acrylamide functional
monomers. However, there has been a growing trend of testing and demonstrating the superiority of
trimethylolpropane trimethacrylate (TRIM) in many approaches. Both EGDMA and TRIM are insoluble
in water; however, adding charged groups can improve their solubility, as long as these functional groups
do not interfere with the recognition process. Therefore, other cross-linking monomers (SEs) are required

for aqueous phase imprinting. 3233
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3.1.2.3. Solvent Management

Managing solubility can often be challenging, particularly when working with small molecules. In MI,
organic solvents like acetonitrile (ACN), chloroform, dichloromethane (DCM), tetrahydrofuran (THEF),
dimethylformamide (DMF), and toluene are commonly used due to their ability to induce porogenic effects
while also effectively solubilizing a wide range of organic compounds. H-H interactions are essential in
many functional M:T complexes, thus, solvents with strong H-H bonding properties can disrupt these
complexes by competing with the monomers or targets involved. Therefore, selecting polar aprotic solvents
is recommended in this situation. DCM, chloroform, and toluene are commonly used in these systems;
however, alternatives such as ACN may be preferred due to health and environmental hazards. Conversely,
it is important to note that polar solvents and higher temperatures tend to be more advantageous for M:T

systems stabilized by apolar forces. 14.26,34-36

Once the template has been removed, the polymeric matrix preserves recognition cavities that
correspond to the target’s size, shape, and functionality, i.c., the template's physicochemical features
determine the arrangement of binding pockets within the polymer. However, removing the template is not
always straightforward or successful, resulting in (i) target leaching from the polymer matrix, and (i)
incomplete target removal, producing inaccurate results in analytical applications. The size and accessibility
of the imprinted sites are determined not only by the degree of cross-linking in the polymer network but
also by the target removal procedure, which has a significant impact on the final structure and porosity of

the final MIP, and consequently, its capacity to recognize the target. ©16.33.37-41

3.1.3. Approaches for Molecular Imprinting

Various techniques are used in MIPs fabrication, including but not limited to bulk, suspension, emulsion,
miniemulsion, and precipitation polymerization. Each technique has its own advantages and disadvantages,
such as the ability to control morphology, reproducibility, and, in some types, particle size. In addition,
there are several other advanced methods employed, including sol-gel imprinting, bulk polymerization in
porous templates, electropolymerization, surface imprinting, solid-phase imprinting (SPI), and post-
polymerization modification. The method selection is typically based on the specific application and desired
characteristics of the final MIP. A meticulous optimization process is necessary to achieve control over the
imprinted sites and ensure reproducibility. 47 A breakdown of these techniques, along with their
respective pros and cons, can be found in Table 3.1. Below are detailed the two main techniques used in

this thesis: electropolymerization and SPIL.
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Table 3.1. Pros and cons of different approaches for nanoMIPs synthesis. Adapted from #0

Procedure

Advantages

Drawbacks

Use of organic solvents to obtain a

Wide particle size distribution

ulk i . Simple method K L K
B Block is then grounded and sieved P Heterogeneity of active sites
Polymer chains grow in a solution . . . . . -
.. . L g . Easy and fast with high yields Low concentration of monomers
Prec1p1tat10n Precipitation due to size-related ’ K R y i i . .
. L * Low quantity of reagents required may impair recognition events
insolubility K k
Use surfactants and high-shear - .
S . . - Surfactants may disrupt the
. homogenization * Possible to obtain very small NPs . . .
Emulsion T . - ‘ imprinting process
Emulsification of the water and (50 nm) o .
. Difficulty to remove surfactants
organic phase K
MIP layer deposition onto preformed
Core-shell nanoparticles * Suitable for large-scale production Surfactants and the aqueous phase
emulsion Core could be metals, silica, or * High yields may decrease the imprinting effect
polymers
Chemical linkage of MIP to modified .
. g - * Excellent control over shell The shell may be too thin for bulky
Core-shell nanoparticles with surface double . ’ L .
fi bond thickness templates or too thick for small
onds . L e
gralung . U * Sequential shell polymerization target diffusion.
Use of iniferter ’
Controlled growth of polymer chains . . Low yield
B - . . S * Excellent control over particle size 4
.. . Use of nitroxide species, metal- Catalyst removal needed
Living radical .. o and PD R A )
containing, or dithiocarbonyl L . Not suitable for photolabile
o - * Useful for thermolabile templates
1utiators templates
. e . High affinity and selectivity (nano- . .
Template immobilization onto solid g. i ¥ The template must have functional
't or picomolar) groups for immobilization
. suppor . ) . .
= h N ¢ High purity with low template . o .
Solid phase High affinity nanoMIPs are collected e p e P Typically, one binding site per
by a tem er'attue—based elution contamination 'mticle'(low binding capacity)
: P * Fully automatable process. b i g capac
3.1.3.1. Electropolymerization for Small Molecule Imprinting

Electropolymerization (EP) is another technique that can be used to create a polymer network
containing template-specific imprinted sites. This is achieved by electrochemically oxidizing or reducing
monomers in the presence of a target at the electrode surface. To perform this technique, an
electrochemical cell comprising a working (WE), counter (CE), and reference (RE) electrode is required.*8
Successful molecular recognition relies on carefully selecting monomers capable of being
electropolymerized (in this particular case) and interacting with the desired templates. The most common
monomer is pyrrole, although o-aminophenol, o-phenylenediamine, dopamine, p-aminobenzoic acid, and
aniline are also frequently employed for electropolymerized MIPs (e-MIPs). Some examples of less
frequently used monomers include scopolein, 3-thiophene acetic acid, m-aminophenylboronic acid, gallic

acid, p-aminothiophenol, and p-aminobenzene sulfonic acid. 4449-51

Even though using a combination of monomers may render optimization more difficult, the potential
benefits of obtaining more precise e-MIP:analyte interactions may make the effort worthwhile.* Usually,
conductive polymers like polypyrrole are used when doing voltammetric examination, whereas
impedimetric analysis is typically based on the use of redox probes as required when using less conductive

polymers like poly(o-phenylenediamine).?
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Electrochemical characterization techniques, such as Cyclic Voltammetry (CV) or Electrochemical
Impedance Spectroscopy (EIS), are commonly used to evaluate the properties of e-MIPs throughout their
development. Furthermore, there are alternative methods, such as scanning electron microscopy (SEM),
providing a perspective of the nanostructures produced and even enabling the measurement of certain
characteristics; Fourier transform infrared (FTIR) and Raman spectroscopy, which offers valuable insights
into the chemical interactions; and atomic force microscopy (AFM) which is useful for studying the
physicochemical aspects of the cavities and gaining a better understanding of the MIPs morphology.5253
This is particularly useful when comparing MIPs to non-imprinted polymers (NIPs), the template-free

controls used to guarantee a proper polymer formation.

The choice of electrolyte used for e-MIPs fabrication significantly impacts the M:T interactions, the
solution's conductivity, and the monomers' redox behavior. By adjusting the applied voltage or current, it
is possible to tune different features of the MIP film, such as the thickness, crosslinking degree, porosity,
and electroactivity. e-MIPs are widely used as recognition elements in various applications, such as sensors,
separation systems, and drug delivery. Additionally, EP is a more versatile multi-site approach allowing a

finer tune of thickness and porosity, for instance, which will strongly influence adaptability, and specificity.

50,5457

Template Removal
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Figure 3.5. Types of electropolymerized MIPs. (top) affinity chemosensor for electroactive target, (center) affinity chemosensor for non-electroactive target,
aided by redox probes which enbances the signal obtained from target-induced conformational changes in polymeric matrix, (bottom) MIP-enabled engymatic

chemosensor. Adapted from 40

Once obtained, the final MIP can be used to detect a target with various electroanalytical techniques,
including differential pulse voltammetry (DPV) and square-wave voltammetry (SWV), as these techniques

could considerably diminish or even eliminate the contribution of capacitive currents and focus mainly on
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faradaic ones. In cases where the analyte is not electroactive, a redox mediator, such as potassium

ferricyanide, can be employed to make the detection quantifiable, as depicted in Figure 3.5.

Despite the seemingly straightforward nature of the e-MIP synthesis process, researchers have
encountered numerous challenges. For example, (i) template removal, which can be done through
electrochemical cleaning or solvent leaching, is a complex operation that may fail or damage the MIP, hence
requiring extensive optimization, (ii) the cavities formed by the MIP may lack selectivity, meaning they may
interact with interferents closely resembling the intended analyte, which is a common issue when testing
complex samples, and (iii) scaling up from laboratory to commercial and clinical levels is a crucial challenge
that requires further attention. Specifically, the focus should be on enhancing the robustness and antifouling
properties of the final MIP-based sensor against expected interferents in real samples. This is necessary to

ensure that the product can meet clinical and market standards. 2433.36,38:47.58,59

3.1.3.2. Polymeric nanoparticles’ synthesis

NanoMIPs, also known as "plastic antibodies," are nanostructured (80-150 nm) polymer particles that
can recognize a variety of targets with high specificity. They are a practical alternative to traditional
antibodies and enzymes, gaining attention from researchers for their potential use in various diagnostic and
therapeutic scenarios. Additionally, they can be used as drug delivery systems and sensing elements due to
their unique properties. The colloidal stability of nanoMIPs is a fascinating characteristic that makes them
ideal for in vitro research. Nevertheless, obtaining high-yield particle batches with a desired size range is
essential for biomedical applications. Compared to natural ligands, nanoMIPs have two significant

advantages: low production costs and ease of manufacture. 37,560

The methods depicted in Figure 3.6 encompass a range of techniques for the preparation of nanoMIPs.
While these approaches are applicable for both micro- and nanoMIPs, the resultant polymer particle size
can vary based on the polymerization conditions. The target quantity utilized during nanoMIP synthesis
may lead to the emergence of cooperativity effects, which could impact the final response of the nanoMIP.
Furthermore, owing to the synthetic allosteric nature of MIPs, factors such as steric hindrance and
cooperativity effects significantly influence the overall binding strength and the formation of single- to

multiple binding sites. 16596163
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An alternative approach, so-called “semi-covalent imprinting”; has been proposed by combining the
noncovalent and covalent methods, as depicted in Figure 3.7. This involves using a template covalently
attached to a solid support and designing the subsequent phase of analyte binding in a noncovalent manner.
This approach reduces the issues of exhibiting multiple imprinted sites by immobilizing the template in a
directional manner, which results in the creation of binding sites on the surface of the polymeric matrix. In
contrast, when the template is available in solution, most imprinted sites are generated within the polymeric

matrix, resulting in a lower accessibility for the target molecule. 396566
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3.1.3.3. Cooperative binding

Allosteric regulation is a phenomenon that occurs when the binding of one molecule affects the binding
of other molecules in a positive or negative manner (Figure 3.8). These interactions only occur in
receptor:ligand systems with three or more interacting parties, which may refer to the binding sites or the
molecule that binds to them.%® One well-known example of positive cooperativity and allosteric activation
is the interaction between oxygen and the metalloprotein haemoglobin, which exhibits a positive
cooperativity, i.e., the binding of oxygen triggers a conformational change in the shape of the remaining
binding sites, making them more receptive to further binding. On the other hand, myoglobin exhibits

negative cooperativity when binding to oxygen, as it only possesses one heme group. ¢1.69-71
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Figure 3.8 Heterotropic allostery and cooperativity effects on binding events, and their consequence on the dynamic range and sensitivity of the receptor

or sensor. Retrieved from 7

Remarkably, scarce documented instances offer proof of cooperative binding in (nano)MIPs.61.6%.7.73 In
1999, Andersson et al. conducted research using High-Performance Liquid Chromatography (HPLC) to
investigate the retention of (-)nicotine. They discovered a significant increase in nicotine retention when a
MIP with an affinity for (-)nicotine was used in the HPLC column. The resulting response indicated the
presence of enhanced binding sites to templates in complex solutions. Cooperative binding behavior was
evident as longer retention times were used. Subsequently, Svenson et al. conducted a 1H NMR to examine
the interactions between template molecules (nicotine) in a MIP. This research demonstrated that the self-
association of nicotine was intensified by the presence of the functional monomer counterpart, acetic acid.
This study proved that template-template complexes are present in the polymerization mixture, resulting in

the formation of selective binding sites for these complexes.’475

According to 76 there are two molecular processes that may explain the cooperative binding behavior
observed in receptor-ligand systems, which could potentially be applied to nanoMIP-template systems,
assuming nanoMIPs contain multiple binding sites. This phenomenon was observed in (-)nicotine MIP
cooperative binding experiments, which hindered the formation of the nanoMIP-template complex due to
template-template complexes. The first mechanism involves a weak contact, such as a noncovalent
interaction, between template T1 and template T2; while the second mechanism involves conformational
changes in the nanoMIP structure when template T1 binds, which can affect its affinity towards T2. This
can result in changes in the shape of the binding cavity, making it more, or less, accessible to template

molecules. 76

During nanoMIPs synthesis, the target density and spatial distribution are crucial for determining

cooperativity effects. For a nanoMIP to exhibit cooperative binding, the binding sites would likely
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"cooperate" to bind to multiple templates, i.e., the template molecules should be sufficiently close to each
other so that the distance among them is smaller than the intended size of the nanoMIP (80-150 nm). By
precisely tuning the template spacing, it is theoretically possible to pre-determine the average number of
template-binding sites on the nanoMIP. Research into cooperative binding in nanoMIPs can be modeled
using the surface plasmon resonance (SPR) binding assay. As aforementioned, the literature scarcely
mentions cooperative binding in nanoMIPs; however, researchers have hypothesized that high-affinity
nanoMIPs with one or two binding sites per particle could be synthesized using template-derivatized solid

support.577.78

Figure 3.9 shows two strategies that can be employed for tuning the target density when utilizing solid
supports: optimizing the linker’s surface density and length. Figure 3.9 (left) depicts a correlation between
the target proximity and the emergence of single- and multi-binding sites on the nanoMIPs surface. When
utilizing aminated linkers (Figure 3.9, right), the length of the alkyl chain may contribute to improved

stability and separation among linkers as electrostatic interaction becomes more prominent.

DAMO
p . APTMS‘

Figure 3.9. Effect of (A) template density and (B) linker size on binding site generation. Retrieved from ™

3.1.3.4. Solid-Phase Polymerization

An advantage of solid-phase polymerization (SPP), also described here as the semi-covalent approach,
is that it permits control over the orientation and placement of the template in relation to the monomers.
This orientation depends on several factors, including the solid support’s chemical functionality, size, the
structural complexity, and solubility of the target. Furthermore, it allows the imprinting of insoluble
templates by attaching them to a soluble carrier, which is required to detect small molecules in clinical and

environmental settings. 3296579
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As shown in Figure 3.10, the target’s functional groups dictate the immobilization approach to attach
to the solid substrate. N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)/N-hydroxysuccinimide
(NHS) coupling is a method for attaching -COOH groups to solid phase templates. However,
glutaraldehyde (GA) may be used to generate a Schiff base, which can immobilize templates containing -
NH2 groups. The reactivity of thiols with haloacetyl groups allows for the immobilization of templates with
-SH groups, such as peptides with a cysteine residue for directed immobilization, via N-succinimidyl

iodoacetate or bromoacetate.80 80-83

Selecting functional monomers for nanoMIPs via SPP is analogous to the conventional methods of
producing MIPs. Another option is to modify previously reported MIP compositions to obtain functional
monomers that meet the requitements, ie., adjust the cross-linker/monomer/initiator ratios while
incorporating new monomers according to the desired noncovalent interactions with the template.
Additionally, monomers with specific properties might be incorporated in order to generate multifunctional
nanoMIPs with electroactive or optical features. Moreover, their surfaces could be further modified with

stabilizing agents, such as PEG, to avoid agglomeration. 14:40.84-88

The presence of a cross-linker in the polymerization mixture significantly impacts the nanoMIP's
binding properties and morphological characteristics. In conventional MI techniques, the cross-linker is
present in high concentrations, up to 90 mol%. However, in the SPS method, it is present in low

concentrations, usually not exceeding 2 mol%, where the main contribution to molecular recognition
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properties are given by the dominant functional monomers in the pre-polymerization mixtures.*>1463 The
difference in cross-linking degrees of the polymer can also affect its stiffness and structural stability, where
a low value may result in excessive chain flexibility, making it difficult for the polymer structure to rearrange

itself in the binding sites around the ligand, reducing the nanoMIPs’ binding affinity. 3263899

However, as the degree of cross-linking rises, the binding sites become more structurally stable, and the
polymer's three-dimensional structure becomes proportionately more rigid. When the polymer reaches a
particular cross-linking degree, approximately 10 mol%, rearrangement of the binding sites around the

ligands becomes challenging, resulting in a loss of binding affinity.

nanoMIPs produced via SPP may be synthesized in two ways: (1) an aqueous-based approach using
persulfate-initiated polymerization, and (ii) an organic solvent-based approach employing a UV-initiated
procedure. The target's molecular characteristics dictate the choice of technique; for instance, the aqueous-
based approach involves imprinting peptides and proteins onto water-soluble monomers, where proteins
may retain their native state and structural stability, facilitating their binding availability. The organic
solvent-based approach, on the other hand, has demonstrated a greater efficacy in imprinting small
molecules. This is due to water forming hydrogen bonds which disrupt the M:T interactions. Therefore,
while larger proteins can be imprinted in aqueous media, the organic solvent approach is more suitable for
imprinting water-insoluble molecules with limited chemical functionalities and, therefore, interaction sites

with the monomer, as happens with many small molecules. 3536599193

Usually, monomers (such as methacrylic acid (MAA) or acrylamide) and cross-linkers (such as TRIM or
EGDMA) are commonly used for UV-initiated processes, and their selection is depending on the template.
TRIM is often used over EGDMA because of supetior recognition capabilities, and, with the incorporation
of an iniferter (initiator, transfer agent, and terminator in one molecule), such as benzyl
diethyldithiocarbamate, particle size might be even more precisely tuned than with other radical
polymerizations; 1.e., as the growth rate of the polymer chains is more consistent, it allows the progressive
grafting of numerous layers around the particle core. A small quantity of a chain transfer agent (such as

alkyl thiols) may be added to further tune the polymerization process. 4%

Redox polymers and ferrocene derivatives have many desirable characteristics, including rapid electron
transfer, and redox stability, making them perfect for use as mediators and reporters. In nanoMIPs, the
reporting mechanism is closely linked to the template recognition at the binding sites since a conformational
change of the polymer can affect the density of ferrocene moieties exposed on their surface, leading to a
detectable electrochemical signal change that can be used to analyze the binding behavior (as illustrated in

Figure 3.11). 505397100
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Figure 3.11. Several applications of nanoMIPs-based sensors based on their transduction principle, including optical (ELISA, plasmonic, bioimaging)

electrochemical, piezoelectric, and thermal. Adapted from 1%°.

3.1.4. Applications and Limitations

The current use of enzymes and antibodies in diagnostics is widespread. Still, it is essential to consider
their drawbacks, such as manufacturing periods, in vivo nature, high production costs, and limited stability,
especially under extreme pH and temperature conditions. Additionally, these bioreceptors have a short
shelf-life at ambient temperature. These limitations may be addressed by using (nano)MIPs, which offer
advantages such as avoiding the need for animal involvement in synthesis and being a more cost-effective
solution. Furthermore, the tailored design of (nano)MIPs makes them suitable for various targets, exhibiting
exceptional stability and sensitivity. Given that (nano)MIPs do not require a cold chain, they can be utilized
in chemosensors or assays deployed in remote areas where ambient temperature storage is the only viable

option. 373101102 Some examples are shown in Figure 3.12
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As aforementioned, nanoMIPs are promising alternatives to antibodies, as evidenced by their current
application in several diagnostic fields (Figure 3.13), with recent successful uses in cells and in vivo
experiments, highlighting their diagnostic potential. Nevertheless, optimizations are needed in synthesizing
nanoMIPs, specifically in achieving uniform particle sizes, homogeneous binding sites, and large-scale
production. The SPP synthesis has proven to be the most widely applicable and cost-effective method for
producing synthetic molecular receptors with antibody- and enzyme-like properties. Due to their unique
ability to penetrate cell membranes, they are promising approaches to target intracellular proteins that have

previously been challenging to access. 77105100
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The SPP technique could also be fully automatable, making it a potential choice for large-scale
manufacturing of nanoMIPs-based chemosensors. Major corporations have shown a keen interest in
nanoMIPs, such as MIP Discovery. As a result, it has become essential to develop operator-independent
procedures for synthesizing nanoMIPs. There are difficulties in the large-scale synthesis of MIPs, much
research has been devoted to addressing this.®%197 One noteworthy example is the work of Piletsky et al.,
who have developed an automated SPP reactor to reproducibly fabricate nanoMIPs on an industrial scale
(Figure 3.14), leading to improved batch-to-batch repeatability, enhanced reaction yield and, most
importantly, the reduction of human error and increased throughput. With this automated reactor, it has
become possible to create functionalized nanoMIPs, including those with fluorophores, electroactive
groups, ot PEG, as well as nanoMIPs with a uniform distribution of binding site affinities (typically one

recognition cavity per nanoparticle). 577,108
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Unlike traditional bioreceptors, (nano)MIPs can be reused without losing their "memory effect" as long
as the imprinted cavities remain stable. Moreover, as non-proteins, MIPs are not susceptible to degradation
by bacteria or proteolysis. Furthermore, lateral flow tests and microfluidics using nanoMIPs are anticipated
in the coming years, with the latter potentially enabling multiplexed analysis via fluorescent, colorimetric,

ot electrochemical readout within a single chip. 110111

In summary, MI shows promising potential despite facing several challenges. Although achieving
optimal imprinting efficacy and selectivity, especially for complex molecular structures, remains a
formidable obstacle, there has been significant progress in this field. Incorporating hierarchical structures,
multisite imprints, and nanomaterials into MIPs has improved their functionality and adaptability, which
has opened up a wide range of applications where customized synthetic receptors with specific recognition
characteristics can be developed. The continuous expansion of MI applications and the refinement of
imprinting processes have contributed to the growing influence of MIPs across diverse scientific and

technological domains.
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3.1.5. Proposed Approach

This chapter seeks to offer an analysis of the experimental approaches utilized in the development of
MIPs and nanoMIPs for the electrochemical detection of ACLF-associated small-molecule biomarkers,
namely kynurenic acid (KA) and N-acetylneuraminic acid (NANA). Briefly, the focus will be on two
projects: (i) feasibility study on e-MIPs for KA determination, which aims to refine the development of e-
MIPs for KA detection through spectrophotometric analysis, electrode surface characterization, and
optimization of electropolymerization and template removal; (if) e-nanoMIPs for KA and NANA detection,
which will focus on synthesizing and characterizing nanoMIPs, optimizing DPV parameters, and evaluating
sensor stability and specificity. The primary objective is to further the practical application of MIPs and
nanoMIPs in clinical diagnostics, thereby contributing to the development of reliable sensor devices for the

prognosis and monitoring of ACLF-associated biomarkers.
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3.2. _OBJECTIVES

This chapter aims to provide a comprehensive overview of the experimental approaches employed in

developing e-MIPs and e-nanoMIPs for electrochemical detection of ACLF-associated small-molecule

biomarkers. This chapter is structured around two primary projects:

In Project 1, the main objective will be developing e-MIPs for KA sensing. The first part of the project
involves conducting spectrophotometric analysis to explore the binding interactions between o-
phenylenediamine (0-PD) and kynurenic acid (KA). Following this, the focus will be on characterizing the
electrode surface to gain insights into its electrochemical properties and any surface modifications. Another
significant aspect of this project is optimizing the electropolymerization process and template removal.
Various approaches were explored for electropolymerizing o-PD in the presence of KA, as well as removing

the template from the polymer matrix to create the necessary binding sites.

The second project involves the synthesis of nanoMIPs via SPP, which also incorporates electroactive
monomers. The characterization of nanoMIPs includes (i) performing the Dansyl Chloride test to confirm
target conjugation, (i) utilizing DLS measurements to determine size distribution and stability, (iif)
conducting bead-ELISA for a qualitative assessment of binding capacity and specificity, and (iv) employing
the solvent evaporation method to evaluate the yield of the synthesized nanoMIPs. Furthermore, the
project also study the optimization of DPV parameters to enhance the sensitivity and accuracy of
electrochemical measurements. Additionally, the temporal and cyclic stability of the nanoMIPs will be
studied to ensure reliable performance, and the targets will be quantified by determining key analytical

parameters such as the limit of detection (LoD), dissociation constant (KD), and limit of quantification

(LoQ).
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3.3. MATERIALS AND METHODS

3.3.1. Materials

KA (C10H7NO3, MW = 189.17 g/mol), oPD dihydrochloride peroxidase substrate (COH8N2-2HCI,
MW = 181.06 g/mol), DMSO (C2H60S, MW = 78.13 g/mol, 99.9 %), tetrabutylammonium bromide
(TBAB, C16H36BtN, MW = 322.37 g/mol), Phosphate Buffered Saline tablets (PBS), potassium chloride
(KCl, MW = 74.55 g/mol, d = 1.98 g/mlL, 99.0-100.5 %), acetic acid (C2H40O2, MW = 60.05 g/mol, d =
1.049 g/mlL, 99.8-100.5 %), and sodium acetate (C2H3NaO2, MW = 82.03 g/mol) were purchased from
Sigma-Aldrich. Potassium Hexacyanoferrate (IIT) (Ferri, K3[Fe(CN)6], MW = 329.26 g/mol) and
Potassium Hexacyanoferrate (II) 3-hydrate (Ferro, K4Fe(CN)6:3H20, MW = 422.41 g/mol) were
purchased from ITW Reagents (Spain) . Sodium hydroxide Standard Solution (NaOH, 0.1 M) was
purchased from Fluka, ethanol (EtOH, C2ZH60O, MW = 46.07 g/mol, 96%) from Labbox.

Stock 10mM solutions of PBS in Milli-Q water, and TBAB in both EtOH and Milli-Q water, were
prepared. Acetate Buffer (AcB) was prepared from acetic acid and sodium acetate, obtained from Sigma
Aldrich, at a final concentration of 5 mM, pH 5.2. Finally, the ferro/ferricyanide redox solution contained
5 mM equimolar concentration of potassium ferro- and ferricyanide and 0.1 M KCl in Milli-Q water. Screen
printed gold (SPGE, C220AT) and carbon electrodes (SPCE, C11L) were obtained in Metrohm DropSens,
Spain.

N-acetylneuraminic acid (NANA), tryptophan (Ttp), and quinolinic acid (QA), acrylamide (AAm) N-
isopropylacrylamide (NIPAm) N,N-methylene-bis-acrylamide (BIS), ethylene glycol dimethacrylate
(EGDMA), trimethylolpropane trimethacrylate (TRIM), itaconic acid (ITA), 2-hydroxyethyl methacrylate
(HEMA), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), N,N-dimethylformamide (DMF),
N,N-diethyldithiocarbamic acid benzyl ester (Iniferter), 1-ethyl3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES) and [3-
(2-Aminoethylamino)propyl]trimethoxysilane (AEAPTMS, or DAMO) and 1,2-Bis(triethoxysilyl)ethane
(BTSE) were purchased from Sigma-Aldrich, UK. Ferrocenylmethyl methacrylate (FcMMA) Acetonitrile
(ACN), Dimethylformamide (DMF), Dansyl chloride (DNSCL) ethanolamine,  tris(2-
carboxyethyl)phosphine (TCEP). 6-mercaptohexanoic acid (MCH), and 11-mercaptoundecanoic acid
(MUA) was obtained from Aldrich (Deisenhofen, Germany). Glass beads (Spheriglass 2429 CP005 53-106
um diameter) were purchased from Blagden Chemicals, UK. In all experiments, milli QQ water was used. All
chemicals and solvents were of analytical or HPLC grade and used without further purification. Glass funnel
filter with sintered glass (GFF-SG) from Sigma-Aldrich. Acetic anhydride (AAn) was provided by

University of Leicester. Synthetic urine was prepared following a previously reported study.
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3.3.2. Methods
3.3.2.1. e-MIPs

3.3.2.1.1. Characterization of the precomplex
Precomplex solutions were prepared using a 4:1 M:T ratio in three different solvents: PBS, TBAB in
EtOH, and AcB. Stock solutions of 50 Mm KA and oPD were prepared in DMSO and then diluted to
concentrations of 0.5 mM and 2 mM, respectively, in the solvent being studied (at a 1:4 ratio). The solutions
were then further diluted in a 1:10 ratio (to avoid signal saturation due to high concentrations) and analyzed
using UV-Vis spectroscopy on a SHIMADZU UV-1900 spectrophotometer. All measurements were taken

using the same quartz cuvette, which was cleaned with acetone and ethanol between measurements.

3.3.2.1.2. Electropolymerization

The electropolymerization (EP) was carried out with Autolab potentiostat (PGSTAT302N) with a
connector for commercial ceramic electrodes, which were SPCE. WE and CE are carbon and RE electrode
is Ag/AgCl. The MIPs synthesis was performed based on previous studies, although some parameters were
adapted. Initially, each electrode was subjected to an electrochemical cleaning procedure, which consisted
of cleaning the electrode using 10 cycles of CV between -0.2 — 1.5 V at 100 mV/s in 0.5 M H,SOs.
Afterwards, EP was carried out with either Cyclic voltammetry (CV) or Chronoamperometry (CA). For the
CV, the parameters wete potential range of 0.2-0.8 V, 10 cycles at 25 mV /s (step potential: 0.01 V); whereas
for CA were 0.9 V was imposed for 10 min.

3.3.2.1.3. Template Removal
Once polymerized, the template removal process was attempted using several approaches: chemical, via
incubations with several solvents (NaOH, DMSO, etc) with/out agitation; electrochemical using CV with
a potential window of 0-1.3 V, 5 cycles at 25 mV /s (step potential: 0.01 V), or CA (1.2 V for 5 mins several

times).

For surface characterization purposes, a CV was performed between each step using 5 mM
Ferro/Ferricyanide (3 cycles), checking the respective redox peaks and the shape of the voltammogram.
Afterwards, the electrodes were thoroughly cleaned with milli-Q water and gently dried with N2 after each
step and measurement. In parallel, the respective NIP was also prepared as the negative control by following

the same steps but without the target molecule in the solution.
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3.3.2.2. nanoMIPs

3.3.2.2.1. Silanization of glass beads
A 4 M NaOH solution was prepared for 200 g of GBs by adding 64 g of NaOH to 400 mL of DI H20
(NaOH was added first, then DI H20 slowly while in stirring conditions). Before weighing the GBs, they
were passed through a sieve tower using the top 125 pm sieve and weighed 200 g of GBs (65-125 um size)
on a dry recipient using a funnel. The GBs were mixed with 4 M NaOH in a round-bottom flask and
incubated for 15 minutes at 100 °C, using a heating jacket to maintain the heat. The filter was washed with

GFF-SG and DI H20 under vacuum and a filtering flask was used to collect the waste.

To complete the process, the hot GBs solution was poured onto GFF-SG before adding an excess of
DI H20, 5 mM PBS, and then DI H20 again. The beads were dried under vacuum adding acetone and
vacuuming until completely dry, obtaining a powder-like substance. Once dried, the GBs were placed on a

metal tray in an oven at 120-150 °C for 30-45 mins to ensure complete dryness.

A silane solution was prepated by mixing 12 mL DAMO (6% v/v), 6 mL BTSE (3% v/v), and 182 mL
dry toluene. The solution was added to the dried GBs in a round bottom flask and swirled slightly, placed
on a heater with open reflux and incubated for 6-8 h at 110 °C, avoiding toluene evaporation. The silanized
GBs (sGBs) solution was switled in toluene, poured it into GFF-SG and added to hot dry toluene. Then,
once at RT, dry acetone was added with vacuum waiting for 20-40 mins until it was completely dried. The
sGBs looked like powder without any acetone smell. Finally, the sGBs were stored for further conjugations

at 4 °C, and covered with parafilm.

3.3.2.2.2. Dansyl Chloride Test
3 mL of DNSCL solution (10 mg/mlL in DMF) was prepared and poured into 1g of GBs, sGBs or
target-conjugated GBs. Both bead solutions were incubated in dark conditions for 1 hour. After the
incubation period, a solid-phase extraction (SPE) cartridge was used to wash them both with excess DMF
at RT and subsequently tested for fluorescence signal under a UV lamp. The aminated bead should appear

fluorescent.

3.3.2.2.3. NanoMIPs fabrication
To immobilize the targets NANA or KA on GBs, 30 g sGBs and 60 mL of 10 mM PBS were used.
Briefly, 24 mL of 10 mM PBS was added to the sGBs, swirled, and then 1.86 g EDC (161.7 mM), 1.68 g
NHS (243.28 mM), and 300 mg NANA (16.16 mM) were added, and volume was made up to 30 mL with
10 mM PBS. The solutions were mixed, vortexed, and incubated for 45 mins. The target-conjugated GBs
were poured into a SPE cartridge and 200 mL of 10 mM PBS and 200 mL of DI H20 were added for

washing purposes. Vacuum was gently applied so the beads were left wet.
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60 mL of 2.5% v/v Acetic Anhydride (AAn) was prepared by mixing 1.53 mL of AAn with 58.47 mL
of Acetonitrile (ACN). This solution was mixed with the target-conjugated GBs and incubated for 30
minutes with gentle stirring to block any unreacted amine groups. Then, the solution containing the
modified-GBs was poured into the SPE cartridge, 200 mL of ACN and 200 mL of DI H20O were added,
and vacuum was applied until completely dry. The modified GBs were used directly for polymerization or

stored at 4°C. DNSCL test was performed to confirm the blocking of free amines with NANA and AAn.

3.3.2.2.4. Photopolymerization procedure

Each reagent (see Table 1) was dissolved separately in 1 mL of ACN and vortexed vigorously until
complete dissolution. For BIS and ITA, 5 mL of ACN was used for their dissolution, and if necessary,
sonication was used to help dissolve them. The solutions were mixed, the container was filled with ACN;
purged with N2, sonicated, and then the dry beads were added. The solution was exposed to UV for 3
minutes, then a cold wash was performed using 200 mL of ACN, and 200 mL of cold DMF (previously
cooled in the freezer 1h prior to the step) were placed in an SPE cartridge. Finally, a hot wash was carried
out using 2x 50 mL of 65-70°C EtOH, and the filtered solution was collected and concentrated using a
rotary evaporator until 3-10 mL remained. The obtained cloudy solution was used for experiments or stored

in a covered flask at room temperature.
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Table 1. Monomers and crosslinkers used for KA- and NANA-nanoMIPs

Reagent Amount Con((::;;;ttion
Acrylamide (AAm) 60 mg 24.118
N,N'-Methylenebis(actylamide) (BIS) 85 mg 15.753
2-Hydroxyethyl methacrylate (HEMA) 56.96 pL 12.504
Itaconic acid (ITA) 22.5 mg 4.941
Ferrocenylmethyl methacrylate (FCMMA) 14 mg 1.408
Ethylene glycol dimethacrylate (EGDMA)  153.55 uLL 22.133
Trimethylolpropane trimethacrylate (TRIM)  152.83 pL 12.904
N-isopropylacrylamide (NIPAM) 14 mg 3.535
Benzyl diethyldithiocabamate (Iniferter) 33.48 uLL 3.996
Pentaerythritol tetrakis(3- 7.03 mg 0.411

mercaptopropionate) (PETMP)

3.3.2.2.5. DLS and Solvent Evaporation

The hydrodynamic size of nanoMIPs was determined using dynamic light scattering (DLS). Prior to the
measurement, the nanoMIPs solution underwent ultrasonication for 3 minutes and was subsequently
analyzed at 25°C using a Nano-S Zetasizer. Yields were also determined by evaporating 100 pL aliquots of
both target-specific nanoMIPs, which were dissolved in EtOH solvent, on sterilized glass slides, and then

weighting the resulting dry mass.

3.3.2.2.6. nanoMIPs Immobilization on Gold Electrodes
The process for covalently immobilizing the e-MIPs onto the gold surfaces of screen-printed electrodes
has been previously described and adapted to the experimental requirements. Briefly, SPGEs were
electrochemically cleaned using 75 CV cycles from 0-1.25 V (vs. Ag RE) in 0.5 M H2SO4 (scan rate: 100
mV/s). Meanwhile, MUA was incubated with TCEP for 1h under dark conditions in order to reduce the
disulfide bonds between MUA molecules. Then, 15ul. of 200 uM MUA was drop-cast on the WE and
incubated overnight (under dark and humid conditions, 4°C). Then, TCEP and 5 mM MCH were incubated
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for 1h under dark conditions. Afterwards, 15 ul. of 500 uM MCH was dropcast onto the modified WE for

2h under dark and humid conditions.

Once the electrode was tinsed thoroughly with milliQQ H2O, a solution of 1:4 EDC/NHS in 100 mM
MES buffer was employed in order to activate the carboxylic groups of the MUA. Then, a solution of 1:5
nanoMIPs:MES was dropcast onto the WE, in order for the free amines on the nanoMIPs to bind to the
activated carboxylic surface. After rinsing with MES buffer, an excess of ethanolamine (EtAm) was used
to block any remaining unreacted succinimide. Finally, the electrodes were rinsed once with MES and thrice
with 5 mM PBS and left under a drop of PBS until measurements for signal and conformational stabilization

could be performed.

3.3.2.2.7. Electrochemical measurements
All experiments were carried out using an Ivium Octostat instrument. DPV was recorded from —0.2 to
0.6 V, at a scan rate of 25mV/s, a step potential of ImV and potential amplitude 100 mV, and a pulse time

of 5 ms vs a Ag RE and gold CE.
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3.4. RESULTS AND DISCUSSION
3.4.1. e-MIPs for Kynurenic Acid determination
3.4.1.1.

This section of the project concerned a feasibility study based on developing e-MIPs for detecting KA.
Therefore, it was deemed prudent to start by analyzing the o-PD:KA interactions, as KA can exist in various
charge states, determining the chemical properties of the biomolecule (Figure 3.16A). By analyzing the
behavior under different solvents using UV-Vis spectroscopy, it was possible to identify three or four
distinct peaks from the different ionic species present, as shown in Figure 3.16B: (i) 320 nm, corresponding
to an equilibrium between cationic and anionic species; (if) 330 nm representing the mono-anionic specie;
(iif) 340 nm corresponding to the neutral keto form of KA; and (iv) 355-360 nm representing the protonated
anion. Although the wavelengths may shift depending on the solvent used, these distinct peaks permit a

better understanding of the chemical properties of the biomolecule in solution and how it might behave in

different solvents. 113114

Spectrophotometric analysis of binding interactions
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Figure 3.16. Spectrophotometric analysis of KA under several solvents. A) Schematic representation of different KA species depending on pH and buffer
nature; B) Absorption spectra of KA under different solvents at RT; C) effect of solvent mixcture (organic (1,4-djoxane)+H0) on normalized KA

absorption spectra. Retrieved from 113

74

0.8

0.6

Absorbance

04

- 25% water
== == 50% water
- = 75% water

— 100% water

0.0

270

300 330 360

Wavelength (nm)

(b)




CHAPTER 3

This feasibility study investigated the impact of different solvents (PBS, AcB, and EtOH+TBAB) on
the M:T interactions (oPD:KA) using spectrophotometric analysis. The results shown in Figure 3.17 and
Figure 3.18 showed that the absorbance spectra of solutions that only contain oPD remained consistent
across all the solvents tested, whereas the spectra of KA changed in each solvent. Even though there are
relatively small absorbance differences between PBS and AcB, they exhibited similar overall spectra mostly
due to the presence of mono-anionic species, which can be attributed to their aqueous nature and their
similar dielectric constants (around 79). On the other hand, KA in TBAB in EtOH showed a distinct
behavior, as EtOH is the most hydrophobic solvent of the three and has a dielectric constant of

approximately 306, causing a shift in the KA species contribution ratio towards the keto form.
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Figure 3.17. Absorbance spectra of target:monomer interactions under several solvents. Dash and continnons lines indicate theoretical and experimental

absorbances, respectively.
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Figure 3.18. Absorbance spectra of target:monomer interactions for (A) 10 mM PBS, (B) 5 mM Ac.B, and (C) EXOH + 10 mM TBAB

When KA and oPD are combined (Figure 3.17 and Figure 3.18), the resulting spectra displayed
differences between the calculated sum of template and monomer spectra (based on Beetr’s Law for multi-
component systems!!>117) and the experimental measurement. As shown in Figure 3.18A, in PBS, a blue
shift in the wavelength and a slight increase in the absorbance is observed. Conversely, in AcB, no shift is
detected, but the absorbance is also increased (Figure 3.18B). Furthermore, TBAB in EtOH elicits distinct
changes in each KA peak, indicating a difference in the contribution of each ionic species (Figure 3.18).
This suggests several noncovalent interactions between KA and oPD in EtOH, which might be stronger
than in PBS and AcB. These results imply that KA and oPD exhibit different behaviors depending on the
solvent used and that, in organic solvents, their interactions rely solely on M:T and do not compete with

possible H-H bonds of the solvent.

It is noteworthy that the observed increase in the experimental spectrum, compared with the theoretical
one, may result from a possible combination of n- n stacking between aromatic rings, H-H bonding, charge-
dipole, and van der Wals forces between the desired molecules, hinting to a possible correlation to
absorbance changes and wavelength shifts. Therefore, this feasibility study successfully demonstrated the

impact of solvents on the M:T interactions.
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3.4.1.2. e-MIPs Performance

3.4.1.2.1. Electropolymerization
To ensure accurate readings, it was important to perform an electrochemical activation procedure (in
0.5 M H2S0O4) on the bare SPCE before using 5 mM Ferro/Fetricyanide solution as a redox label (Figure
3.19). This step established a reliable basis for subsequent measurements, as it helped to characterize the
electrode surface. As expected, the current significantly decreased after electropolymerization due to the
polymer partially preventing the diffusion of the electrolyte and redox probe to the electrode surface. After

this, an increased shift at the peak currents could indicate the polymer porosity increasing.

100 - T T T : T y T y T
Bare
50 -
T 0- ]
e’
(==
=50 - i
-100 . T . T . T T T T T
-0.4 -0.2 0 0.2 0.4 0.6

App. Voltage (V) vs Ag RE

Figure 3.19. Signal of the bare SPCE after 10 cycles of electrochemical activation in 0.5 M H2SO04 activation using 5 mM ferro/ ferricyanide

Although EtOH+TBAB produced a more distinguishable response than other solvents in the
spectrophotometric analysis (Figure 3.18C, green line), it was crucial to have a stable carbon surface before
the polymer deposition. However, an organic solvent may destabilize and weaken the carbon surface,
rendering it difficult to deposit the polymer. Additionally, the template and monomer are both organic
molecules that may interact in solution, but they are likely too stable in the hydrophobic solvent to be
deposited on the surface. This may result in polymerization occurring within the solvent as suspended
polymer particles before being deposited. This precomplex solution may benefit other types of MIP
polymerizations, such as photopolymerization, but could entail some drawbacks in electropolymerization
scenarios. A more detailed analysis of the solvent's properties and M:T interactions could provide further

insights into the polymerization process and the resulting characteristics of the final polymer.

Several electrochemical tests were conducted using CV and CA to investigate the effectiveness of TBAB
as an organic salt for MIP synthesis in aqueous solutions. This was done after it was determined that ethanol

(EtOH) was no longer a viable solvent option as the polymer matrix was unstable, which led to its
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degradation. To carry out EP of NIP and MIP, three new solvents were used: 10 mM PBS, 10 mM TBAB
in water, and 0.5 M Acetate Buffer (AcB).

L —miIp
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Figure 3.20. Results obtained by EP in 5 mM PBS A) CA and B) CV.

The results in Figure 3.20 and S1 exhibit that all EPs were successful (PBS shown in Figure 3.20). Similar
signals were obtained for both NIP and MIP, except for the CV with TBAB in water. In this case, the
resulting MIP showed a similar redox behavior as in the bare electrode, while the NIP signal did not exhibit
the expected current decrease due to the presence of an insulating layer (polymer) on the electrode surface.
Therefore, it was decided that all these electropolymerized electrodes should be taken forward to the

removal step.

3.4.1.2.2. Template Removal

Upon removal of the template, the redox peaks are expected to increase. Nevertheless, even after the
removal process, the peaks of the bare electrode are still expected to be higher than those of the polymer
since the MIP remains on the electrode and offers a slight resistance to the current. The polymer also has
the characteristic cavities for the template (KA), which influences the behavior of the voltammograms.
Several removal procedures were tested, but many were unsuccessful. Those removal procedures that were
found not to work included soaking the electrode in a solution of 0.1 M NaOH with/without stirring, drop-
casting on the electrode, or soaking in a “removal solution” (0.1 M NaOH in EtOH:H20 5:1) for 30 s to

10 mins min (See Figure S2). 33.38:41

Several studies have shown that electrochemical removal, using either CV or CA, has yielded promising
results. Figure 3.21 provides similar evidence for CA-based removal method, which involves 3 or 4 electric
pulses at a voltage equal to the oxidative potential of KA. On the third pulse, it became apparent that there
was a marked contrast between the NIP and MIP signals. While the NIP remained relatively constant, the

MIP exhibited a significant surge in the Ferro/Ferricyanide redox peaks, proving that KA was released
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from the polymeric matrix. Once the template is successfully re-bound, the peaks are expected to decrease
considerably as the cavities get filled. The gradual decrease in peak height is indicative of the increasing
concentration of the target bound to the MIP. Therefore, as the concentration of the target increases, the
behavior of the voltammograms should tend towards but never exceed the voltammogram of the MIP prior

to the removal process since there is a gradual increase in the surface concentration of the target.
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Figure 3.21. Electrochemical template removal via sequential chronoamperometric measurements at 1.2 1 for MIP and NIP.

It is worth noting that both MIP and NIP showed an increase in the signal during the fourth pulse.
Nevertheless, even with this increase, the MIP was still significantly different from the negative control,
hinting at a higher KA release. It is also worth considering the potential damage to the polymer matrix or
alterations in pore size as an opportunity for further exploration and optimization of the experiment. It's
important to remember that this study is primarily focused on assessing the potential impact of the
polymerization solvent on the sensitivity and electrochemical performance of the final platform, using o-

PD and KA as a template monomer and target molecule.

3.4.2. nanoMIPs
Regarding the development of nanoMIPs, KA and NANA were utilized as target molecules for bead
conjugation and subsequent electrochemical analysis. Based on and adapted from literature,306.8091
nanoMIPs were synthesized through solid-phase polymerization to achieve more uniformly distributed

binding cavities on the surface of these supramolecular systems, leading to accelerated binding kinetics.
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3.4.2.1. Fabrication

Briefly, there are three stages in the protocol for making nanoMIPs: (i) template immobilization, (ii)

SPP, and (iif) nanoMIP purification and characterization.

- 0 0 -t
1) NaOH Activation S0 —si~ N —l Josi~~y %
2) Silanization ro” H 3) Template Y0~ H =
Immobilization
) <y
Polymerization J*/('
2:7355\/\/\"/\/““2 a
xS i &
Glass Beads DAMO ) M\

0 <

Target Template N8I —0-
MIP: \

molecule nanelirs Elution 0=

Figure 3.22. Schematic representation of the procedure for nanoMIPs synthesis

Well-established protocols were used to synthesize nanoMIPs with electroactive properties dictated by
the FcMMA. Briefly, a mixture of monomers (see Figs. 3.8 and 3.1) undergoes a controlled polymerization
in the presence of the template previously conjugated to glass beads, which are typically used as solid-phase

support (see Figure 3.22).

3.4.2.2. Characterization and Verification

3.4.2.2.1. Dansyl Chloride Test

The DNSCL test is an important step in verifying that the targets (KA and NANA) were successfully
conjugated onto the silanized GB (sGB). The test detects the presence of amines on the surface of the sGB
by reacting DNSCL with primary and secondary amines to form a sulfonamide product with green or
turquoise fluorescence, respectively. These results imply that the target's activated catboxylic groups were
unable to bond to the DAMO's free amines; i.c., if there are primary amines in the beads' surfaces, the
DNSCL test would give a green fluorescence, as shown in Figure 3.23B, because amine-terminated linkers
were used. As the targets were immobilized via EDC/NHS, creating an amide bond on the GB, this would
interfere with the DNSCL test, as fewer amines would be accessible (Figure 3.23C) and KA has no 1ry or
2ry amines in the pH and buffer used, only a pyridine ring. In the case of NANA conjugation, an interesting
phenomenon was observed: the presence of secondary amines in the target interacted with the DNSCL
resulting in a turquoise-like fluorescence (Figure 3.23D).118119 It is important to note that this observation
does not affect the success of the conjugation process, as it only gave the fluorescence due to the presence

of the target.
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Figure 3.23. DNSCL Test on GBs and modified GBs. (A) GBs, (B) sGBs, (C) KA-conjugated GBs, and (D) NANA-conjugated GBs.

3.4.2.2.2. Dynamic Light Scattering
Target-specitic nanoMIPs were further characterized by DLS, the results are represented in Figure 3.24.
The obtained polydispersity index (PDI) for KA nanoMIPs was 0.036 with a hydrodynamic diameter (HD)
of 135.8 & 2.6 nm. Similarly, for NANA nanoMIPs, the PDI was 0.089 with a hydrodynamic diameter of

147.1 £ 0.7 nm. These results strongly correlate with those found in the literature with nanoMIPs for small

molecules, such as histamine, glucose, cortisol, and testosterone. 53.120.121
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Figure 3.24. DLS measurements on (left) KA- and (right) NANA MIPs using a 1:10 dilution in ddH >0

3.4.2.2.3. Competitive bead-ELISA
Prior to the electrochemical measurements, a bead-based ELISA was performed to qualitatively assess
the performance of the e-nanoMIPs towards their respective targets. The test was carried out using target-
conjugated magnetic beads (MB) that were synthesized as follows (Figure 3.25): (i) maleimide moiety of the
MB interacted with thiol moieties in the linker (AHT) and backfiller (BT) via click chemistry; (ii) carboxylic
groups of the template were activated using EDC/NHS, which were then bound to the amine moiety of

AHT; and (iii) sulfo-NHS-acetate was used to block any unreacted primary amines.82:83122.123
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Figure 3.25, Schematic representation of target conjugation via click chemistry (for linker and backfiller) and EDC/NHS (for targets immobilization).

The competitive assay was conducted by incubating target-specific antibodies and nanoMIPs as depicted

in Figure 3.26:
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Figure 3.26. Schematic representation of the competitive bead-EIISA procedure. (A) with an additional nanoMIP incubation step, and (B) without

nanoMIPs incubation

where “target-MB” is the target-conjugated MB, and “target-MB*” refers to the supernatant obtained

from the previous incubation step using magnetic separation. The results are presented in Table 3.2, where
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a clear decrease in the absorbance was observed for both targets when the nanoMIPs incubation step was
introduced. As expected, in the presence of nanoMIPs as a competing factor, the absorbance was 0.1045
+ 0.0123 and 0.0891 %+ 0.0211 for KA and NANA, respectively. Whereas in the absence of nanoMIPs,
signals of 0.2491 *+ 0.0586 and 0.3095 % 0.021 were obtained for KA and NANA, respectively, which is in

accordance with findings in other studies.

Table 3.2. Absorbances of the competitive bead-E1ISA at 450 nm with and without nanoMIPs incubation (IN=3).

I

With nanoMIPs | Without nanoMIPs
I

KA 0119 0.09% 01 | 0321 0219 0.22
|

NANA 0115 0079 0078 1| 0331 0289 0.31

3.4.2.24. Solvent evaporation Method
Different methods like dialysis, solvent evaporation, and lyophilization are commonly used to purify
and determine the concentration of nanoMIPs in solution. For this experiment, a combination of the roto
evaporator and the solvent evaporation technique. According to the results presented in Table 3.3, the
concentration of KA and NANA e-nanoMIP synthesis was found to be 15.2 £ 2.21 mg/ml. and 21.233 +
2.702 mg/mlL, respectively. These values fall within the expected range for nanoMIPs synthesis via SPP

based on the available literature. 5380

Table 3.3. KA- and NANA-nanoMIPs yield using the solvent evaporation method (N=3).

Before (g) Variation (mg) Amount
(mg nanoMIPs/mL)
KA-1 5.230 1.77 17.70
KA-2 5.140 1.35 13.50
KA-3 5.387 1.44 14.40
NANA-1 5.218 2.02 20.20
NANA-2 5.148 2.43 24.30
NANA-3 5.403 1.92 19.20

3.4.2.3. Electrochemical Approach
While many studies use silanized surfaces to interact with the carboxylic moieties on the nanoMIPs
surface, their monomeric composition also includes amine, hydroxyl, ferrocenyl, and other moieties prone

to interact. To determine the best immobilization strategy for the electrochemical measurements, the

nanoMIPs were added to an EDC/NHS solution (1:4). Consequently, as shown in Figure 3.27, both the
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PDI and hydrodynamic diameter considerably increased (PDI=0.517 and HD=1384* 143.3 nm) due to
the tendency of nanoMIPs to form amide bonds among them, leading to the formation of large clusters

and subsequent agglomeration.

407
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Figure 3.27. Agglomeration of nanoMIPs via EDC/NHS. Different colors are repetitions (N=3)

The "surface-silanized" approach provides an opportunity to develop complex systems containing
multiple single-binding site receptors that are covalently joined together, as in IgM. This will significantly
impact vatious parameters of the system's final response, such as electroactive properties, binding
mechanism, LOD, dynamic range, and cooperativity, among others. To meet the requirements of the

desired targets, several published procedures were adapted, as explained in the next sections.

The process of covalently immobilizing e-nanoMIPs onto screen-printed gold electrodes (Figure 3.28)
consisted of several steps, as adapted from published studies: (i) immobilization of a mixed self-assembled
monolayer (SAM) consisting of MUA (as a linker) and MCH (as a backfiller) via gold-thiol bonds; (ii)
Activation of the carboxylic groups on the linker via EDC/NHS; (iii) conjugation to primary amines in
acrylamide moieties on the nanoMIPs' surface; and (iv) Blocking of any unreacted carboxylic groups from

the linker via EtAM to avoid nonspecific interactions.
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Figure 3.28. Schematic representation of nanoMIPs immobilization on SPGE using EDC/NHS conjugation

To achieve accurate readings, electrochemical activation was performed on the bare SPGE in 0.5 M
H2S04 until signal stabilization (see Figure 3.29), as it was essential to properly characterize the electrode

surface prior to subsequent analysis.
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Figure 3.29. 1V oltammogram of SPGE electrochemical cleaning nsing 70 cycles in 0.5 M H>85Oy. Parameters are shown in “Methods” section

The sensor response was measured using CV and DPV in order to study the redox behavior of the
ferrocene moiety. The redox peaks can be seen after the addition of 5 mM PBS, located around E0= 5 mV.
Therefore, several CV cycles were performed to characterize the system, and it was noted that the ferrocene
peaks increased with subsequent scans until signal stabilization, as observed in Figure 3.30. Additionally,

the sharpness of the peaks indicated that the electrochemical reaction is occurring at a fast rate in relation
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to mass transport, suggesting that the system is likely surface-confined rather than diffusion-controlled.
This is due to the redox reaction predominantly occurring at the electrode surface, where the reactants
(redox species) are in close proximity to the electrode interface, allowing rapid electron transfer without
significant mass transport limitations. This information can be valuable for understanding the binding

mechanism and kinetics of the electrochemical process under investigation (Figure 3.30).
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Figure 3.30. A) Ferrocene peak evolution after several cycles first in 50 ul_ nanoMIPs in EtOH and then incorporation of 50 ul of 5 mM PBS ;
(B) Cyclic stability of NANA-nanoMIPs in 5 mM PBS, B) Quantification of NANA at different concentrations from 3pM to 333 nlM.

3.4.2.3.1. Optimization

Prior to the quantification of the targets, several DPV parameters were optimized in order to enhance
the final response of the surface-confined system: (i) Pulse amplitude, (i) Pulse time, and (iif) Scan rate.
Figure 3.31A exhibits the crucial role of the pulse amplitude in influencing the final electrochemical signal,
where increasing it generally leads to an increase in the peak current; however, excessively high amplitudes
(200 mV) may lead to (i) broader peaks, as mass transport limitations may start to become significant, and
(i) overpotential effects, which might shift the redox peak potential. Additionally, sharp and well-defined
peaks are often observed in surface-confined systems. 46124125 Therefore, 100 mV was selected for the

following experiments.
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Figure 3.31. Optimization of DPV parameters: (A) Pulse amplitude, (B) Pulse Tinme, (C) pulse time at 100 m)” amplitude, and (D) Scan rates at
100 mV" amplitnde and 5 ms pulse tinme.

Furthermore, analyzing the pulse time can also provide insight into the redox reactions of the system.
As shown in Figure 3.31B, shorter pulse times allow for a finer temporal resolution, i.e., the potential pulse
is applied for a shorter duration, providing a more precise snapshot of the electrochemical processes
occurring at the electrode surface. 46124125 This can also lead to sharper and more well-defined peaks in the
voltammogram, providing a clearer visualization of electron transfer events. Therefore, based on the data
obtained (Figure 3.31C), 5 ms and 100 mV were selected as pulse time and amplitude for further

experiments.

Once the pulse amplitude and time were optimized, a study of the effect of the scan rate was performed.
In general, higher scan rates typically lead to an increase in peak current for a redox reaction, even in a
surface-confined system. In other words, this behavior is due to the diffusion-limited current, as all the
redox agents in the immediate vicinity of the electrode have reacted, thus relying on the flux of molecules
to the electrode for reaction. As the scan rate increases, the flux of the redox agent also increases, leading
to the expansion of the diffusion layer. Consequently, faster scan rates result in a larger flux and
correspondingly larger peaks. 4124125 Interestingly, as shown in Fig 3.25D, the results obtained suggest an
apparent increase in the peak intensity of the ferrocene moieties with lower scan rates. According to the
literature, this might be because, as the redox reaction at the electrode surface is limited by kinetic factors
rather than mass transport, lower scan rates may allow more time for the redox processes to occur, leading

to the higher observed cutrent responses. Therefore, 25 mV/s for further experiments was selected.
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3.4.2.3.2. Temporal and Cyclic Stability

As aforementioned, e-nanoMIPs are made of polymeric materials that are susceptible to shrinking,
swelling, and solvation effects. These effects play a crucial role in determining the redox states of the
ferrocene moieties, which in turn affect the electrochemical properties of the e-nanoMIPs. Solvation is
important not only for maintaining the structural stability and consistent electrochemical performance of
the e-nanoMIPs, but also for their ion mobility, conductivity, particle hydrodynamic size, and cyclic stability.
To better understand the behavior of e-nanoMIPs in PBS, DPV measurements were taken one, three (used
for next sections), and five days after the sensor was fabricated, the MIPs were stored in PBS during these
days. The electrodes' response to increasing target concentrations was difficult to observe after 1 day (Figure
3.32A), possibly due to the polymeric structure still undergoing structural stabilization, highlighting the
strong contribution of solvation effects. Conversely, as shown in Figure 3.32B, it was possible to observe

the expected decrease in peak intensity with increasing target concentrations ranging from 0.33 aM to 333

nM in 5 mM PBS after days 3 and 5.

Three days after fabrication were chosen for further experiments. To demonstrate the versatility of the
proposed approach, electrochemical sensors were developed for the two targets: KA and NANA. In all
experiments conducted, the current response of the respective e-nanoMIPs decreased proportionally to the

concentration of the analyte, and control experiments (nanoMIPs-free) varied erratically (Figure 3.32C).
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Figure 3.32. Representatives of (A) 1-day and (B) 5-day incubation in 5 mM PBS, along with (C) control without nanoMIPs.
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It is important to highlight that the solvation process may take a few days. Interestingly, no significant
difference is observed between days 3 and 5, indicating that a stable solvation degree is achieved after day
3. This suggests that while complete solvation may not be essential for functionality, it is optimal for
reproducibility. Therefore, exploring solvation rates in other solutions, such as Milli-QQ water, would be
valuable to assess if acceleration is possible. This could be a focus for future research, potentially involving

more frequent sampling at shorter time intervals.

3.4.2.3.3. Performance

Some studies based on electrochemical detection using nanoMIPs have demonstrated a binding
mechanism where an increase in peak current is observed with greater target concentrations, which might
be caused by the immobilization method where highly silanized electrodes are used, increasing the
nanoMIPs surface density. Nevertheless, this might also entail multisite-induced cooperativity effects, along

with steric hindrance, influencing factors such as dissociation constant (KD), dynamic range, and LOD.

In this work, a decrease in ferrocene peak current was observed and attributed to binding-induced
conformational changes, leading to the closure of cavities and the blocking of e-nanoMIP ferrocenes. These
conformational changes may also result in the movement of ferrocene moieties away from the electrode
surface, thereby impeding electron transfer. The density of e-nanoMIPs on the surface is deliberately kept
low to avoid the formation of linker multilayers 126127 and to enable rapid target detection within 15 minutes
using equation 1 in order to study relative responses based on target-free signals. Therefore, as the blank
signal would be zero based on the RR equation (equation 1), an alternative LOD was estimated using 3.33 *

o . . .
ﬁ , where oy¢ represents the standard deviation (n=5) of the lowest concentration tested (since the PBS

RR would be equal to zero), and m is the slope of the linear region of the calibration curves.

-1
target
9 4

I
RR(%) = 225 100 1)

IPBS

In buffer conditions (5 mM PBS), as observed in Figure 3.33A, the KA sensor had a sensitivity of 14.10
%/nM (R2=0.89), while exhibiting a LOD and limit of quantification (LOQ, 10 - %) of 0.57 aM and 8.05

aM, respectively (n=5), in a linear working range from 3.33 aM to 33.33 pM. The NANA sensor was even
more sensitive, with a sensitivity of 16.04 %/nM (R2=0.85), and a LOD and LOQ of 0.01 aM and 0.66 aM
in a similar linear range as the KA sensor (Figure 3.33B, n=5). Due to its polymeric nature, nonspecific
contributions due to the solvent were expected, as observed in the linear contributions of 5 mM PBS in

both target-specific e-nanoMIPs.
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Figure 3.33. (A) Calibration curves of nanoMIPs against their respective targets in 5 mM PBS (n=>5), and (B) PBS' contribution to the final signal
(n=4).

In order to study sensor performance in complex media, synthetic urine (SU) was prepared, as
mentioned in the experimental section. Even after serial dilutions, SU still contains nM concentrations of
components like urea, uric acid, and creatinine, which are structurally similar molecules leading to potential
nonspecific binding interactions affecting sensor response. As observed in Figure 3.34A, the KA sensor
demonstrated a sensitivity of 12.86 %/aM (R2=0.79) and a LOD of 1.62 aM in diluted SU (1:109).
However, the NANA sensor encountered challenges in complex media (Figure 3.34B), which could
potentially be attributed to heightened susceptibility to interferants. This susceptibility may be linked to the
higher ratio between monomers/crosslinkers and the target in the NANA-e-nanoMIPs formulation,
potentially leading to increased polymeric malleability and reduced ability to effectively "lock” the target in

its respective cavity.
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Figure 3.34. Calibration curves in diluted SU (1:10°) of (A) KA-, and (B) NANA-nanoMIPs (n=38).

e-nanoMIPs are proposed as an alternative to antibodies for synthetic recognition elements in
biosensing applications. In the typical analysis of antibody binding, the Hill equation is employed to study

the receptor-ligand binding process. Therefore, it was deemed prudent to fit the MIP calibration curves to
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the same function. The Hill equation, shown below, is used to study the receptor:ligand binding, considering

both cooperativity and sensitivity.

[L]"

§=—1
Kp + [L]*

()

where L is the ligand being investigated (namely KA and NANA), KD represents the dissociation
constant, and h is the Hill coefficient, which describes the cooperativity degree between the ligand and the
receptor. Briefly, when h > 1, the receptor or ligand exhibits positive cooperativity, resulting in the presence
of many binding sites facilitating binding events, displaying a sigmoidal shape in the calibration curve. When
h = 1, the Hill equation simplifies to the Langmuir binding isotherm, where there are no interaction or
cooperativity effects between the ligand and the receptor. If h < 1, on the other hand, the system
demonstrates negatively cooperative binding, which implies that when a ligand binds to the receptor, its

ability to bind to additional ligands diminishes. 101,128,129

In PBS, the obtained KD for the KA sensor is 50.62 aM, with a hill coefficient (h) of 0.3. Similarly, the
NANA sensor exhibited a more sensitive response with a KD of 1.47 aM (h=0.4). To the best of our
knowledge and based on the literature, these values are among the lowest KDs obtained for e-nanoMIPs
with electrochemical transduction in buffered conditions, especially for KA and NANA. Surprisingly, in
diluted SU, the KA sensors exhibited an even lower KD of 3.6 aM (h=0.3). Our hypothesis is that it may
be attributed to the elevated ionic strength of the solution resulting from the residual nanomolar levels of
SU components, potentially leading to an augmentation in electron transfer, due to the change in the

solvation of the e-nanoMIPs and ferrocene monomerts.

In the assessment of the selectivity of synthetic receptors for kynurenic acid, it is advisable to consider
quinolinic acid (QA), and tryptophan (Ttp) as suitable target compounds for evaluation. QA, being
structurally similar and metabolically related to KA, poses a significant challenge due to its high resemblance
and co-occurrence in bodily fluids including urine. On the other hand, tryptophan, despite being less polar
and a precursor for both KA and QA via the kynurenine pathway, offers valuable insights into the receptor's
ability to differentiate between other aromatic and biologically relevant molecules. Therefore, including all
three compounds ensures a comprehensive and thorough assessment of the receptor's selectivity. As shown
in Figure 3.35, even though the KA sensor showed some cross-reactivity to 50 nM NANA (50%), QA
(55%), and Trp (60%), it exhibited a 97% of RR towards 5 nM KA. The NANA sensor was tested against
KA, QA, and Trp, which showed a similar behavior as in the KA sensor.
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Figure 3.35. Selectivity tests against 50 nM of interferents (n=3) and 5 nM of target (n=3).
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3.5. CONCLUSIONS AND FUTURE PERSPECTIVES

In conclusion, the spectrophotometric analysis of the M:T interactions in different solvents has provided
valuable insights into the behavior of the biomolecule in solution. The distinct peaks identified from the
different KA ionic species and the changes observed in the absorbance spectra of KA in different solvents
indicate the significant impact of solvent selection on their interaction. The observed differences in the
experimental spectra compared to the theoretical ones suggest the presence of several types of noncovalent
interactions between KA and oPD, with potential correlations to absorbance changes and wavelength

shifts.

Furthermore, the performance of e-MIPs, particularly in the context of electropolymerization, has been
examined. The electrochemical activation procedure on the bare SPCE and the subsequent
electropolymerization process provided a reliable basis for subsequent measurements. The impact of
different solvents, such as EtOH+TBAB, on the response and stability of the carbon surface before
polymer deposition has been highlichted. The potential challenges associated with organic solvents
destabilizing the carbon surface and the stability of the template and monomer in hydrophobic solvents

have been identified, providing essential considerations for the electropolymerization process.

Additionally, a multi-stage protocol has successfully achieved the fabrication, characterization, and
verification of nanoMIPs against KA and NANA. The fabrication involved template immobilization, SPP,
and purification, resulting in the synthesis of target-specific nanoMIPs with desirable electroactive
properties given by the FcMMA. Several techniques were utilized for the characterization and verification
steps, such as the DNSCL test, DLS, and Bead-ELISA, providing valuable insights into the binding and
performance of the nanoMIPs. These results are consistent with existing literature and demonstrate the
successful synthesis and characterization of nanoMIPs for KA and NANA. The electrochemical
performance of the nanoMIPs as a synthetic receptor for KA and NANA was further investigated. The
immobilization strategy for the electrochemical measurements was carefully considered, taking into account
the composition of the nanoMIPs and their potential for surface interaction. The electrochemical approach
revealed promising results, demonstrating KD’s in the subfM level, and indicating their suitability for

detecting and quantifying analytes for potential prognosis applications.

Even though these nanoMIPs have shown promise via manufacture, characterization, and application,
several obstacles remain before they can be used in clinical settings. Improving the long-term durability and
biocompatibility of nanoMIPs, developing more scalable and repeatable manufacturing procedures, and
increasing selectivity and specificity in complex biological matrices are all critical topics that need to be
addressed. There is a prevailing uncertainty regarding the ability of (nano)MIPs to establish a presence in
the diagnostics industry, where antibodies and enzymes are currently the gold standard. The use of
(nano)MIPs in diagnostics is expected to remain primarily within academic settings until reliable and robust

(nano)MIPs-based sensors become readily accessible. This availability could potentially lead to MIPs serving
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as direct antibody substitutes without requiring in vivo testing or significant infrastructure adjustments from

device manufacturers.

Future research should optimize fabrication processes to guarantee a high yield and consistency in large-
scale manufacturing. SPR and AFM are two examples of sophisticated characterization methods that may
help improve nanoMIPs by providing more detailed information about binding interactions and surface
characteristics. Furthermore, nanoMIPs, as well as MIPs in general, may be suited for in vitro, in vivo or
ex vivo applications as the polymerization step is carried out in a solution closely resembling the final
application sample, such as an aqueous buffer in this specific scenario. Alternatively, they can be

functionalized with biocompatible materials to enhance stability and reduce cytotoxicity.

Finally, overcoming the shortcomings in scalability, specificity, stability, and integration is crucial to
successfully use nanoMIPs for KA and NANA in clinical settings, even if their progress shows excellent
promise. To improve medical diagnostics and patient care, it is necessary to conduct cutting-edge research

and use strategic techniques to bring nanoMIPs from the lab into real-world applications.
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CHAPTER 4

CHAPTER 4:

SIMULTANEOUS IN VITROISOLATION OF MULTIPLE
TARGET-SPECIFIC APTAMERS TOWARDS SMALL-
MOLECULE BIOMARKERS

The use of aptamers, single-stranded DNA or RNA oligonucleotides, has garnered attention as a
promising alternative to antibodies for the detection of small molecules (SM) due to their high specificity
and affinity, as well as their ease of synthesis and better stability. This study emphasizes the development
of aptamers targeting Acute-on-Chronic Liver Failure (ACLF)-associated small-molecule biomarkers using
Magnetic Bead-based Systematic Evolution of Ligands by EXponential enrichment (MB-SELEX) and Joint
One-Pot SELEX (jOP-SELEX) methodologies. The MB-SELEX method employed MBs conjugated to
phenylalanine (Phe) to isolate single-target aptamers, with tryptophan (Ttp) utilized as a counter-selection
target. Additionally, the novel JOP-SELEX method sought to simultaneously select aptamers for multiple
Acute-on-Chronic Liver Failure (ACLF)-associated targets, including kynurenic acid (KA), quinolinic acid
(QA), and Phe, thereby enhancing specificity through a combination of negative and counter-selection

steps.

Next-Generation Sequencing (NGS) and custom-developed MATLAB code were employed for
sequence identification and tracking through the round to ensure the optimal performance of these SELEX
methodologies. NGS facilitated a thorough analysis of the enriched libraries, allowing for the identification
of sequence motifs and tracking of the enrichment process through the SELEX rounds. The bioinformatics
workflow could validate the enrichment of potential aptamer candidates in the early SELEX rounds,
showcasing the potential of this method to increase the speed of aptamer identification in other SELEX
processes. The outcomes demonstrated the successful isolation and enrichment of aptamers specifically
targeting ACLF biomarkers, highlighting the potential of advanced SELEX strategies and bioinformatics

tools in creating highly targeted aptamers for clinical and diagnostic purposes.
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4.1. INTRODUCTION

4.1.1. Aptamers as biorecognition elements

Synthesizing and characterizing new antibodies is a complex and time-consuming process that involves
multiple steps, such as target preparation, animal immunization, antibody purification, and
characterization.!? Due to the in vivo nature of antibody production, controlling binding characteristics can
be challenging. Immunosensors face several challenges when detecting small molecules (SM) due to their
size, lack of immunogenicity, and available epitopes of the target molecules. Moreover, the resemblance of
these molecules to endogenous compounds can activate host tolerance mechanisms, further complicating

the detection process 3-5

Aptamers, single-stranded DNA (ssDNA) or RNA oligonucleotides, offer an effective solution to this
challenge as their specificity and high affinity towards the target could be tailored in a synthetic and more
straightforward manner, as well as relying on various aspects such as shape complementarity, and
noncovalent interactions such as hydrophobic, electrostatic interactions, n-n stacking, and hydrogen

bonding, to bind to their target after folding into intricate three-dimensional conformations, as depicted in

Figure 4.1. ¢-8
3D structure Conformational
formation hange
é

Figure 4.1. Schematic representation of 3D structure and target-induced conformational changes of aptamers as bioreceptors. Figure from Biorender

In the 1990s, several researchers successfully discovered the first small-molecule-binding aptamers by
utilizing in vitro selection techniques to analyze the binding mechanisms of antibiotic ligands like
chloramphenicol and aminoglycoside to nucleic acid motifs.>-!! Since then, there have been numerous
research studies on the isolation and further use of aptamers in several applications, such as (bio)sensors,
drug delivery, and disease treatment. Nevertheless, while aptamers have been extensively studied for larger
targets, such as proteins and cells, there is a relative scarcity of documented SM-binding aptamers, which
can be mainly attributed to technical challenges associated with their selection and characterization, which

will be discussed further in subsequent sections. 1>-15
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Aptamers, besides offering ease of labeling, thermal stability, versatility, cost-effectiveness, and
development time similar to polyclonal antibody production, have also been demonstrated to be highly
stable. This is due to their resilient phosphodiester backbone, which sets them apart from protein-based
bioreceptors (e.g., antibodies, peptides, or enzymes), as they could be reversibly denatured due to changes
in pH, temperature, or ionic strength. Aptamers can also be restored to their original binding state after
such changes, i.e., they can undergo several regeneration cycles; for instance, there are various published
methods for reversing their conformation after target detection. 671617 Ideally, a proper regeneration
solution would have no impact on the aptamet's structure and would simply interfere with its interaction

with the analyte. This advantage allows for the selection of aptamers based on their potential application.

The aptamer’s conformational changes associated with target recognition play a crucial role in
guaranteeing a proper binding affinity, i.c., the strength of the interaction between two or more molecules
that bind reversibly.'$-20 Despite their potential usefulness, aptamers do have certain limitations: (i) their
hydrophilicity and overall negative charge make them susceptible to rapid breakdown by nucleases; (ii) the
range of secondary and tertiary structures they can adopt is limited, as they only contain four nucleic acids
as building blocks. To address some of these issues, modifying the aptamer backbone or adding certain

functional groups could improve their stability, albeit at a potentially higher financial cost. 2.2

4.1.1.1. Thermodynamics of Aptamer-Target Interaction

Several techniques have been developed for isolating aptamer candidates from a diverse library based
on their interactions with a specific target. These techniques utilize the dissociation constant (KD) or
changes in Gibbs free energy (AG) to assess the binding affinity of the aptamer candidates to the target.
AG, the driving force of the aptamer:target (Apt:Tg) complex, comprises both enthalpic (AH) and entropic
(AS) components, collectively predicting the likelihood of a spontaneous and stable recognition occurring

at constant pressure and temperature. 2325
AG = AH —TAS (1)

A more negative AG indicates a stronger affinity and a more stable Apt:Tg complex, leading to lower
KD. Similarly, a negative AH suggests a higher frequency of AptTg interactions, which enhances the
stability of the complex. Nevertheless, enthalpy variations in the Apt:T'g binding process can be significantly
influenced by the solvent of use as it could disrupt H-H bonds and van der Waals interactions in the Apt:Tg

complex.?

The stability of Apt:Tg complex is also influenced by entropic changes. It has been observed that low-
affinity aptamers exhibit nonspecific interactions with the solvent, leading to a significant entropic increase
due to the increase in the randomness of the water molecules surrounding the aptamer during binding.

Conversely, a negative AS arises from an entropic decrease caused by target-specific conformational
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changes. These changes occur due to a loss of rotational and translational degrees of freedom of the aptamer
in the Apt:Tg complex compared to free aptamers. 2728 It is worth mentioning that aptamers' innate
flexibility makes them highly susceptible to their environment, which can lead to conformational instability

and reduced affinity and selectivity toward their desired target.

Enthalpy-driven recognition ligands may exhibit greater affinity and higher resistance to matrix
interference in practical implementations compared to an entropy-driven ligand undergoing a comparable
AG. This is mainly due to the increased bond frequency between the ligand and the target in the former
case. Therefore, by optimizing these parameters, a more profound understanding of the thermodynamics
governing the binding process can be attained. This, in turn, can provide valuable insights into the actual
binding mechanism, facilitating a more accurate determination of experimental settings or adaptations to

the aptamer structure or its isolation. 232

4.1.2. Systematic Evolution of Ligands by Exponential enrichment

Identifying synthetic aptamers is a complex task that poses several challenges. Despite the
implementation of computational methods and rational design approaches, the intricate nature of the
Apt:Tg complex continues to be a formidable issue. '* Therefore, the widely accepted approach for this
purpose is based on Systematic Evolution of Ligands by EXponential enrichment (SELEX), a well-
established in vitro selection technique. As aforementioned, the simultaneous introduction of SELEX in
1990 was done by Ellington and Szostak and Tuerk and Gold, which has been extensively used to identify
aptamers. %1130 Many protocols and reviews on the topic have been published, and researchers have

documented numerous variants of the initial method to improve its efficacy. 3132
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Figure 4.2. Schematic representation of the SEILLEX technique. Retrieved with permission from 13

The SELEX method is a widely used combinatorial chemistry technique for identifying and isolating
aptamers (target-specific sequences) from a pool of between 1015 and 1060 random ssDNA or RNA
sequences 3335 As suggested in Figure 4.2, the process is iterative and involves several steps, including
exposing the random nucleic acid (NA) library to the target, isolating the target-bound aptamers, amplifying
them via PCR, and then purifying them. This cycle is repeated, starting from the purified collection, until

the enriched aptamers are isolated.

Typically, 6-25 selection rounds are required to observe the intended enrichment. However, some
advanced protocols (e.g., atomic force microscopy SELEX, and microfluidic SELEX) can accomplish this
in only three rounds.’ The stringency requirements are progressively tightened throughout the SELEX
course to ensure that the initial library accumulates sequences that exhibit strong affinity and specificity

toward the target. 12

SELEX, compared to antibody generation methodologies, offers distinct advantages. It allows for
custom-made selection conditions that can be finely tuned throughout the process, enabling the selective
enrichment of highly specific aptamers. Notably, small compounds, often non-immunogenic, may require
the laborious process of conjugation to carrier proteins to induce a sufficient antibody response during
immunization. In contrast, SELEX's in vitro approach enables the direct isolation of aptamers for virtually
any SM, including toxic or non-immunogenic. This highlights the potential of SELEX as an alternative to

antibody generation procedures, especially when considering the final application of the aptamers, where
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several parameters, such as buffer ionic strength, pH, and matrix, should be considered for optimal

performance. 133739
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It is often observed that sequences exhibiting greater affinities tend to dominate the NA pool and are
subsequently analyzed using Next-Generation Sequencing (NGS) techniques and bioinformatics to identify
possible aptamer candidates. To validate them, further binding studies are carried out to determine their
specificity and affinity towards their desired target. The success of aptamer selection largely depends on the
SELEX strategy employed (depicted in Figure 4.3), including the NA library, partitioning strategies for
isolating target-bound aptamers, PCR protocols, and regeneration and purification of RNA or ssDNA for

further experimentation. 340:41

As mentioned above, SELEX's ease of adaptability and duration is particularly beneficial when dealing
with new and challenging targets, as developing monoclonal antibodies using traditional methods could
take several months. Furthermore, aptamers tend to have significantly longer shelf lives than antibodies and
enzymes due to their inherent ability to resist degradation and denaturation in extreme conditions.
Additionally, oligonucleotide synthesis costs are comparatively lower, and their batch-to-batch

heterogeneity is reduced as they can be chemically manufactured.
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4.1.2.1. Oligonucleotide library

In the conventional sense, libraries encompass a large collection of diverse sequences consisting of two
regions: a random central region (RCN), which varies from 10-80 nucleotides in length, and (i) common
flanking regions where primers may bind for amplification purposes. To ensure that aptamers effectively
bind to their targets via the secondary or tertiary structures (mainly associated with nucleotides from their
RCN), it is imperative to design primers that prevent dimerization and/or hairpins. As such, it is essential

to guarantee a high level of heterogeneity in the starting library, typically including 1015-1030 unique

sequences, leading to increases in the probability of having target-binding motifs in the initial pool. 343542

e

Stem-loop Internal Bulge Pseudo-knot G-quadruplex
loops

Figure 4.4. Possible 2- and 3-D conformational structures that aptamers may adopt based on the nucleotide content and distribution. Retrieved with

permission of 3

In the past, RNA libraries were commonly used as it was believed that only RNA could fold into
functional patterns, although requiring an additional reverse transcription step. However, recent studies
have shown that ssDNA has the same folding capability, as shown in Figure 4.4. While RNA aptamers tend
to have more structural complexity, the practicality of ssDNA libraries has made them increasingly popular
in recent years. Furthermore, ssDNA and RNA aptamers have comparable affinities for their targets, each
providing a unique range of structural conformations. Nevertheless, ssDNA libraries are more

straightforward to synthesize and offer enhanced chemical and biological stability. 42

While more extensive libraries may have advantages, they can also pose potential challenges in PCR
amplification and the generation of ssDNA or RNA. One crucial factor to consider is the RCN’s length. A
longer RCN can make the library less predictable, leading to undesired interactions; i.e., by increasing the
RCN length, the library increases the chances of non-specific binding among unique strands. On the other

hand, if the RCN is too short, it may lack target-specific motifs or the sequence would be unable to fold
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into the necessary target-binding “pockets”, thereby hindering its ability to interact specifically with the

target?2.343

Although the use of base-modified aptamers has been explored and extensively demonstrated in various
research studies to enhance the binding affinities toward proteins, the efficacy of such aptamers in SM
detection is still uncertain. Creating a library of short sequences for SMs could be a plausible alternative to
overcome the size disparity between aptamers and SMs. However, this approach presents a dilemma as
increasing the number of nucleotides also increases the potential conformations that sequences may
assume, raising the possibility of successful aptamer isolation. Yet, the significant size disparity poses a
challenge in the SELEX process, as nitrogenous bases can be similar in size to SMs. Therefore, multiple
factors, such as the target's size, chemical functionality, and binding behavior, must be considered for a
successful outcome. A thoughtfully designed library facilitates the integration of functionality and structural
modifications during SELEX, which may reduce or eliminate the need for subsequent post-SELEX

strategies. 354

4.1.2.2. Library Conditioning

To achieve the desired enrichment in each SELEX cycle, it is essential to prioritize the yield and
sequence quality of the initial step by conditioning the library, which plays a critical role in dictating the
eventual outcome of the SELEX. For quite some time, generating ssDNA from the dsDNA template via
PCR linearization has been the conventional approach within SELEX. However, there are four well-
researched methods for ssDNA regeneration, namely: (i) streptavidin-biotin separation; (i) denaturing
polyacrylamide gel electrophoresis (PAGE) size separation; (iii) asymmetric polymerase chain reaction
(aPCR) for ssDNA generation; and (iv) lambda () exonuclease 5’23’ digestion in dsDNA. The literature
suggests that the most favorable results, in terms of higher yields and quality, are achieved by combining

aPCR and exonuclease digestion. 354546

PCR amplification is a crucial step in SELEX, as it ensures optimal enrichment of the pool, with every
sequence ideally being amplified equally and effectively. However, PCR bias is a well-known issue that may
occur due to certain sequences being favored over others, which could compromise the reliability of positive
selection and SELEX per se. Various strategies could be implemented to mitigate this issue, such as
reducing product (or amplicon) size, optimizing the PCR temperatures, increasing primer concentrations,

etc. Additionally, using labeled primers and libraries could be an alternative option to quantify PCR bias.

4749

Optimizing the PCR process is essential for achieving accurate and efficient dsDNA synthesis. While
increasing the number of PCR cycles can increase yields, it is essential to prevent overamplification and
unwanted byproduct formation. The high heterogeneity of the PCR template, which is determined by the

initial pool characteristics, can cause undesired interactions, such as product-primer (mispriming), product-
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product, and primer-primer dimerization, thereby reducing SELEX efficiency. Therefore, balancing the
number of amplification cycles, PCR conditions and selecting a bias-reduced DNA polymerase might

ensure the desired quality of dsSDNA synthesis.47-%

4.1.2.3. Partitioning strategy

Isolating target-bound aptamers from the rest of the pool is a crucial step in the selection process. A
partitioning approach is commonly employed for this purpose; however, the level of effectiveness can vary
and depends on the specific method used, as there is currently no universally accepted method for achieving
this. More efficient elimination of non-binding aptamers can lead to a faster pool enrichment, ultimately

resulting in fewer selection cycles needed for aptamer isolation. 123

Various techniques, such as nitrocellulose filters, affinity-based columns, and magnetic beads (used in
this chapter), are commonly used for partitioning purposes. 3> Over the years, numerous protocols have
been published, including those that do not involve immobilization, such as Capillary electrophoresis
SELEX and Sol-gel-based microfluidic SELEX. Additionally, there are protocols like Capture-SELEX,
which require immobilization of the library while the target remains in solution, rendering it ideal for SMs

or when the target has limited functionality and binding possibilities>!->2

The conjugation of SMs can be challenging due to their reduced number of functional groups.
Therefore, aptamers isolated from a conjugated SM have been demonstrated to exhibit less affinity for the
free target. This finding implies that attaching linkers or moieties for conjugation could potentially modify
the target’s physiochemical properties. Various factors should be considered, including the target's size and
complexity and the aptamer's intended use. However, practical considerations, such as the availability of

laboratory equipment, financial resources, and research personnel, may also influence the selection process.

53,54

Regarding SMs, bound and unbound sequences could be challenging to discern. This separation process
can become further complicated due to the target’s physicochemical properties, which may not result in a
significant mass difference between the Apt:Tg complex and the unbound aptamer. As a result, it is often

employed as common practice to immobilize one of the biomolecules.55->6

4.1.2.4. Selection conditions

As aforementioned, the selection conditions during SELEX significantly impact the Apt:Tg binding
interactions. Selection buffers containing cations, such as Na+, Mg2+, and K+, shield the negatively
charged DNA backbone, thereby preventing any non-specific electrostatic interactions and reducing the

electrostatic repulsion between neighboring phosphates. 1227.34

114



CHAPTER 4

It is often recommended to carefully consider the stringency settings throughout the process, as this can
significantly influence the optimization of aptamer affinity. While implementing high-stringency conditions
early on may seem like a viable strategy, it can also result in losing target-binding sequences that may have
been present in low copy numbers during the initial rounds. Therefore, starting with less stringent
conditions is generally advisable to ensure binding and gradually increase the stringency as the SELEX
rounds progress. This can be achieved by adjusting various parameters, including but not limited to: (i)
target or library concentration, as it can help displace weakly bound aptamers via competition, favoring
sequences with stronger binding affinities; (if) reducing incubation periods, as the isolation of picomolar
KD aptamers might take several hours, while species with nano- or micromolar KD can be obtained in
minutes; (iii) incubation temperatures; or (iv) buffer composition. However, it is recommended to include

a washing step afterward to ensure the desired disassociation. 323457.58

Furthermore, considering the binding buffer's physicochemical properties is a sine qua non for ensuring
aptamer isolation as it should closely resemble those of the actual sample matrix, guaranteeing a desired

performance in real-world applications.

4.1.2.5. Next-Generation Sequencing Analysis

Compared to Sanger sequencing, which is the traditional method for aptamer identification (1 sequence
per sample), high-throughput sequencing (HTS) offers the unique advantage, providing higher sequence
coverage, enabling not only a comprehensive determination of each sequence in the pool and its enrichment
compared to prior rounds but also aids the identification of motif-sharing sequences by further clustering
and generating families based on similarities throughout the SELEX process. In other words, this feature
allows (i) the discovery of enriched sequences from a large pool of millions of sequences, exhibiting unique
binding qualities; (i) isolating aptamers based on enrichment criteria, which can help overcome the

influence of factors such as PCR bias on the read count. 34:40,59,60

It is plausible to conduct an analysis of the Apt:Tg binding and pool enrichment round-wise by
employing a combination of HTS and bioinformatics, even prior to the termination of SELEX. Based on
the maximization of sequence enrichment, this approach allows for the study of binding and/or structural
motifs at each round, which might prevent the need to test many potential aptamer candidates in binding

assays for various parameters such as affinity, specificity, and cross-reactivity.
Y Y, > y

4.1.2.6. Binding Assays

After the SELEX process, numerous aptamers with similar binding affinities can be obtained.
Subsequently, it is vital to evaluate the analytical performance of the selected candidates based on their

binding affinities and specificity towards the target and structurally similar molecules.
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One of the significant challenges in aptamer screening and characterization, particularly for small
molecules, is the lack of universally accepted standard binding assays, rendering it challenging to determine
which assay is reliable for affinity measurements. Moreover, highly sensitive assays are required to accurately
study the Apt:SM interaction to ensure a high signal-to-noise ratio. Various assays have shown potential in
measuring binding interactions based on two strategies: () heterogeneous approaches, such as Surface
Plasmon Resonance (SPR), Quartz crystal microbalance (QCM), Enzyme-Linked Immunosorbent Assay ,
Enzyme-Linked Aptamer Assay (ELAA), bead-ELISA, and AptaPCR Affinity Assay (APAA); and (i)
homogeneous approaches, like Isothermal Titration Calorimetry (ITC), and Electrophoretic Mobility Shift
Assay (EMSA). However, it is crucial to recognize that each assay has its own limitations, and their suitability

may differ depending on the target's chemical functionality and downstream application.822:37.43.61

To obtain thermodynamic information about the Apt:Tg complex, several research studies have utilized
ITC, which can provide outputs such as KD, AG, AH, AS, and the number of oligonucleotide binding sites
for further studies. Additionally, when selecting the techniques, it is essential to consider the final use of
the aptamer. For instance, heterogeneous approaches are recommended when the aptamers are attached to
a substrate (either electrode or lateral flow assay), and homogeneous methods should be employed when

the aptamer is used in a free environment. 242

It has been observed that SELEX studies have primarily relied on a single method to determine the
binding affinity of newly isolated aptamers. However, it is recommended that future studies employ the
desired sample matrix in conjunction with at least two well-established techniques to determine binding
affinities. This approach could offer valuable additional information and help circumvent the limitations of
individual techniques. It has been documented that the same binding technique (for small molecule
detection) can lead to significant variations in KD on different occasions. Therefore, using multiple
techniques for validation purposes would be a prudent step toward obtaining more comprehensive and

reliable results that could be used in real-world applications.83462

Regarding aptamer immobilization techniques, it is pivotal to consider a variety of factors in order to
make an informed decision. Specifically, aptamer type, buffer conditions, electrode material, analyte
characteristics, and biosensor operating parameters can all play a role in determining the most appropriate
immobilization method. This phase of the design process can significantly impact critical features such as
binding affinity, stability, (bio)receptor accessibility, non-specific adsorption, and overall electrochemical

performance, if electrochemical aptasensors are used.

Unfortunately, due to time limitations, it was not feasible to carry out binding assays in this work.
However, it is hypothesized that the most suitable binding assays for small-molecule targets would include
bead-adapted binding assays such as APAA, ELAA, and ABAA, as well as SPR and MST for targets or
aptamers in solution. As previously mentioned, each of these methods offers valuable insights into

sensitivity and specificity, facilitating the determination of KD values for further analysis. Therefore, it
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would be advisable to consider using multiple assays to estimate binding efficiencies in both target-

conjugated and target in solution scenarios.

4.1.3. SELEX Approaches

Since the first development of SELEX, more than 30 variants have been published, each distinguished
primarily by the separation method between non-binding and target-bound sequences. These variants can
be broadly classified into two categories: heterogeneous SELEX, where either the target or the library are
immobilized onto solid supports, such as Classic-, FluMag-%, Capture-5152, One Pot- (OP-)*, and Toggle-
SELEX; and homogeneous SELEX, where both components are in solution, including Capillary
Electrophoresis (CE-)3 and Cell-SELEX%. Some examples are shown in Figure 4.5.
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Figure 4.5. Toggle SELLEX design incorporating negative and connterselections, along with the parallel selection approach. Retrieved from 53

Despite its potential, target-immobilized SELEX faces some technical challenges that must be
addressed. As aforementioned, conjugating small molecules to solid substrates can be complex, which may
lead to aptamers with a lower binding affinity for the target free-in-solution. However, implementing

negative and counter-selection strategies can help overcome this issue.360
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For small molecules, Capture-SELEX, a.k.a. library-immobilized SELEX, is a promising approach
(example in Figure 4.6A). In this method, docking sequences (DS) are immobilized onto beads, which then
hybridize with the capture region on the ssDNA library. After target incubation, the target-binding
sequences will undergo a conformational change that will release them from the beads, which will only
retain non-binding sequences, allowing for a straightforward collection of the enriched pools. Compared
to the target-immobilized methods, the background contribution is minimized as the targets are free in
solution. However, the duration of the SELEX rounds may negatively impact the library-conjugated beads'
efficiency due to spontaneous dissociation of the DS:library complex or weaker covalent bonds in DS-
conjugated beads. Therefore, it is crucial to carefully consider the potential consequences of time effects

on the final SELEX design.5!.67
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Figure 4.6. Different types of SELEX approaches. (A) Capture-SELEX. Retrieved from 8; and (B) MB-SELEX. Retrieved from ©.

The Capture-SELEX method is a promising technique in the field, but it has some limitations. One of
the potential challenges is the possibility of encountering sequences that interact irreversibly with the solid
support or produce false-positive results due to weak interactions in the DS:library complex. Additionally,
it may not always identify target-binding sequences if there are insufficient conformational changes during
target incubation. Despite these potential limitations, the Capture-SELEX method remains an important

tool for isolating aptamers towards SMs.5:52

An alternate strategy, known as OP-SELEX, was introduced by O'Sullivan et al. and is detailed in Figure
4.7C.4 Aptamers were selected for three different steroids, estradiol, progesterone, and testosterone, with
a preference for target estradiol. Due to the targets’ co-occurrence and physicochemical similarities,
testosterone and progesterone were utilized for counterselections. In the first rounds, the library was first
exposed to target-free modified MBs and then estradiol-beads as positive selection. The incorporation of
sequential incubations with the other targets was then introduced. This approach led to identifying and
amplifying binding sequences enriched for estradiol while also selecting aptamers for the other steroids in
the final rounds. By monitoring highly overrepresented sequences in only estradiol’s sub-libraries, aptamer

candidates with high affinities and nanomolar KID’s were obtained for the three steroids. ¢
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4.1.3.1. Applications and Limitations for Small Molecules

Aptamers’ physicochemical properties, such as affinity, nuclease resistance, or chemical stability might
be further enhanced through post-SELEX modifications, as depicted in Figure 4.8. Although optimizing
the Apt:Tg complex can be challenging, truncation studies are often utilized to remove unnecessary
nucleotide regions that do not contribute to any specific interaction, reducing fabrication costs. While
smaller aptamers may offer some advantages, post-SELEX modifications could potentially disrupt any
conformational change and stability of the aptamer. Therefore, to ensure the efficient aptamer design,
determining the binding region/area and predicting the secondary/tertiary structures involved in target

binding is crucial. 3435557273
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Although significant progress has been made in developing aptamer-based sensors for small molecule
detection, it is important to consider that only a few of them have demonstrated the sensitivity and
specificity required for real-world applications. There may be several factors contributing to this, including
but not limited to (i) differences in the SELEX conditions and final application leading to a lack of affinity
and specificity of aptamers for their targets; (ii) challenges in the characterization of Apt:Tg complex; (iii)
the chosen strategy of aptamer conjugation onto solid substrates (nitrocellulose, beads, packed columns,
etc) for sensing purposes may hinder possible conformational changes as the degrees of freedom are less
than free in solution, as mentioned in previous sections; and (iv) scarcity of available epitopes or target

functional groups for stabilizing the Apt:Tg complex.

It is crucial to carefully consider the optimal time to move from SELEX to HTS. Ending SELEX too
soon could lead to a more heterogeneous library, possibly missing out on potential high-affinity aptamers.
On the other hand, conducting too many rounds and implementing stringent conditions too eatly in the

SELEX process may exclude promising target-binding sequences as well. 1227.41.59.74

Additionally, researchers have found that if a single aptamer cannot meet the requirements of a particular
application, they have been able to adjust some sensor parameters, including limits of detection (LODs)
and dynamic range, by combining two or more aptamers targeting different epitopes of the same target.

Therefore, it may be necessary not to exclude what may at first appear to be less desirable aptamers.
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To increase accuracy and reduce the possibility of errors during SELEX procedures, researchers have
been exploring the implementation of robotic liquid-handling devices. While SELEX can be demanding
and time-consuming, studies have demonstrated that adopting Automated-SELEX can facilitate the
isolation of aptamers against multiple targets simultaneously, resulting in a significant reduction in the
overall SELEX time, from several weeks or months to just a few days. The entire Automated-SELEX
process, which includes strand separation and amplification, can now be performed on a single chip using

microfluidic technologies. 7576

4.1.4. Joint One-Pot SELEX: three-target simultaneous aptamer selection

When isolating SM-binding aptamers, MB-SELEX and OP-SELEX are promising SELEX variants,
with Capture-SELEX being another potential strategy. In the MB-SELEX method, target-conjugated
magnetic beads isolate and capture target-binding sequences. Unbound sequences can be easily removed
via magnetic separation and discarded after several washing steps. However, MBs exhibit significant
nonspecific binding, therefore, incorporating a negative selection step is highly advantageous. It is possible
to consider that OP-SELEX offers a potential multi-target strategy for aptamer isolation while taking into

consideration time variables, physicochemical characteristics of the targets, and their co-occurrence.
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Figure 4.9. Schematic of conventional bead-based SELEX and Joint One-Pot SEILEX (initial stage)

This chapter presents an innovative approach to aptamer selection called "Joint One-Pot SELEX" (jOP-
SELEX) that involves the simultaneous selection of multiple targets associated to Acute-on-chronic Liver
Failure (ACLF), shown in Scheme 4.1. Motivated by the OP-SELEX method, jOP-SELEX may provide a
strategy to simultaneously enrich a pool of sequences for multiple structurally similar or co-occurring targets
(Figure 4.9B), which could lead to the generation of several sequence families sharing motifs. It aims to

achieve this objective within the same time frame as the MB-SELEX method using Phe as the target model
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(Figure 4.9), which has been thoroughly studied in the literature. Furthermore, parallel SELEX processes

(library separation) would be needed if target-specific aptamers are necessary.
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Scheme 4.1. ACLF-associated small-molecnle biomarkers employed for MB- and jOP-SELLEX.
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4.2. OBJECTIVES

This chapter aims to develop and optimize SELEX processes for identifying aptamers targeting
biomarkers associated with Acute-on-Chronic Liver Failure (ACLF). This will be achieved through the
development of two distinct SELEX methodologies. Firstly, a conventional SELEX process will be
developed, utilizing maleimide magnetic beads conjugated to phenylalanine as the target molecule.
Tryptophan will be employed as a counter-selection target to enhance the specificity of the aptamers for
phenylalanine. Multiple rounds of SELEX will be conducted to enrich the pool of aptamers specific to

phenylalanine.

Simultaneously, a novel SELEX variation, termed Joint One-Pot SELEX, will be introduced and
developed. This process involves the simultaneous incubation of three ACLF-related targets during the
initial SELEX rounds. After several rounds, the process will be divided into three parallel SELEX streams,
each focused on one of the three targets. In these parallel SELEX processes, the remaining two targets will

serve as counter-selection targets to improve specificity and reduce cross-reactivity.

Next-generation sequencing (NGS) analysis will be employed to assess the SELEX process. Custom-
developed MATLAB code will be used to facilitate an in-depth analysis of a more significant number of
sequences, allowing for comprehensive sequence comparison both within rounds of the same SELEX
process and between the parallel branches of the Joint One-Pot SELEX. This thesis chapter aims to
contribute to aptamer development for ACLF biomarkers, where the insights and methodologies presented

here could potentially be applied to other multiplexed SELEX processes.
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4.3. MATERIALS & METHODS

4.3.1. Materials

The ssDNA library used in this work consists of 10730 randomized 94 nt-long sequences purchased
from Ella Biotech (Germany). All sequences are composed of the same structure, containing a random
central region of 50 nucleotides flanked by fixed primer binding regions: 5'-
AGCTCCAGAAGATAAATTACAGG-nt(50)-CAACTAGGATACTATGACCCC-3". The library has a
molecular weight of 29885 g/mol and was brought to a concentration of 100 uM. PCR was performed
using library-specific primers, with a 23 nt-long forward primer (-
AGCTCCAGAAGATAAATTACAGG-3) and a 21 ntlong 5-phosphorilated reverse primer (5-
phosphate-GGGGTCATAGTATCCTAGTTG-3’). Both oligonucleotides were synthesized and
purchased from LGC Biosearch Technologies (Denmark).

PureCube Maleimide Activated MagBeads (25 um) were purchased from Cube Biotech (Germany).
Quinolinic acid, kynurenic acid, phenylalanine and tryptophan molecules, HRP-conjugated goat anti-rabbit
pAb, 6-Amino-1-hexanethiol hydrochloride, 1-butanethiol, PBS tablets, magnesium chloride, Tween-20,
polyethylene glycol 400, 3,3’,5,5-tetramethylbenzidine(TMB), sulfuric acid, agarose, ethanol, N-
hydroxysuccinimide (NHS), 2-Morpholinoethanesulfonic acid hydrate (MES), and dry skim milk were
purchased from Merck (Germany). 1X PlatinumTM II Taq Hot Start Polymerase, 10X lambda exonuclease,
96-wells transparent microplates, GeneRuler Ultra Low Range DNA Ladder, SYBRTM Gold Nucleic Acid
Gel Stain, TriTrack DNA Loading Dye, sulfo-NHS-acetate, and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) were purchased from Thermo Fisher Scientific (US). GelGreen® Nucleic Acid Gel
Stain was purchased from Biotium (US). Rabbit anti-quinolicic acid antibody and rabbit anti-kynurenic acid
antibody were purchased from Abcam (Netherlands). Rabbit anti-phenylalanine antibody and rabbit anti-

tryptophan acid antibody were purchased from Immusmol (France).

Mini 10 Horizontal Electrophoresis kit and accessories were purchased from VWR (US), SpectraMax
iD3 from Molecular Devices (USA), Veriti™ 96-Well Fast Thermal Cycler from Thermo Fisher Scientific
(USA), InGenius 3 Gel Doc System transilluminator from Syngene (UK), Oligo Clean & Concentrator kit
was purchased from Zymo Research (US)

4.3.2. SsDNA library and primers

For this study, a ssSDNA library of 1030 94-nt-long randomized sequences was employed, which were
obtained from Ella Biotech (Germany). Each sequence consisted of fixed primer binding regions flanking
a random central region of 50 nucleotides, namely, 5~AGCTCCAGAAGATAAATTACAGG-nt(50)-
CAACTAGGATACTATGACCCC-3'. The library's concentration, which has a molecular weight of 29885

g/mol, was increased to 100 uM, and PCR was conducted using specific primers designed for the library.
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The forward primer, with a length of 23 nucleotides (5'-AGCTCCAGAAGATAAATTACAGG-3"), and
the phosphorylated reverse primer, 5-GGGGTCATAGTATCCTAGTTG-3', with a length of 21

nucleotides.

4.3.3. Target-conjugated magnetic beads

PureCube Maleimide Activated MagBeads (purchased from Cube Biotech, Germany) were used in the
conjugation process with various target molecules. To ensure the validity of the results, seven independent
conjugations were conducted, including kynurenic acid (KA), quinolinic acid (QA), tryptophan (Trp), two
phenylalanine (Phe) conjugations, and two negative controls. All conjugation steps were carried out in a
dark and temperature-controlled environment using a tube rotator. To eliminate any residual untethered
target, the magnetic beads were washed thrice with the buffer of each coupling phase before and after
incubation.

Briefly, 100 uL. of MBs were put in a microcentrifuge tube, followed by three washes with 500 L of 10
mM PBS (pH 6.5-7). Subsequently, 100 pL of 5.89 mM AHT in 10 mM PBS (pH 6.5-7) was added to the
MBs, vortexed, and incubated for 2 h. The supernatant was removed via magnetic separation, and 100 pL
of 100 mM BT in 10 mM PBS (pH 6.5—-7) was added to AHT-modified beads and incubated for 2 h. After
discarding the supernatant, modified MBs were then incubated for 2 hours in a solution containing 50 pL.
of 10 mM of the respective target, 50 pLL of 644 mM EDC and 50 pL of 869 mM NHS in 0.1 M MES
buffer at pH 5.0. Finally, the target-conjugated MBs were incubated for 1h with 100 puL of excess sulfo-

NHS acetate in PBS (pH 7.5) to block remaining unreactive amine on the beads.

4.3.4. Verification of target conjugation

Target conjugation was validated via competitive bead-ELISA. QA and KA-conjugated beads were
rinsed thrice with 200 uL. of 10 mM PBS containing 0.1% Tween (PBST, pH 7.4). The beads were then
treated for 30 mins with 200 pL of 2% dry skimmed milk (w/v) in PBST. Subsequently, each target-
conjugated bead was incubated with 50 pL of a 1:10000 dilution of anti-target rabbit polyclonal antibody
(pAb) - anti-QA and anti-KA, and anti-Phe and anti-Trp. The beads were then incubated for 1 h.
Subsequently, each bead was incubated for 30 mins with 50 uL. of HRP-conjugated goat anti-rabbit pAb at
1:20000 in 2% milk/PBST. For Phe- and Trp-MBs, the aforementioned procedure was replicated, with the
exception of PEG400 being used for Phe and Trp instead of dry skim milk throughout.

The incubation was carried out in a controlled environment, in dark conditions, and at ambient
temperature, on a tube rotator. After each incubation, the beads were thoroughly washed five times with
200 pL of PBST to ensure no residual substances were left behind. The negative beads, a target-free control,

were synthesized similarly. To ensure accuracy, three replicates were performed. 50 pL. of TMB was added
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to each tube and incubated for 5-10 mins at ambient temperature (static, on the bench). The color
development (blue) continued until the negative control beads showed a slightly discernible color. The
enzymatic reaction was stopped by adding 50 uL. of 1 M H2SO4. The absorbance was measured at 450 nm
using a plate reader after transferring the supernatant of each tube to a 96-well microplate reader. The mean

and standard deviation for each bead type were calculated using the three replicates.

4.3.5. SELEX conditions

During the initial phase of the process, 3 uL of the ssDNA library was diluted in 97 pL. of SELEX
binding buffer (BB), which consisted of 10 mM PBS and 1.5 mM MgCI2 (pH 6.4), resulting in a starting
concentration of 3 uM. In subsequent rounds, the sub-libraries obtained at the end of each round were
brought to 100 uL using BB. Prior to the selection process, the library was linearized at 95°C for 5 minutes
and then gradually cooled down to 25°C, which facilitates conformational changes into their 3D structures.
In the initial round (RO) of both SELEX procedures, only positive selection was achieved by incubating
100 pL of the library with 3 pL of Phe-MBs (for MB-SELEX) and with equal proportions of the three
target-conjugated beads (1 pL each) for the JOP-SELEX .

Regarding MB-SELEX, after the incubation period, the supernatant was carefully discarded and the
beads underwent three thorough washing steps with BB to ensure that only the target-bound sequences
remained. To eliminate sequences that exhibited affinity towards the solid support, negative selection was
incorporated in the subsequent round (R1) by incubating the library with negative beads (i.c., target-free
MBs). The unbound sequences in the supernatant after incubation were then subjected to positive selection.
As a counterselection step, an incubation with Trp-conjugated beads was introduced in R4, as can be seen

in Table 4.1.
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Table 4.1. MB-SEILLEX conditions roundwise

RO RI R2Z R3 R4 R5 R6 R7 RS-10

Volume of Library () 100 100 100 100 100 100 100 100 100

-) 3 3 3 3 6 6 6 6
Volume of c 3 5 3 5 3
beads (pL.)
(+) 3 3 3 3 3 3
) -) 2 2 2 2 2 2 2 2
Incubation c 5 5 5 5 3
time (h)
(+) 2 2 2 2 2 2 2 2 1
Buffer BB BB BB BB BB BB BB BB BB
Washi t
y ASAIng SEps 3 2 2 2 3 5 3 3
(repetitions with 100 pL)
Vortex time (s) 3 3 3x3 9 9 9 9 9 9

Regarding jOP-SELEX, negative selection was introduced in R1,while in R7, it was divided into three
distinct MB-SELEX, one for each target. Following negative selection in R7, the resulting supernatant was
split into three aliquots, each containing 33.33 uL, and brought to 100 uL for producing target-specific
sublibraries. From R7 onwards, counterselection was employed by incubating each sub-library with equal
amounts of their target-conjugated counterparts (1 pL each) in order to discard sequences that interact with
structurally similar targets. The supernatant obtained after counter-selection was then subjected to positive
selection by incubating it with the corresponding target-conjugated MBs. The incubations were carried out
in microcentrifuge tubes, one for each SELEX procedure, using a tube rotator. Following each selection
phase (negative, counter, and positive), the beads were resuspended in 20 uL of BB before amplification.
The stringency binding conditions for both SELEX, which include the amount of beads, incubation times,

buffer, number, and duration of washing, are shown in detail in Table 4.1 and 4.2.
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Table 4.2. jOP SELEX conditions roundwise

RO Rl R2 R3 R4 R5 R6 R7 RS-10

Volume of Library (uL) 100 100 100 100 100 100 100 100 100

-) 3 3 3 3 6 6 6 6
Volume of c 1 3
beads (nL)

) 3 3 3 3 3 3 3 1 3

-) 2 2 2 2 2 2 2 2

Incubation 5 7
time (h) N

) 2 2 2 2 2 2 2 2 1

Buffer BB BB BB BB BB BB BB BB BB

Washing steps

(repetitions with 100 pL)
Vortex time (s) 3 3 3x3 9 9 9 9 9 9

4.3.6. PCR amplification

Following the selection process, a Pilot PCR was employed to amplify the bound sequences of the
positive, counter, and negative beads. To achieve this, a mixture of 10 pL of each bead suspension and 90
uL of PCR master mix (1X Master Mix, 0.4 pM forward primer, 0.4 pM reverse 5’-phosphorylated primer)
was prepared. The final mixture was then divided into four 25-pL. PCR tubes to perform amplification
using several PCR cycles (5—25). A Veriti™ 96-Well Fast Thermal Cycler was employed in accordance with
a predetermined protocol that included a 5-minute denaturation period at 95°C, 5 to 25 repetitions at 95°C,
55°C, and 72°C for 30 seconds each, and a final elongation step of 5 minutes at 72°C. Gel electrophoresis
was used to determine the quantity and quality of all bead suspensions, which was accomplished by loading

1uL of sample into 3% (w/v) non-denaturing agarose gels using 1uL TriTrack DNA Loading Dye.

4.3.7. Regeneration of ssDNA

4.3.7.1. Asymmetric PCR

The amplified products obtained from the Pilot PCR were utilized as a template for an asymmetric PCR
(aPCR), with the number of PCR cycles selected based on signal enhancement. A 10 pL aliquot of the
selected amplified product from the pilot PCR was added to 90 uL of aPCR master mix (1X Master Mix,
0.4 pM forward primer). The quantity of aPCR cycles was equivalent to the quantity of cycles used for the

selected product in the Pilot PCR.
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4.3.7.2. Lambda Exonuclease Digestion

After aPCR amplification, a final concentration of 1X of exonuclease (A) reaction was added to each
tube. Subsequently, all PCR tubes underwent thermal deactivation at 80°C for 15 minutes after being
incubated with 0.1U of A at 37°C for 5 minutes. The resultant product was analyzed via gel electrophoresis
by loading 1 uL. of sample onto 4% (w/v) non-denaturing agarose gels with 1 uL. of TriTrack DNA Loading
Dye tracking dye.

To perform the optimization, 10 pL. 10X X reaction buffer was added to 90 uL of ssDNA library after
10 PCR, together with 1 pL. of a 1:10 diluted A stock (0.1 U/pL). Then, 10 uL of the mixture was aliquoted
into ten PCR tubes and incubated at 37 °C. Following the various digestion periods, A were deactivated by
heating to 80 °C for 15 minutes. Gel electrophoresis was used to validate the optimization outcomes; 2.5
uL of each timepoint was loaded with 1 pL of TriTrack DNA Loading Dye onto a 3% (w/v) non-

denaturing agarose gel.

4.3.8. Spin column ssDNA purification

The ssDNA generated after A digestion was purified and isolated using the Oligo Clean & Concentrator
Kit via spin column purification. Following the protocol provided in the kit, 100 uL. of the sample was
mixed with 400 pL of ethanol (95-100%) and 200 uL of Oligo Binding Buffer. The flow-through was
discarded after transferring the solution to a Zymo-Spin™ IC Column and centrifuging it in a collection
tube. To purify the ssDNA, 750 pL. of DNA Wash Buffer was added to the column, which was centrifuged
twice to ensure complete buffer removal. The purified ssDNA was eluted by transferring the column into
a sterile nuclease-free tube and adding 15 pL. of nuclease-free water to the column before subjecting it to
centrifugation. The eluted samples were collected and stored in PCR tubes at 4°C. All centrifugation steps
were performed using a Sigma 1-15 centrifuge at 14000 rpm (17530 G) for 30 seconds. The purified ssDNA
was loaded onto 4% (w/v) non-denaturing agarose gels with 1 pL. of TriTrack DNA Loading Dye for gel

electrophoresis analysis.

4.3.9. ssDNA & dsDNA quantification measurements

To quantify the ssDNA amount, a Nanodrop 2 000c UV-vis spectrophotometer was employed. The
quantification was performed by measuring the absorbance at 260 nm using an extinction coefficient of 50

pg/mL for dsDNA and 33 pg/mL for ssDNA.
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4.3.10.  Agarose gel electrophoresis

A Mini 10 Horizontal Electrophoresis Kit was utilized to prepare agarose gels considering the size
distribution of the ssDNA under investigation. Agarose gels containing 3-4% (w/v) wete prepared for size
determination and quantification, using GeneRuler Ultra Low Range DNA Ladder, which contains a 10-
300 bp size marker. The application of 120 V for 40 or 50 minutes was carried out for the 3% and 4% gels,
respectively. Two different staining procedures were used: (i) pre-cast in-gel staining method, employing
1X GelGreen, and (i) post-electrophoresis staining technique, using 1X SYBR Gold in TBE buffer (1X),
for 30 minutes. The staining process was conducted at RT, with gentle and consistent agitation. In both
approaches, the gels were promptly observed using a UV-to-blue light converter screen affixed to an

InGenius 3 Gel Doc System transilluminator operating under blue light excitation (=450 nm).

4.3.11.  Next-Generation Sequencing — Bioinformatic Analysis

Aliquots of R3, R6, R7, and R9 were processed and sequenced by Servei de Genomica (Universitat
Autonoma de Barcelona) using Illumina MiSeq (300 reads), generating around 230,000 reads. FASTQ files
were obtained for pair-end reads of each sample. Bioinformatic analysis was performed using GALAXY
(https:/ /usegalaxy.org) and a custom-made MATLAB® code. The NGS data analysis workflow is shown
in Scheme 4.2.

130


https://usegalaxy.org/

CHAPTER 4

Reverse read Forward read
(150 nt) 1 f (150 nt)
PEAR
e Merge pair-end reads
e Min. overlap size FASTQ Read
* Min. possible length —| Quality Report
¢ Max. possible length
e Discard read with Q < 30

v

FASTQ — FASTA
v/
Overrepresentation ¢ x

Tracking of sequences Overrepresentation

£— Collapses —1

MEME/Clustal Omega MATLAB

Motif and family analysis

f v

Tracking of Sequences: Table creation
* % Similarity = 100%  string—»char
e Ranking and #
copies (sequence ID) ¢

T Comparison Rx vs. Ry
* % similarity

Scheme 4.2. NGS data analysis workflow for both SELLEX approaches
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4.4. RESULTS & DISCUSSION

4.4.1. Design and rationale behind the SELEX strategies

As discussed in the previous sections, OP-SELEX has the potential to overcome certain limitations
associated with detecting small molecules. This technique effectively isolates aptamers against three

structurally similar targets by incorporating negative and counterselections.

The MB-SELEX method, depicted in Figure 4.9, was employed for Phe aptamer screening. Considering
the target's resemblance and co-occurrence, tryptophan was used for counter-selection after negative
selection on the target-free conjugated bead matrix. Additionally, JOP-SELEX was performed to KA, QA,
and Phe targets. The initial pool was attempted to be enriched for sequences that could bind to any (or all)
targets by incubating the library for several rounds with an equal proportion of the three target-conjugated

beads. The complete process is illustrated in Figure 4.10.

Briefly, in both SELEX approaches, a “round 0” was performed using only positive selection in order
to retain every possible target-binding sequence regardless of their nonspecific interactions with the bead
matrix or other targets. Negative selection was employed since round 1 to discard sequences interacting
with the bead matrix. Regarding jOP-SELEX, during the first five rounds of the enrichment process, there
was only negative and positive selections steps; nevertheless, once an enriched library for the three targets
was obtained (R0), to further improve its specificity, it was divided into three distinct MB-SELEX, with
each set designated for a specific target as a positive selection. In order to avoid any cross-reactive
sequences, the remaining two targets were employed as counter-selection in equal proportions. This
approach helped us to create a refined sublibrary for each target that would theoretically only contain highly

specific sequences.
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Figure 4.10. Schematic representation of JOP-SELEX schematic workflow, from RO-R10 for 1 target as an example.

Numerous research studies and scientific techniques have been used to optimize SELEX parameters.
Howevert, it is important to acknowledge that a significant portion of the process's success is still subject to
stochasticity. As previously mentioned, several optimizations were made to experimental parameters to
expedite the selection process and enhance the likelihood of identifying aptamers. Further exploration and

refinement of these parameters will ultimately lead to even more favorable outcomes in this SELEX.

4.4.1.1. Magnetic bead target-conjugation and verification

By using click chemistry, which facilitates rapid and selective modular chemical reactions, target-
conjugated MBs were fabricated (Figure 4.11): (1) maleimides on the MB interacted with thiol groups in the
linker (AHT) and backfiller (BT) via click chemistry; 7%-78(ii) the template carboxylic groups were activated
using EDC/NHS, which were then bound to the amine moiety of the linker (AHT); and (iii) sulfo-NHS-

acetate was used to block any unreacted primary amines. 21,7980

Click chemistry and EDC/NHS conjugation are well-studied coupling methods that have been

established for several decades and are known for their rapid rate and efficiency.®’ Regarding Phe, potential
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peptidic bonds may occur, and thus, careful pH tailoring was necessary to avoid deprotonation of the amine.
To synthesize negative MBs (n-MBs) as a control, a target-free buffer incubation was employed. To ensure
that the SELEX proceeded without any hindrance due to potential cross-reactivity with unblocked moieties
on the MB, necessary steps were employed to irreversibly block any unreacted amine moieties by forming

stable acetylates via acetylation of the surface amines with sulfo-NHS-acetate in 10 mM PBS (pH 7.5). 80-82

pHS o

o
o — backfiller
N¢ > N? EDC/NHS
o
o
N = AHT (linker H N - AHT (linker
< N . N
H o

Figure 4.11. Schematic illustration of the bead conjugation process for QA. The identical process was performed for KA, Phe, and Trp.

As aforementioned, selecting an appropriate immobilization technique is crucial since it influences

several features, such as steric hindrance, epitope availability, stability, or proper aptamer folding.

As mentioned in the “Methods” section, in order to minimize the chance of nonspecific binding to the
bead matrix during the target verification, a 2% skimmed milk (w/v) solution was employed. As illustrated
in Figure 4.12 (left), the n-MBs had an optical density of 0.226 £ 0.01, whereas the QA- and KA-MBs
achieved higher values with an average optical density of 0.471 * 0.0 and 0.420 *+ 0.05, respectively.
Unfortunately, Phe- and Trp- beads demonstrated no significant signal variation compared to the negative
controls, with respective values of 0.242 + 0.06 and 0.304 = 0.09 (Figure 4.12, left). As a result, it was
determined that only QA- and KA-MBs were successfully fabricated.

Additionally, a polymeric hydrophilic agent, PEG400, was selected as an alternative blocking agent for
Phe- and Trp-beads to avoid the issues encountered. 82 After optimizing this modified protocol,
considerably better results were obtained. Verified QA-beads were used as a positive control to validate the
second set of target-conjugated MBs. As shown in Figure 4.12, Phe- and Trp-MBs displayed almost double
the optical signal of their negative counterparts when PEG400 was used compared to their respective
negative controls. Therefore, the second set of MBs was successfully validated prior to SELEX (Figure
4.12, right).
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Figure 4.12. Indirect bead-based EIIS A in comparison to their negative controls using (left) skimmed milk and (right) PEG400 as a blocking agent.

Target-conjugated MBs have been widely recognized as a flexible approach to aptamer partitioning, as
they enable convenient separation of target-bound aptamers from a vast library pool under the influence
of an external magnetic field. This study employed maleimide-activated MBs, just one of many
commercially available beads with diverse sizes, materials, and advanced coatings for immobilization
purposes. In addition, the commercial MBs employed in this study have a maleimide moiety attached to a
C40 linker and an epoxy-modified MB. This unique feature allows precise control over the immobilized
target's otientation and distribution. This, in tutn, results in improved target density by preventing the
formation of island-like agglomerates of target-AHT conjugates on the beads. It also minimizes any
potential cooperativity effects or nonspecific binding with the matrix. Consequently, using AHT as the

direct linker for target immobilization and BT as a backfiller (1:380 molar ratio) proved highly effective.?5

4.4.2. SELEX progress

Several parameters, such as PCR conditions, agarose gels, A digestion, and spin column purification,
were optimized to evaluate the library's length, quality, and yield.?*3545.50 During this process, the agarose
gels were examined after the pilot PCR to ensure the quality of the dsSDNA generated after multiple PCR
amplification cycles, as observed in Figure 4.13. This was primarily done to achieve sufficient library
amplification for the target-conjugated beads without byproduct formation from overamplification in order

to obtain an appropriate library for the subsequent cycles.
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Figure 4.13. Agarose gel electrophoresis (3% agarose, 120 U/, 40 min, 1X GelGreen pre-stained) of library amplification products after 10, 15, 20,
and 25 PCR cycles. On the left, using the first PCR protocol nsed (annealing at 59°C for 15 s, extension at 72 °C for 15 s5). On the right, using the
optimized protocol (annealing at 55°C for 30 s, extension at 72 °C for 30 s).

It has been demonstrated that, during PCR amplification, an increase in the enrichment can lead to
variations in the PCR cycles required to produce a visible band for positive, negative, and counter selection
steps; more specifically, as SELEX rounds advance, the number of PCR cycles needed should increase for

negative and counter selection steps while decreasing for positive selection.

As aforementioned, during the initial pre-enrichment round (R0), positive selection was the only
incubation performed. This step can prove beneficial in capturing an initial set of target-binding sequences
that may have been missed in the original library, regardless of their interaction with the bead matrix or
other related targets. Amplifying these sequences can significantly improve their chances of surviving the

subsequent rounds' negative selection phase.

After conducting multiple cycles of PCR, a particular byproduct emerged from the RO pilot PCR, and
after 15 PCR rounds, it exceeded the library's length (94 bp) (Figure 4.14). This trend persisted throughout
both SELEX procedures. Considering this, the product of 10 cycles for both aPCR and A digestion was
selected for further rounds. To ensure that the ssDNA library was prepared for the next cycle (R1), a spin
column was used to purify it. At this stage, unincorporated nucleotides, PCR primers, short byproducts,

salts, enzymes, and magnetic beads were successfully removed from the samples.
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Figure 4.14. Pilot-PCR in round 0 (R0), for both jOP- and the conventional MB-SEIEX. Agarose gel electrophoresis (3% agarose, 1201/, 40min,
1X GelGreen pre-stained)

Negative selection was introduced since R1. Therefore, after conducting a pilot PCR, the optimal
dsDNA yield was achieved at 20 cycles for both SELEX methods, with few byproducts identified during
the pilot PCR on the positive beads (Figure 4.15, left).

Based on the results obtained, the band intensity in 5 PCR cycles of the negative selection seemed to be
slightly higher compared to the positive one (Figure 4.15, right). This suggests that a comparable or larger

number of sequences amplified in RO are discarded due to the negative beads, as expected.
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Figure 4.15. Pilot-PCR in R1 for both SELLEX. (left) positive selection. (right) negative selection. Agarose gel electrophoresis (3% agarose, 12017,

40min, 1X GelGreen pre-stained)

In order to refine the separation of sequences with lower affinities, the next two rounds (R2 and R3)
were conducted with increased stringency achieved through more rigorous washing steps following
incubation with positive beads, as shown in Table 4.1 and 4.2. Interestingly, the pilot PCRs in R2 and R3
required 10 and 15 PCR cycles, respectively, indicating an increase in the library’s concentration. The
transition to R3 was anticipated to require additional PCR cycles due to the notably harsher washing
technique. As the ladders in Figure 4.16 appeared less intense than usual, indicating less efficient DNA

staining, it was unsurprising that the bands were completely invisible after only 5 PCR cycles.

Regarding the negative beads on R2, the intensities of the bands displayed a slight decrease after 10 PCR
cycles compared to the positive beads. Additionally, the appearance of longer byproducts was delayed until
the 20th cycle (as shown in Figure 4.16, right). This comparison helped to highlight an increase in the ratio

between specific and nonspecific sequences.
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Figure 4.16. Pilot-PCR in R2 for both SELEX. ( left) positive selection (right) negative selection. Agarose gel electrophoresis (3% agarose, 12017,
40min, 1X GelGreen pre-stained)
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R4 of jOP-SELEX was performed exactly as R3, while for MB-SELEX, Trp-conjugated beads were
introduced in R4 as a counter selection step. After pilot PCR, a larger byproduct (200bp) was evident after
15 cycles, which was not present in earlier gels, as indicated by red arrows in Figure 4.17. Therefore,

products acquired from 10 cycles were chosen for the next round to ensure maximal amplification without

producing these byproducts.
The data presented in Figure 4.17 (right) show that the pilot PCR of MB-SELEX counter selection steps
shows a visible band with as few as 5 cycles. This observation implies that a large number of sequences

interacted with the Trp-conjugated beads, as also evidenced in the negative selection step for both SELEX

approaches (Figure 4.18).

Conventional
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Figure 4.17. Pilot-PCR from R4 for both SELEXG. (left) positive selection, (right) counterselection for MB-SELLEX. Red arrows indicate the 200-

bp estimated byproduct. Agarose gel electrophoresis (3% agarose, 1201V, 40min, 1X GelGreen pre-stained)
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Figure 4.18. Pilot-PCR in R4, on the negative-bound sequences for both SEILEX. Agarose gel electrophoresis (3% agarose, 12017, 40min, 1X
GelGreen pre-stained)

Increasing the number of negative and counter beads from R5 onwards would be beneficial in setting
harsher stringency conditions for both SELEX methods, as more nonspecific sequences would be
discarded. In cases where the final application necessitates the use of target-specific aptamers rather than
family-specific ones, it is recommended that additional rounds of selection be carried out. These rounds
should include separated target incubation steps, where one target is used for positive selection and the
remaining targets as counter-selection molecules. This approach can help prevent the occurrence of cross-

reactivity and ensure the aptamet's specificity.

Regarding the JOP-SELEX, after negative selection in R7, it was divided into three independent SELEX
workflows, each with its own negative and counterselection steps. As can be seen in Table 4.2, selection

criteria were left unaltered from R8 to R10.

Each SELEX was analyzed in a single gel by loading samples from rounds R5 to R10 with all three
selection steps: positive, negative, and counter to ensure a fair comparison of the different gels. The results
depicted in Figure 4.19 suggest that the MB-SELEX exhibited a gradual increase in the intensity of
positively bound sequences from R5 to R8, followed by a sharp decrease in R9 and R10 due to the harsh
increase in incubation times (Table 4.1). Except for the particularly bright band observed at R8, the intensity
of the counter-bound sequences was generally lower than that of the positive sequences (Figure 4.19, left).
Over the course of R8 and RY, the intensity of the negative-bound sequences diminished considerably
(Figure 4.19, right). Notably, the larger byproduct was much more pronounced in negative and

counterselection steps, indicating that these two choices effectively removed it from the pool.
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Figure 4.19. 10 PCR cycles from rounds R5 to R10 on the MB-SELLEX. Agarose gel electrophoresis (3% agarose, 120V, 40min, 1X SYBRGold

post-stained)

The jOP-SELEX exhibited a remarkable increase in the ratio between the intensity of the positive- and
negative-bound sequences in R6 (as depicted in Figure 4.20, left). Based on these results, the SELEX was
divided into three separate SELEX workflows for each target after negative selection in R7. As illustrated
in Figures 20 and 21, there was an increase in the positive selection in R8 and R10, along with a decrease in
the negative selection from R8 to R10. Considering that from R8 to R10 there was a modification in the
incubation periods (Zh negative, 3h counter, 1h positive selection - Table 4.1 and 4.2), the counter sequences
had no discernible fading as the rounds progressed mainly due to nonspecitic adsorption onto the beads
over the 3-hour period; nevertheless, the positive target-binding sequences still exhibited a strong signal
after a 1h incubation and 5h of previously being incubated with matrix beads and structurally similar
molecules (as demonstrated in Figures 4.20 and 4.21). Given more time, additional rounds would have
been conducted to continue enriching target-specific sequences until the signal from the counter and

negative selections almost disappeared.

Joint One-Pot SELEX Joint One-Pot SELEX - KA

R7 R8 R9 RI10, R7 R8 RY9 RI0 R8 R9 RIO

® R5R6 RS

e

Positive Negative Positive Counter Negative

Figure 4.20. 10 PCR cycles from rounds R5 to R10 on the Joint One-Pot SELEX. (left), pre-enrichment phase, (right) jOP-SELEX division for
KA-conjugated beads. Agarose gel electrophoresis (3% agarose, 1201/, 40min, 1X SYBRGold post-stained)
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Figure 4.21. 10 PCR cycles from rounds R7 to R10 on divided JOP-SELLEX. (top) Phe. (bottom) QA. Agarose gel electrophoresis (3% agarose,
120V, 40min, 1X SYBRGold post-stained)

4.4.2.1. Enrichment monitoring during the SELEX process

To evaluate the enrichment progress in the library collections, two distinct analyses were employed: (i)
monitoring the quantity of ssDNA in the libraries following the purification process using UV/Vis; and (ii)
the number of PCR cycles required for the amplification step. The results of these analyses have been

summarized in Table 4.3 and Figure 4.22.

Throughout the SELEX process, some fluctuations in the concentrations of DNA present in the
samples were observed. A significant increase in concentration from R1 to R3 was observed despite using
harsher washing procedures and performing fewer PCR cycles. However, a decline in concentration was
observed during R4, coinciding with the introduction of counter-selection. Another decrease in
concentration during R5 was noted, despite increasing the number of PCR cycles. The final concentrations

were relatively low from R6 to R8 due to the increased stringencies for positive selection, such as harsher
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washing conditions and shorter incubation periods, respectively. Reducing the number of PCR cycles
required down to 10 or even 5 was also noteworthy. Although using freshly fabricated beads in R9 might
have imposed a certain stringency to the process, a substantial increase in concentration was achieved with
10 cycles, and only 5 cycles in R10. By rounds 9 and 10, the negative selection had minimal occutrrence and
a decreasing trend in counterselection. Although it would have been preferable to submit round 10 for

NGS, it was not feasible due to human errors; thus, R9 was submitted instead.

In the jOP-SELEX, the library concentration consistently increased with each round, while the number
of PCR cycles required for proper amplification had a decreasing trend. However, there was an abrupt
concentration reduction after the library was divided due to the dilution of the R6 library to the same
volume as three separate libraries - although performing a few PCR cycles for amplicon generation could
have aided. Despite only reaching 5 PCR cycles, the concentration of all three SELEX increased again, as

negative and counter selection steps removed a considerable fraction of nonspecific sequences.

In summary, each SELEX approach resulted in an increase in the concentration of target-binding
sequences while requiring fewer PCR cycles for amplification. These findings, along with a decrease in the
fraction of negative binding sequences, indicate that the pools have been enriched. It is noteworthy that
the concentrations of sequences in the initial and final rounds were comparable, despite a significant
reduction in the number of PCR cycles in the final rounds compared to the initial rounds. Nevertheless, as
previously noted, it is crucial to continue both SELEX approaches until there is a considerable reduction
in negative and counterselection steps. Unfortunately, due to time constraints, this could not be carried

out.

Table 4.3. Rounds-wise ssDNA concentration (uM) for both SELEX. Measurements were done in triplicates.

Conventional SELLEX jOP-SELLEX
Phe KA QA Phe
R1 091 £ 0.02 0.76 £ 0.03
R2 1.06 £ 0.04 0.91 + 0.03
R3 1.89 £ 0.04 1.29 £ 0.10
R4 1.00 £ 0.05 1.31 = 0.09
R5 0.75 1 0.18 1.58 £ 0.08
RO 1.51 £ 0.25 1.35 + 0.33
R7 0.9 £ 0.07 084 £005 081*x012 112002
RS 0.63 £ 0.10 0.84 +0.17 0.89+0.11 0.65 % 0.23
R9 1.67 £ 0.10 1522016 126%013 1.66*0.15
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Figure 4.22. Number of PCR cycles needed for proper library amplification round-wise. For jOP-SEILEX, the PCR gycles chosen in the pilot PCR

were the same for the 3 targets.

It's worth highlighting that while the MB-SELEX exhibited a decline in negative and counterselection
steps, the JOP-SELEX still showed a significant amount of nonspecific sequences in both steps. One
potential explanation for this difference is that, as aforementioned, the incubation periods played an
important role since the counterselection was 3x longer than the positive counterpart in the last 3 rounds
(R8-R10). Additionally, the strong similarities in the targets’ physicochemical properties most probably
required more SELEX rounds to remove nonspecific sequences effectively. Ultimately, high-throughput
sequencing of several samples throughout SELEX rounds was performed via NGS in order to determine
the pools' sequence uniqueness, possibly identify patterns with overrepresentation, and design potential

aptamer sequences for several purposes.

4.4.2.2. NGS Bioinformatic Analysis

The progress of the selection process was evaluated in both SELEX methods by selecting samples to
be sequenced via NGS from the SELEX rounds near the introduction of negative or counterselection steps.
Rounds R3 (from the MB-SELEX) and R6 (from jOP-SELEX) were chosen, as they occurred before
introducing counter selection step and library division, respectively. Similarly, R4 from the MB-SELEX and
the three corresponding R7 pools of jOP-SELEX were selected to evaluate any changes. The final round
of each SELEX (R9) was also chosen to assess the individual enrichment of each target. Finally, the MB-
SELEX R9 counter pool was selected for the same purpose. Therefore, twelve ssDNA pools were

sequenced, as shown in Scheme 4.3.
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Scheme 4.3. Samples sent for NGS analysis. (A1) MB-SELEX. (B) jJOP-SELLEX
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The quality of the obtained raw data was evaluated using the FASTQC and PEAR tools to provide

general statistics. The PEAR tool was used to merge paired-end reads, filter out low-quality reads, and limit

the pool size to +/-10 nt from the original library (97-nt). The pools' data format was then converted to

FASTA and collapsed into unique sequences. Table 4.4 and 4.5 show the general statistics of the analysis

performed using the Galaxy server and workflow, respectively.

As illustrated in the tables below, the calculated enrichment was considerably low possibly due to the

low number of SELEX rounds performed. Several factors could also have contributed to this outcome,

such as the colloidal stability of conjugated MBs and the limited binding sites due to target size and

immobilization approach. A comprehensive bioinformatic analysis was conducted, which suggested that

additional rounds of SELEX are necessary to accurately isolate aptamers towards the target molecules.

Table 4.4. MB-SEI.LEX

Total Sequences

Sequence length

Sequences 87-107 pb
Unique 87-107 pb sequences
0/0

Top 100 (count)

Yo

Top 10 count

0/0

Round Enrichment %

R3 R4 R9 RO-cT
735542 283675 246225 232242
47-151 35-151 44-151 36-151
720974 272252 235660 224274
629942 235248 206753 194910
87.37% 86.41% 8§7.73% 86.91%

354 322 454 410
0.0491 0.1183 0.1927 0.1828

43 40 64 62
0.0060 0.0147 0.0272 0.0276
0.0007 0.0015 0.0034 0.0036
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Table 4.5. jOP-SEL.EX

R3 R6 R7-K R7-Q R7-P R9-K R9-Q R9-P
Total Sequences 184588 245042 270049 200748 207366 265230 226987 223106
Sequence length 55-151 46-151 45-151 36-151 44-151 36-151 46-151 44-151
Sequences 87-107 pb 179285 232281 251668 188494 200287 250506 207648 217161
Unique 87-107 pb sequences 158062 206316 219989 164652 176005 217054 181239 190795
%o 88.16 88.82 87.41 87.35 87.88 86.65 87.28 87.86
Top 100 (count) 308 336 380 401 400 477 428 474
% 0.1718 0.1447 0.1510 0.2127 0.1997 0.1904 0.2061 0.2183
Top 10 (count) 38 49 51 52 55 71 65 85
%o 0.0212 0.0211 0.0203 0.0276 0.0275 0.0283 0.0313 0.0391
Round Enrichment % 0.0022 0.0026 0.0028 0.0037 0.0035 0.0032 0.0039 0.0055

Moreovert, due to the low count in the representation of the obtained collapsed sequences, identifying
and tracking them during the selection process was rendered a complex task using the traditional GALAXY
workflow. Similarly, minimal overrepresentation posed a challenge in identifying shared sequence motifs
using MEME (https://memesuite.org/meme/tools/meme). Due to the limitations encountered, these
sequences were cross-checked and identified using Matlab code, which was written to compare selected
rounds by determining the similarity percentages of complete (97-nt) and primer-trimmed sequences (53-
nt) and attempting to track specific sequences throughout SELEX rounds. In the jOP-SELEX| target-
binding sequences towards KA and QA were tracked with 100% similarity among sequences from R9 to
R6, while Phe-specific sequences were not obtained for both SELEX approaches. However, as there is
minimal sequence overrepresentation (Table 4.4 and 4.5), the obtained sequences are considered highly
speculative. It is advisable not to regard them as potential candidates unless an appropriate
overrepresentation is obtained. Additionally, the computational resources were inadequate for running
resource-intensive software such as AptaSuite, specifically designed for comparative analysis of SELEX
rounds. To address these issues, a custom-made MATLAB code was developed that allowed us to
investigate parallel SELEX processes, such as jJOP-SELEX after target branching, and to analyze rounds

within the same SELEX experiment.

This MATLAB workflow (Scheme 4.2) proved to be effective for the requirements of the process,
considering that it could identify sequences by 100% similarities in their nucleotide content in samples with
almost no overrepresentation. In order words, even if overrepresentation was almost negligible, it was
possible to track 3 specific sequences for some of the targets employed, as seen in Table 4.6. Therefore,
this methodology may aid in aptamer identification at earlier rounds by enabling a more comprehensive
analysis, even when adequate enrichment levels are not attained. Moreover, this MATLAB code could be
expanded to analyze complete sequenced pools (comprising millions of sequences) if greater computational
resources become available, thereby providing a versatile tool for future single- and multi-target SELEX

methodologies.
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Table 4.6. Tracking of sequences using MATILAB from the Joint One-Pot SELEX in all the pools sequenced. The first number denotes the ranking,

and the second one denotes the number of copies (sequence 1D), as obtained in the collapsed files of unique sequences.

R3 R6 R7K R7Q R7P R9K R9Q RIP

Seq 1 - 1-6 3-6 7-5 - 42-4 72-4 -
Seq 2. - 2443 5-60 - 58-4 061-4 - -
Seq 3 - 1243 135 364 - 1612-3  66-4 -
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4.5. CONCLUSIONS

The design and implementation of SELEX strategies in this project were critical for isolating aptamers
against three ACLF-associated small-molecule targets (KA, QA, and Phe), which are structurally similar
and co-occurring SMs. Based on the results obtained in agarose gels and ssDNA quantification, the MB-
SELEX method exhibited promising results for screening Phe-specific aptamers, incorporating Trp as a
counterselection target. The jJOP-SELEX involved enriching the library for sequences capable of multi-
target binding before refining the selection to target-specific aptamers. Implementing a multi-target
approach, in conjunction with the use of negative and counter-selections, has demonstrated encouraging

outcomes in isolating potential aptamers.

The target-conjugated MB via click chemistry and EDC/NHS methods were essential for ensuring
stable and oriented target immobilization. By blocking unreacted amine moieties and using appropriate
blocking agents such as milk powder and PEG400, it was possible to minimize nonspecific binding and
allowed the verification of the target conjugation. As also shown in many research studies, target-conjugated
MBs facilitated the successful separation of target-bound sequences from the library, highlichting the

importance of proper bead conjugation techniques in the SELEX process.

Throughout the SELEX process, optimization of various parameters, including PCR conditions, lambda
exonuclease digestion, agarose gels, and washing stringencies, significantly refined the selection outcomes.
Based on the results obtained in the gels and quantification via UV/Vis, increasing the stringency of the
procedure and adjusting PCR cycles aid in the apparent enrichment of specific aptamer sequences while
reducing nonspecific sequences. The gradual increase in the intensity of positive-bound sequences and the
reduction in negative-bound sequences observed in the later rounds hinted to a successful enrichment and

selection of target-specific aptamers for the MB-SELEX.

As aforementioned, the ssDNA quantification indicated that the concentrations of the three targets in
jOP-SELEX aligned with those of the Phe in the MB-SELEX. Enrichment monitoring through UV /Vis
analysis and PCR cycle assessment provided valuable insights into the SELEX progress, as the consistent
increase in library concentration and the decreasing number of PCR cycles required for amplification
highlighted the efficiency of the selection process. This further suggests that the jJOP-SELEX could be a
viable method for isolating aptamers against multiple targets within the same timeframe typically required

for a single target using conventional SELEX approaches.

Incorporating negative and counter-selections since R1 -the latter only in MB-SELEX- further aided in
refining the aptamer library. Despite the challenges encountered, such as the appearance of byproducts and
the need for additional SELEX rounds, the use of jOP-SELEX and MB-SELEX methods provided a
robust framework for multiplexed SELEX processes, demonstrating their potential for future applications

in aptamer selection.
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However, as the NGS bioinformatic analysis suggested, additional selection steps were necessaty to
turther refine the aptamer library and achieve higher specificity and enrichment levels. Unfortunately, due
to an unexpected error during the purification process, the samples from Round 10 were lost, rendering it
impossible for quantification, storage or sequencing. Although it wasn't feasible to repeat Round 10 due to
time constraints, NGS was given priority to further analyze the progress and applicability of both SELEX

approaches.

Despite the limitations encountered in computational resources and sequence overrepresentation,
developing a MATLAB code for analyzing SELEX rounds aided in tracking potential target-binding
sequences. If additional time and resources had been available, further rounds of SELEX would have been
considered to enhance the selection and isolation of aptamers specific to the small-molecule targets KA,
QA, and Phe. Subsequently, after successful optimization and validation of potential aptamer candidates
through SELEX, the next step would have entailed validating the computational analysis developed for this
project. This validation process would have involved comprehensive analysis of binding assays specific to
small-molecule targets in order to ensure the aptamers' efficacy and reliability. This approach would have
offered a promising tool for future SELEX studies, enabling comprehensive analysis of multiplexed
SELEX approaches and facilitating the eatly identification of aptamers. Overall, the SELEX approaches
described in this chapter highlight the potential of advanced multi-target SELEX strategies coupled with

bioinformatic tools to simultaneously isolate highly specific aptamers for multiple targets promptly.

149



CHAPTER 4

4.6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

150

REFERENCES

Sharma S, Byrne H, O’Kennedy RJ. Antibodies and antibody-derived analytical biosensors. Essays
Biochem. 2016 Jun 6;60(1):9.

Edelman GM. Antibody structure and molecular immunology. Science (80- ).
1973;180(4088):830—40.

Hnasko RM. The biochemical properties of antibodies and their fragments. Methods Mol Biol.
2015;1318:1-14.

Mak TW, Saunders ME. The Nature of Antigen—Antibody Interaction. The Immune Response.
2006 Jan 1;121-40.

Conroy PJ, Hearty S, Leonard P, O’Kennedy R]J. Antibody production, design and use for
biosensor-based applications. 2009 Feb 1;20(1):10-26.

Nimjee SM, Rusconi CP, Sullenger BA. Aptamers: An emerging class of therapeutics. Annu Rev
Med. 2005;56:555-83.

Weigand JE, Suess B. Aptamers and riboswitches: Perspectives in biotechnology. Appl Microbiol
Biotechnol. 2009 Nov;85(2):229-306.

Sequeira-Antunes B, Ferreira HA. Nucleic Acid Aptamer-Based Biosensors: A Review.
Biomedicines. 2023 Dec 1;11(12).

Ellington AD, Szostak JW. In vitro selection of RNA molecules that bind specific ligands.
1990;346(6287):818-22.

Wilson DS, Szostak JW. In vitro selection of functional nucleic acids. Annu Rev Biochem.
1999;68(February 1999):611-47.

Tuerk C, Gold L. Systematic Evolution of Ligands by Exponential Enrichment: RNA Ligands to
Bacteriophage T4 DNA Polymerase. Science (80-). 1990 Aug 3;249(4968):505-10.

McKeague M, McConnell EM, Cruz-Toledo J, Bernard ED, Pach A, Mastronardi E, et al.
Analysis of In Vitro Aptamer Selection Parameters. ] Mol Evol. 2015 Dec 1;81(5-6):150-61.

Buglak AA, Samokhvalov A V., Zherdev A V., Dzantiev BB. Methods and Applications of In
Silico Aptamer Design and Modeling. Int | Mol Sci 2020, Vol 21, Page 8420. 2020 Nov
10;21(22):8420.

McKeague M, Derosa MC. Challenges and Opportunities for Small Molecule Aptamer
Development. ] Nucleic Acids. 2012 Jan 1;2012(1):748913.

Yu H, Alkhamis O, Canoura J, Liu Y, Xiao Y. Advances and Challenges in Small-Molecule DNA
Aptamer Isolation, Characterization, and Sensor Development. Angew Chemie Int Ed. 2021 Jul
26;60(31):16800-23.

Hong P, Li W, Li J. Applications of aptasensors in clinical diagnostics. Sensors. 2012
Feb;12(2):1181-93.

Mayer G. The chemical biology of aptamers. Angew Chemie - Int Ed. 2009 Mar 30;48(15):2672—
89.

Walter JG, Heilkenbrinker A, Austerjost |, Timur S, Stahl F, Scheper T. Aptasensors for small
molecule detection. Zeitschrift fur Naturforsch - Sect B ] Chem Sci. 2012;67(10):976-86.

Ilgu M, Nilsen-Hamilton M. Aptamers in analytics. Analyst. 2016 Mar 7;141(5):1551-8.

Dauphin-Ducharme P, Plaxco KW. Maximizing the signal gain of electrochemical-DNA sensors.
Anal Chem. 2016;88(23):11654—62.



CHAPTER 4

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yice M, Kurt H. How to make nanobiosensors: Surface modification and characterisation of
nanomaterials for biosensing applications. RSC Adv. 2017;7(78):49386—403.

Yang LF, Ling M, Kacherovsky N, Pun SH. Aptamers 101: aptamer discovery and in vitro
applications in biosensors and separations. Chem Sci. 2023 May 17;14(19):4961-78.

Sakamoto T, Ennifar E, Nakamura Y. Thermodynamic study of aptamers binding to their target
proteins. Biochimie. 2018 Feb 1;145:91-7.

Plach M, Schubert T. Biophysical Characterization of Aptamer-Target Interactions. Adv Biochem
Eng Biotechnol. 2019;174:1-15.

Slavkovic S, Zhu Y, Churcher ZR, Shoara AA, Johnson AE, Johnson PE. Thermodynamic
analysis of cooperative ligand binding by the ATP-binding DNA aptamer indicates a population-
shift binding mechanism. Sci Reports 2020 101. 2020 Nov 3;10(1):1-10.

Amano R, Takada K, Tanaka Y, Nakamura Y, Kawai G, Kozu T, et al. Kinetic and
Thermodynamic Analyses of Interaction between a High-Affinity RNA Aptamer and Its Target
Protein. Biochemistry. 2016 Nov 15;55(45):6221-9.

Sakamoto T, Ennifar E, Nakamura Y. Thermodynamic study of aptamers binding to their target
proteins. Biochimie. 2018 Feb 1;145:91-7.

Daems E, Moro G, Campos R, De Wael K. Mapping the gaps in chemical analysis for the
characterisation of aptamer-target interactions. TrAC Trends Anal Chem. 2021 Sep 1;142:116311.

Huang M, Song J, Huang P, Chen X, Wang W, Zhu Z, et al. Molecular crowding evolution for
enabling discovery of enthalpy-driven aptamers for robust biomedical applications. Anal Chem.
2019 Aug 20;91(16):10879-86.

Gold L, Ellington A. Introduction to SELEX. :2—47.

Dong Y, Wang Z, Wang S, Wu Y, Ma Y, Liu J. Introduction of SELEX and Important SELEX
Variants . Aptamers Anal Appl. 2018;1-25.

Ruscito A, DeRosa MC. Small-molecule binding aptamers: Selection strategies, characterization,
and applications. Front Chem. 2016;4(MAY):1-14.

Tombelli S, Mascini M. Aptamers Biosensors for Pharmaceutical Compounds. Comb Chem High
Throughput Screen. 2012;13(7):641-9.

Kohlberger M, Gadermaier G. SELEX: Critical factors and optimization strategies for successful
aptamer selection. Biotechnol Appl Biochem. 2022 Oct 1;69(5):1771-92.

Komarova N, Kuznetsov A. Inside the Black Box: What Makes SELEX Better? Mol 2019, Vol
24, Page 3598. 2019 Oct 7;24(19):3598.

Miyachi Y, Shimizu N, Ogino C, Kondo A. Selection of DNA aptamers using atomic force
microscopy. Nucleic Acids Res. 2010 Mar 1;38(4):e21—21.

Ruscito A, DeRosa MC. Small-molecule binding aptamers: Selection strategies, characterization,
and applications. Front Chem. 2016 May 10;4(MAY):188509.

Pfeiffer F, Mayer G. Selection and biosensor application of aptamers for small molecules. Front
Chem. 2016;4(JUN):1-21.

Chen L, Zhang B, Wu Z, Liu G, Li W, Tang Y. In Silico discovery of aptamers with an enhanced
library design strategy. Comput Struct Biotechnol J. 2023 Jan 1;21:1005-13.

Tolle F, Mayer G. Preparation of SELEX samples for next-generation sequencing. Methods Mol
Biol. 2016;1380:77-84.

Alam KK, Chang JL, Burke DH. FASTAptamer: a bioinformatic toolkit for high-throughput

151



CHAPTER 4

42.

43.

44,

45.

406.
47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

152

sequence analysis of combinatorial selections. Mol Ther Nucleic acids. 2015 Mar 1;4(3):e230.

Vorobyeva MA, Davydova AS, Vorobjev PE, Pyshnyi D V., Venyaminova AG. Key Aspects of
Nucleic Acid Library Design for in Vitro Selection. Int ] Mol Sci 2018, Vol 19, Page 470. 2018
Feb 5;19(2):470.

Onas AM, Dascilu C, Raicopol MD, Pilan L. Critical Design Factors for Electrochemical

Aptasensors Based on Target-Induced Conformational Changes: The Case of Small-Molecule
Targets. Biosensors. 2022;12(10).

Bayat P, Nosrati R, Alibolandi M, Rafatpanah H, Abnous K, Khedri M, et al. SELEX methods on
the road to protein targeting with nucleic acid aptamers. Biochimie. 2018 Nov 1;154:132-55.

Le Dortz LL, Rouxel C, Leroy Q, Brosseau N, Boulouis HJ, Haddad N, et al. Optimized Lambda
Exonuclease Digestion or Purification Using Streptavidin-Coated Beads: Which One Is Best for
Successful DNA Aptamer Selection? Methods Protoc. 2022 Dec 1;5(6):89.

Avci-Adali M, Paul A, Wilhelm N, Ziemer G, Wendel HP. No Title. 15(1):1-11.

Tolle F, Wilke J, Wengel |, Mayer G. By-Product Formation in Repetitive PCR Amplification of
DNA Libraries during SELEX. PLoS One. 2014 Dec 9;9(12):¢114693.

Kago L, Hub B ilri. Introduction to PCR What is PCR ?

Rychlik W, Spencer W], Rhoads RE. Optimization of the annealing temperature for DNA
amplification in vitro ; Nucleic Acids Res. 1990 Nov 21;18(21):6409—-12.

Musheev MU, Krylov SN. Selection of aptamers by systematic evolution of ligands by exponential
enrichment: Addressing the polymerase chain reaction issue. Anal Chim Acta. 2006 Mar
30;564(1):91-6.

Lam SY, Lau HL, Kwok CK. Capture-SELEX: Selection Strategy, Aptamer Identification, and
Biosensing Application. Biosensors. 2022;12(12).

Spiga FM, Maietta P, Guiducci C. More DNA-aptamers for small drugs: A capture-SELEX
coupled with surface plasmon resonance and high-throughput sequencing. ACS Comb Sci.
2015;17(5):326-33.

Yu H, Alkhamis O, Canoura J, Liu Y, Xiao Y. Advances and Challenges in Small-Molecule DNA
Aptamer Isolation, Characterization, and Sensor Development. Angew Chemie - Int Ed.
2021;60(31):16800-23.

Yoshikawa AM, Wan L, Zheng L, Eisenstein M, Soh HT. A system for multiplexed selection of
aptamers with exquisite specificity without counterselection. Proc Natl Acad Sci U S A. 2022 Mar
22;119(12):e2119945119.

Yue H, Chen J, Chen X, Wang X, Zhang Y, Zhou N. Systematic screening and optimization of
single-stranded DNA aptamer specific for N-acetylneuraminic acid: A comparative study. Sensors
Actuators B Chem. 2021 Oct 1;344:130270.

Huergo LF, Selim KA, Conzentino MS, Gerhardt ECM, Santos ARS, Wagner B, et al. Magnetic
Bead-Based Immunoassay Allows Rapid, Inexpensive, and Quantitative Detection of Human
SARS-CoV-2 Antibodies. ACS Sensors. 2021 Mar 26;6(3):703-8.

Tan SY, Acquah C, Sidhu A, Ongkudon CM, Yon LS, Danquah MK. SELEX Modifications and
Bioanalytical Techniques for Aptamer—Target Binding Characterization. Crit Rev Anal Chem.
2016 Nov 1;46(6):521-37.

Ozer A, White BS, Lis JT, Shalloway D. Density-dependent cooperative non-specific binding in
solid-phase SELEX affinity selection. Nucleic Acids Res. 2013 Aug 1;41(14):7167-75.

Komarova N, Barkova D, Kuznetsov A. Implementation of High-Throughput Sequencing (HTS)



CHAPTER 4

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

in Aptamer Selection Technology. Int ] Mol Sci. 2020 Nov 2;21(22):1-22.

Pantier R, Chhatbar K Alston G, Lee HY, Bird A. High-throughput sequencing SELEX for the
determination of DNA-binding protein specificities in vitro. STAR Protoc. 2022 Sep 16;3(3).

Thevendran R, Citartan M. Assays to Estimate the Binding Affinity of Aptamers. Talanta. 2022
Feb 1;238:122971.

Jing M, Bowser MT. Methods for measuring aptamer-protein equilibria: A review. Anal Chim
Acta. 2011 Feb 7;686(1-2):9-18.

Stoltenburg R, Reinemann C, Strehlitz B. FluMag-SELEX as an advantageous method for DNA
aptamer selection. Anal Bioanal Chem. 2005;383(1):83-91.

Jauset-Rubio M, Botero ML, Skouridou V, Aktas GB, Svobodova M, Bashammakh AS, et al.
One-Pot SELEX: Identification of Specific Aptamers against Diverse Steroid Targets in One
Selection. ACS Omega. 2019 Dec 3;4(23):20188-96.

Song Y, Zhu Z, An Y, Zhang W, Zhang H, Liu D, et al. Selection of DNA aptamers against
epithelial cell adhesion molecule for cancer cell imaging and circulating tumor cell capture. Anal
Chem. 2013;85(8):4141-9.

Marimuthu C, Tang TH, Tominaga J, Tan SC, Gopinath SCB. Single-stranded DNA (ssDNA)
production in DNA aptamer generation. Analyst. 2012 Feb 20;137(6):1307-15.

Reinemann C, Freiin von Fritsch U, Rudolph S, Strehlitz B. Generation and characterization of

quinolone-specific DNA aptamers suitable for water monitoring. Biosens Bioelectron.
2016;77:1039—-47.

Kramat J, Suess B. Efficient Method to Identify Synthetic Riboswitches Using RNA-Based
Capture-SELEX Combined with In Vivo Screening. Methods Mol Biol. 2022;2518:157-77.

Manea I, Casian M, Hosu-Stancioiu O, de-los-Santos-Alvarez N, Lobo-Castafién MJ, Cristea C. A
review on magnetic beads-based SELEX technologies: Applications from small to large target
molecules. Anal Chim Acta. 2024 Apr 8;1297:342325.

Nguyen VT, Kwon YS, Kim JH, Gu MB. Multiple GO-SELEX for efficient screening of flexible
aptamers. Chem Commun. 2014 Aug 12;50(72):10513—6.

Yoshikawa AM, Wan L, Zheng L, Eisenstein M, Soh HT. A system for multiplexed selection of
aptamers with exquisite specificity without counterselection. Proc Natl Acad Sci U S A.
2022;119(12):1-18.

Ruscito A, McConnell EM, Koudtina A, Velu R, Mattice C, Hunt V, et al. In Vitro Selection and
Characterization of DNA Aptamers to a Small Molecule Target. Curr Protoc Chem Biol.
2017;9(4):233-68.

FanY, Li ], Amin K, Yu H, Yang H, Guo Z, et al. Advances in aptamers, and application of
mycotoxins detection: A review. Food Res Int. 2023;170.

Kalra P, Dhiman A, Cho WC, Bruno ]G, Sharma TK. Simple Methods and Rational Design for
Enhancing Aptamer Sensitivity and Specificity. Front Mol Biosci. 2018 May 14;5(MAY):41.

Jiang M, Fang X, Diao H, Lv S, Zhang Z, Zhang X, et al. Semi-automated and efficient parallel
SELEX of aptamers for multiple targets. Anal Methods. 2023 Apr 27;15(16):2039—-43.

Townshend B, Xiang JS, Manzanarez G, Hayden EJ, Smolke CD. A multiplexed, automated
evolution pipeline enables scalable discovery and characterization of biosensors. Nat Commun
2021 121. 2021 Mar 4;12(1):1-15.

Northrop BH, Frayne SH, Choudhary U. Thiol-maleimide “click” chemistry: evaluating the
influence of solvent, initiator, and thiol on the reaction mechanism, kinetics, and selectivity. Polym

153



CHAPTER 4

Chem. 2015 Apr 28;6(18):3415-30.
78. Devaraj NK, Finn MG. Introduction: Click Chemistry. Chem Rev. 2021 Jun 23;121(12):6697-8.

79. Sehgal D, Vijay IK. A Method for the High Efficiency of Water-Soluble Carbodiimide-Mediated
Amidation. Anal Biochem. 1994 Apr 1;218(1):87-91.

80. Hermanson GT. Bioconjugate Techniques: Third Edition. Bioconjugate Tech Third Ed. 2013;1—
1140.

81.  Jiang X, Wu M, Albo J, Rao Q. Non-Specific Binding and Cross-Reaction of ELISA: A Case
Study of Porcine Hemoglobin Detection. Foods 2021, Vol 10, Page 1708. 2021 Jul 23;10(8):1708.

82.  Nongonierma AB, Fitzgerald R]. Milk proteins as a source of tryptophan-containing bioactive
peptides. Food Funct. 2015 Jul 8;6(7):2115-27.

154



CHAPTER 5

107






CHAPTER 5

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

This section presents the key findings from a comprehensive investigation of the development of
advanced (bio)sensing technologies to detect small-molecule biomarkers associated with Acute-on-Chronic
Liver Failure (ACLF). The research outlines the efforts to enhance these approaches' specificity, stability,
and overall efficacy, with the ultimate goal of significantly contributing to clinical diagnostics and disease
prognosis. Furthermore, the research emphasizes the importance of interdisciplinary collaboration,

integrating chemistry, molecular biology, and bioinformatics to address complex biosensing challenges.

In Chapter 3, the research focused on the development and application of nanoMIPs and
electrochemical techniques, successfully synthesizing and characterizing electroactive nanoMIPs for
kynurenic acid (KA) and N-acetylneuraminic acid (NANA). The results demonstrate the high specificity
and stability of the target-specific nanoMIPs, positioning them as strong candidates for biosensing
applications. Incorporating electroactive monomer significantly improved their detection capabilities,
offering a reliable and highly sensitive method of biomarker analysis, even at subfemtomolar
concentrations. The study also highlighted the robustness of nanoMIPs when dealing with complex
samples, underscoring their potential for real-world clinical applications. Future research should prioritize
the large-scale production, synthesis conditions mimicking real-world applications, and integration of
nanoMIPs into portable biosensing devices, focusing on developing point-of-care diagnostic tools for

ACLF and other diseases.

Chapter 4 detailed the development and optimization of aptamer selection techniques using magnetic
bead (MB)- and Joint One-Pot jOP)-SELEX approaches to isolate aptamers targeting KA, quinolinic acid
(QA), and phenylalanine (Phe). Using MBs proved effective in enriching Phe-binding sequences and
facilitating the simultaneous selection of multiple target-specific aptamers. Although there was minimal
overrepresentation, suggested by Next-generation sequencing (NGS) and GALAXY analysis, the
MATLAB analysis provided insights into sequence identification and tracking, possibly aiding in the early
identification of potential aptamer candidates if proper overrepresentation would have been attained.
Future work should explore and validate the broader application of this bioinformatic workflow in other

SELEX processes to further optimize the selection of high-affinity aptamers for various targets.

Lastly, the findings of this thesis may pave the way for future studies and advancements. It's imperative
to focus on the scalability and integration of nanoMIPs and aptamers into portable diagnostic devices and
ensure a smooth transition from laboratory to real-world settings. This would create user-friendly, point-
of-care tools for early diagnosis, prognosis, and monitoring of small molecules associated to ACLF and
other diseases. In addition, further optimization of nanoMIPs synthesis and SELEX rounds should be
considered, taking into account potential variations between production conditions and real-world usage
(e.g., buffer/sample conditions, target state, intended final use, etc.). These considerations could improve

biosensing parameters, expand their utility, and ensure their applicability in practical settings. It is essential
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to emphasize the importance of collaborative efforts involving researchers, clinicians, and industry partners
to facilitate the translation of these advancements into tangible healthcare solutions, ultimately contributing

to enhanced patient care and the progression of biosensing technologies.
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