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Zusammenfassung

Diagnostische Tests zur Detektion kleiner Moleküle spielen eine Schlüsselrolle in der
modernen Medizin, da sie eine präzise Identifikation von Biomarkern, Metaboliten,
Arzneimitteln und Umwelttoxinen in biologischen Proben wie Blut, Urin oder Gewebe
ermöglichen. Traditionell kommen Techniken wie Massenspektrometrie und Chro-
matographie zum Einsatz, die durch ihre hohe Sensitivität und Spezifität tiefgehende
Einblicke in Krankheitsprozesse, Pharmakokinetik und die Reaktion von Patienten auf
therapeutische Interventionen bieten. Diese Methoden sind jedoch oft komplex, teuer
und erfordern spezialisierte Geräte und Fachkenntnisse.
Die vorliegende Dissertation konzentriert sich auf die Entwicklung
massenspektrometrie-unabhängiger diagnostischer Assays zur Detektion kleiner
Moleküle. Ziel war es, die bestehenden Limitationen traditioneller Methoden zu über-
winden und das Potenzial markierungsfreier Detektionsverfahren in verschiedenen
diagnostischen Anwendungen zu untersuchen. Diese neuen Verfahren könnten die
Grundlage für klinische Tests bilden, die eine breitere Verfügbarkeit und Anwendung
in der Routine-Diagnostik ermöglichen. Die Dissertation gliedert sich in drei Teile:
Der erste Teil beschreibt die Entwicklung eines fluoreszenzbasierten, kompetitiven
Antikörperbindungsassays für L-Kynurenin, einem potenziellen Biomarker für das
Versagen von Nierentransplantaten. Ein fluorescein-markiertes Kynurenin-Derivat
wurde synthetisiert und seine Bindung an spezifische Antikörper in einem Bead-Assay
nachgewiesen, was einen vielversprechenden Ansatz für einen Kynurenin-Schnelltest
im Speichel darstellt. Der zweite Teil befasst sich mit der Implementierung einer
Nanoporenplattform zur markierungsfreien Quantifizierung kleiner Moleküle, am
Beispiel von Ethanolamin. Ein Strangverdrängungstest mit einem Ethanolamin-
bindenden Aptamer ermöglichte die indirekte Detektion mittels Protein-Nanoporen
im mikromolaren Bereich. Beide Assays beruhen auf der Bindung des Zielmoleküls
an magnetische Beads und verwenden innovative Detektionsmethoden, die bisher
noch nicht beschrieben wurden. Der dritte Teil vergleicht die Stabilität, Sensitivität
und Variabilität von Festkörper-Nanoporen mit denen von Protein-Nanoporen, wobei
die Herausforderungen und Vorteile des Einsatzes von Festkörper-Nanoporen in der
Detektion kleiner Moleküle untersucht werden.
Zusammenfassend trägt diese Dissertation zur Weiterentwicklung diagnostischer
Tests bei, indem sie neue, markierungsfreie Detektionsmethoden für kleine Moleküle
präsentiert, die großes Potenzial für zukünftige klinische Anwendungen bieten.
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Abstract

Diagnostic assays for the detection of small molecules play a key role in modern
medicine, as they enable the precise identification of biomarkers, metabolites, drugs,
and environmental toxins in biological samples such as blood, urine, or tissue. Tradi-
tionally, techniques like mass spectrometry and chromatography are used, providing
in-depth insights into disease processes, pharmacokinetics, and patients’ responses
to therapeutic interventions due to their high sensitivity and specificity. However, these
methods are often complex, expensive, and require specialized equipment and exper-
tise.
This dissertation focuses on the development of mass spectrometry-independent di-
agnostic assays for the detection of small molecules. The aim was to overcome the
limitations of traditional methods and explore the potential of label-free detection tech-
niques in various diagnostic applications. These new methods could form the basis for
clinical tests that enable broader availability and application in routine diagnostics. The
dissertation is divided into three parts: The first part describes the development of
a fluorescence-based, competitive antibody binding assay for L-Kynurenine, a poten-
tial biomarker for kidney transplant failure. A fluorescein-labeled kynurenine derivative
was synthesized and its binding to specific antibodies in a bead assay was demon-
strated, offering a promising approach for a kynurenine point of care test in saliva. The
second part focuses on implementing a nanopore platform for the label-free quantifi-
cation of small molecules, using ethanolamine as a model combound. A strand dis-
placement assay with an ethanolamine-binding aptamer enabled indirect detection via
commercially available protein nanopores in the micromolar range. Both assays rely on
the binding of the target molecule to magnetic beads and employ innovative detection
methods that have not been described yet. The third part adresses the fabrication
process of solid-state nanopores, comparing their stability, sensitivity, and variability
with those of protein nanopores, investigating the challenges and advantages of using
solid-state nanopores for the detection of small molecules.
In summary, this dissertation contributes to the advancement of diagnostic tests by
presenting novel, label-free detection methods for small molecules, which hold great
potential for future clinical applications.
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1 Introduction

Parts of this introduction are based on the author’s previous publications [1, 2].

1.1 Small molecule detection

The detection of small molecules is critically important across various fields, including molec-
ular diagnostics, drug development, disease monitoring, and environmental and food analysis.
However, it remains a significant challenge due to several factors. Small molecules, typically
defined as compounds with a molar mass below 1000 Dalton (Da), include a diverse range
of substances such as peptides, drugs, biogenic amines, small-molecule hormones, antibi-
otics, organic pollutants, food additives, pesticide and veterinary drug residues, and mycotox-
ins (see Figure 1) [3].These molecules are integral to many biological and chemical processes,
making their accurate detection crucial for ensuring health, safety, and regulatory compliance.
One of the primary challenges in small molecule detection is their size. Their small size lim-
its the presence of multiple epitopes, often restricting specific antibody binding, reducing the
sensitivity and specificity of immunoassays [4]. Additionally, small molecules often share sim-
ilar chemical structures, further complicating selective detection in complex matrices such as
blood, urine, food, and environmental sample [5–9].

To address these issues, current state-of-the-art technologies rely on advanced spectroscopic
and chromatographic techniques, including high-performance liquid chromatography (HPLC),
liquid chromatography-mass spectrometry (LC/MS), and gas chromatography-mass spectrom-
etry (GC/MS) [10–16]. These techniques offer high sensitivity, accuracy, and the ability to
identify and quantify small molecules, even at low concentrations. However, despite their ad-
vantages, these techniques present several limitations [16], including:

1. Complex sample preparation: Techniques like HPLC, LC/MS, and GC/MS often require
extensive sample cleanup, such as solid-phase extraction or immunoaffinity purification,
which can be time-consuming and labor-intensive, requiring specialized equipment and
trained personnel.

2. Matrix effects: Small molecules are often detected in complex biological or environmen-
tal matrices, which can interfere with the detection process. Matrix components such
as proteins, lipids, or other contaminants can affect the accuracy and sensitivity of the
assays, necessitating thorough pretreatment.

1



2 1 INTRODUCTION

3. Cost and scalability: The instrumentation for spectroscopic and chromatographic meth-
ods is expensive, and routine analysis can be cost-prohibitive for large-scale screening.
Additionally, the complexity of the methods limits their accessibility in resource-limited
settings or for point-of-care (POC) testing.

4. Time-consuming workflows: Despite their precision, these techniques often involve
lengthy processes, including multiple steps of sample extraction, purification, and anal-
ysis, that extend processing times. In time-sensitive applications, such as disease diag-
nostics or environmental monitoring, faster detection methods are needed.

Given these limitations, there is increasing interest in developing alternative detection ap-
proaches that are faster, more cost-effective, and capable of real-time analysis with high speci-
ficity and sensitivity [1, 2, 8, 17–19]. Emerging technologies include:

1. Competitive immunoassays: Competitive immunoassays are particularly useful for de-
tecting small molecules, where the target molecule competes with a labeled version for
binding to a specific antibody. This method overcomes the challenge of limited epitopes
on small molecules, offering high sensitivity and specificity.

2. Aptamers: Due to their high specificity, stability, and flexibility, aptamers are emerging
as a powerful technology for small molecule detection. These short, single-stranded (ss)
DNA or RNA molecules fold into unique three-dimensional structures, allowing them to
bind tightly and selectively to small molecules, much like antibodies. Unlike antibodies,
aptamers can be chemically synthesized, making them more cost-effective and easier to
modify for enhanced stability and detection performance.

3. Nanotechnology-based approaches: Nanomaterials, such as nanoparticles, nan-
otubes, and nanopores, enhance detection sensitivity methods by amplifying signals or
increasing the surface area for molecular interactions. Nanopores, in particular, are
gaining attention for their ability to detect individual molecules by monitoring changes in
ionic current as molecules pass through the tiny pores. These nanopores offer real-time,
label-free detection and are highly sensitive, making them ideal for applications requiring
precise small molecule analysis.

In conclusion, while traditional methods for small molecule detection provide reliable and highly
accurate results, their limitations underscore the need for continued innovation. New ap-
proaches, particularly those that integrate new immunoassay technologies and nanotechnol-
ogy, have the potential to address current challenges and improve the efficiency and accessi-
bility of small molecule detection across various applications in molecular science [20–22].
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Figure 1: Comparison of different molecules according to size. Note that due to possible confor-
mational differences, the actual size of aptamers may vary greatly. (A) caffeine, 0.2 kDa; (B)
50mer oligonucleotide, 16 kDa; (C) human insulin, 6 kDa; (D) 100mer oligonucleotide, 32 kDa;
(E) human serum albumin, 66 kDa; (F) IgG1-antibody, 150 kDa. (Created in BioRender.com,
accessed on February 2025.)
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1.2 Competitive Immunoassays

Immunoassays are the most common approach for the detection of larger molecules, such as
proteins, peptides, or other molecules with a specific antibody. Therefore, they are not typically
considered an emerging technology for small molecule detection. Small molecule detection us-
ing immunoassays presents unique challenges due to the limited number of epitopes (binding
sites) on small molecules, making it harder to generate strong immune responses and highly
specific antibodies [4]. Despite this, they remain highly relevant and continue to evolve as
attractive alternatives to spectroscopic and chromatographic techniques, with innovations im-
proving their sensitivity, specificity, and ease of use. Consequently, immunoassay technologies
are still extensively used in areas such as drug testing, food safety, environmental monitoring,
and clinical diagnostics [8, 23, 24]. While they can be highly sensitive and specific, they often
require further optimization to work effectively for small molecule detection.

As a result, many commercial enzyme-linked immunosorbent assay (ELISA) kits have been de-
veloped for detecting various analytes such as hormones, mycotoxins, antibiotics, and pesticide
and veterinary drug residues [8, 25]. One significant advancement in immunoassay technology
for small molecule detection is the use of competitive immunoassays. In this format, the prin-
ciple is based on the competition between the target small molecule (analyte) in the sample
and a labeled version of the same molecule for binding to a limited number of antibody binding
sites. When the target small molecule is present in higher concentrations, less of the labeled
molecule binds to the antibody, and this competition results in a measurable signal inversely
proportional to the concentration of the analyte (see Figure 2) [26].

Advantages of a competitive immunoassay include higher sensitivity, since the signal is in-
versely proportional to the analyte concentration, these assays can achieve high sensitivity,
even for trace amounts of small molecules. Furthermore, they are versatile in use and can be
adapted for a wide range of applications, from food safety testing to medical diagnostics. On
the other hand, they are cost effective, compared to spectroscopic and chromatographic meth-
ods, especially for high throughput applications. Nevertheless, there are still some challenges
that need to be overcome [27]. Due to the limited epitope availability, generating highly specific
antibodies is challenging [28]. Especially competitive immunoassays, can be affected by com-
plex sample matrices (e.g., blood, urine, saliva or environmental samples), where interfering
substances can cause false positive or negative results [9]. Additional steps such as sample
purification or pre-treatment may be required, increasing the complexity of the assay. Moreover,
careful optimization is often required, including adjustments of the antibody/analyte-ratio, buffer
composition, and detection methods [29]. This optimization process can be labor-intensive and
may require fine-tuning to achieve reliable results. Nevertheless, once optimized, these assays
are easy to perform and can be conducted by less-trained personnel, representing an impor-
tant step towards POC testing. This makes competitive immunoassays particularly useful for
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label-free detection of small molecules, such as hormones, toxins, drugs, and other medical or
environmental biomarkers [17, 30].

Figure 2: Schematic principle of a competitive immunoassay. First, the antibody is immobilized
on a solid surface. Then, the target antigen sample is added along with a known amount
of fluorescently labeled analogs. Both the target antigen and labeled analogs compete for
the available antibody binding sites. As the concentration of the target antigen increases,
the amount of bound fluorescently labeled antigen decreases, and vice versa. After washing
away unbound antigen, the fluorescence intensity is measured with a photometer to quantify
the target antigen. (Created in BioRender.com, accessed on October 2024.)

1.2.1 Antibodies

Antibodies, also known as immunoglobulins play a crucial role in immunoassays as highly spe-
cific molecules that bind to target antigens, enabling the detection and quantification of vari-
ous analytes, including proteins, small molecules, hormones, and pathogens. This specificity
makes them the ideal binding component for competitive immunoassays. Immunoassays rely
on the unique ability of antibodies to recognize specific epitopes on target molecules, making
them invaluable tools in diagnostics, drug development, and environmental monitoring. Origi-
nally, antibodies are specialized proteins produced by the immune system that have the ability
to specifically recognize and bind to certain target molecules, called antigens. Their inherent
specificity and affinity can be altered during the development of immunoassays to improve per-
formance. In research two different types of antibodies are used: 1. Polyclonal: These are
a mixture of antibodies, recognizing multiple epitopes on the same antigen. 2. Monoclonal:
In contrast monoclonal antibodies, are identical and recognize only one specific epitope on the
antigen. As small molecules typically present only one present epitope, monoclonal antibod-
ies are preferred for small molecule detection [31]. Key challenges in developing antibodies
for small molecules include cross-reactivity, since many small molecules have similar chemical
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structures, antibodies might bind to molecules other than the target, leading to false positives
or inaccurate measurements. Also, they require high affinity to ensure sensitive detection, as
small molecules are often present in very low concentrations [32]. Despite these challenges,
several antibodies against small molecules have been successfully developed for various bio-
logical applications [33–36].

1.3 Aptamers

Aptamers are emerging as alternatives to traditional antibodies for various applications, offer-
ing greater stability and flexibility, especially for small molecule detection [3, 37]. Aptamers are
short, typically 20-60 nucleotides (nt) long, single-stranded DNA or RNA molecules that can
fold into specific three-dimensional shapes, allowing them to bind tightly and selectively to tar-
get molecules, much like antibodies. The binding affinity of aptamers to target molecules relies
on the structural diversity and spatial conformation of single-stranded nucleic acids (ssNA). In
the presence of target molecules, aptamers undergo self-adaptive folding to form stable three-
dimensional (3D) structures, such as hairpins, pseudoknots, stem-loops, or G-quadruplexes
(see Figure 3). This folding is driven by complementary base-pairing, van der Waals forces,
electrostatic interactions, and hydrogen bonding. As a result, larger contact area is built be-
tween the aptamer and its target, allowing high specific affinity binding [37, 38].

Unlike antibodies, aptamers show no immune response, allowing therapeutic use, and have a
modifiable structure, making chemical modification with functional groups and conjugation to
other molecules possible. Also, aptamers can target a broader range of molecules from ions
and small organic molecules, such as toxins, drugs, and metabolites to large macromolecules,
like proteins or other nucleic acids [39].
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Figure 3: (A) Schematic representation of aptamer conformational recognition of targets to form an
aptamer-target complex (illustrated as a stem-loop structure). (B) hairpin, (C) pseudo-
knot, (D) joined hairpins, and (E) G-quadruplex structure. (Created in BioRender.com, ac-
cessed on February 2025) adapted from [37]. This article is an open access article dis-
tributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

Aptamers are generated through a molecular evolution process known as SELEX (Systematic
Evolution of Ligands by Exponential Enrichment), which can be performed in vitro [40, 41] or
even in vivo [42]. In this process, a large random library of nucleic acid sequences is exposed
to a desired target molecule e.g., peptides, metabolites, drugs, or other small molecules, which
are often immobilized on a surface. Nucleic acids that bind weakly or nonspecifically to the
target are washed away, while nucleic acids with stronger, more specific interaction remain
bound. The bound nucleic acids are eluted and amplified using PCR (polymerase chain
reaction). Through iterative rounds of binding, separation, and amplification, sequences with
high specificity for the target are enriched, and the most effective binders are selected (see
Figure 4). Using sequencing technologies, they can be further analyzed and then characterized
according to their binding affinity, specificity, and other functional properties. Advantages of
SELEX include high specificity and affinity aptamers for diverse targets with higher chemical
stability compared to antibodies. Furthermore, unlike antibodies, aptamers can be produced
synthetically. However, aptamer selection using SELEX is a highly time-consuming process,
which can take several weeks or months, as multiple rounds of selection are required to
achieve high-affinity aptamers [43]. Aptamers are used in molecular biology and biochemistry
as tools for protein detection, purification, and modulation of molecular interactions. They can
be used in similar ways as antibodies in techniques like immunoprecipitation and ELISA, while
also gaining recognition in many fields, particularly in personalized medicine, and targeted
therapeutics. Advances in aptamer modification, nanotechnology, and microfluidics are en-
hancing their practicality for real-world applications [39]. As new technologies improve aptamer
stability and broaden their use, aptamers are expected to play an increasingly important role in
diagnostics, therapeutics, and research and offer new possibilities for applications in innovative
technologies, such as nanopore technology [44, 45].
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Figure 4: A general scheme of SELEX protocol. (1) A random oligonucleotide library is incubated
with the desired target molecule. textbf(2) The target-bound aptamers are selected and the
unbound oligonucleotides were removed by washing. (3) Target-binding aptamers were am-
plified using PCR (polymerase chain reaction), forming the aptamer pool for the next SELEX
cycle. (Created in BioRender.com, accessed on October 2024.)
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1.4 Nanopore technology

Nanopore technologies, particularly nanopores, have recently gained attention for small
molecule detection [46, 47]. These nanometer-sized pores are utilized in molecular analysis
and sensing. By detecting and analyzing molecules based on their size, shape, and charge as
they pass through the pore, nanopores offer unique capabilities (see Figure 5). Nanopores can
be categorized into three categories 1. biological, 2. solid-state and 3. hybrid nanopores
[48]. In nature, nanopore-forming proteins, such as ion channels, are embedded in lipid-bilayer
membranes, facilitating molecule transport between cells [49]. Solid-state nanopores (ssNPs),
in conrast, are artificial holes fabricated in materials like silicon, silicon nitride (SiN) [50], glass
[51] or graphene [52]. Originally developed for DNA and RNA sequencing, nanopore technol-
ogy has recently been adapted for small molecule detection due to its ability to:

1. Detect individual molecules: As small molecules pass through or interact with the
nanopore, they cause characteristic changes in the ionic current flowing through the pore.
These current changes can be detected in real-time, allowing for the identification and
quantification of the molecule.

2. High sensitivity: Nanopores are sensitive enough to detect even single molecules, mak-
ing them an excellent platform for applications requiring high sensitivity, such as detecting
trace amounts of drugs, hormones, or toxins.

3. Label-free detection: Unlike some methods that require molecular labeling (e.g., with
fluorescent markers), nanopore-based approaches can detect molecules directly, reduc-
ing the complexity and cost of sample preparation.

4. Versatility: Nanopores can be used to detect a wide range of molecules, including DNA,
RNA, proteins, and small molecules. This versatility makes them suitable for applications
in areas like genomics, proteomics, and environmental monitoring.

In summary, nanopores are a highly promising nanotechnology for small molecule detection,
offering real-time, sensitive, and label-free analysis. Their applications in biosensing and molec-
ular analytics are rapidly expanding [47, 48].



10 1 INTRODUCTION

Figure 5: Molecule Sensing via Nanopores. Nanopores are nanometer-sized holes embedded in an
electrically resistant membrane through which an electric current is applied. When a molecule
passes through the nanopore, it temporarily disrupts the current. The magnitude and duration
of this disruption depend on the size, shape, and molecular interactions of the analyte within
the pore. Larger molecules cause greater disruptions, while smaller ones result in smaller
changes. The shape and translocation time of the molecule also affect the current signal.
Based on these current patterns, molecules can be identified and distinguished. (Created in
BioRender.com, accessed on February 2025.)

1.4.1 Biological nanopores

Biological pores are typically embedded in planar lipid membranes, liposomes, or polymer
membranes within an electrochemical chamber. Large-scale production and purification of
various channel proteins can be efficiently achieved using standard molecular biology tech-
niques, resulting in homogenous batches. Additionally, site-directed mutagenesis is possible
due to the availability of crystal structures for many channel proteins [48]. The most commonly
used pore-forming proteins in molecular biology are α-hemolysin and Mycobacterium smeg-
matis porin A (MspA). α-hemolysin , an exotoxin secreted by Staphylococcus aureus, is one
of the most studied biological nanopores, frequently used in molecular biology, biophysics, and
nanopore technology. Its well-characterized structure makes it a model for applications like
DNA sequencing, single-molecule sensing, and ion channel research. α-hemolysin forms a
mushroom-shaped heptameric transmembrane pore (232.4 kDa), with a cap and a stem do-
main. The stem forms a transmembrane β -barrel ( 2.6 nm diameter, 5 nm length), while the
cap domain (~3.6 nm diameter, ~5 nm length) extends extracellularly (see Figure 6A). The nar-
rowest point of the pore is at the cap-stem junction (~1.4 nm diameter) [53], limiting its use to
the translocation of ssDNA (~1 nm diameter). Genetic or chemical modifications can be ap-
plied to the β -barrel to incorporate specific binding elements, making α-hemolysin a stable and
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versatile nanopore under laboratory conditions [48]. More recently, MspA has emerged as a
promising alternative for α-hemolysin, especially in terms of DNA sequencing. MspA is an oc-
tameric, funnel shaped pore forming protein containing a single constriction (~1.2 nm wide, 0.6
nm long) (see Figure 6B) [54]. Similar to α-hemolysin, MspA nanopores can be spontaneously
formed in a planar lipid bilayer. However, wildtype MspA needs to be engineered to incorporate
all the necessary properties for its use in sequencing applications [55].

Beyond sequencing, biological nanopores have also been extensively studied for the detec-
tion of other molecules. Due to its intrinsic nanopore structure, α-hemolysin has shown great
potential for stochastic detection of various analytes, including metal ions [56], small organic
molecules [57], DNA [58], RNA [59], proteins [60]. Modified protein nanopores hold particu-
lar promise for single-molecule sensing. For instance, Wang et al. developed an approach
for discrimination of all 20 proteinogenic amino acids and their modifications using an engi-
neered MspA-pore [61]. Likewise, they used the same modified MspA-pores for identification
of epigenetic modifications, and nucleotide derivates of natural RNA [62]. Biological nanopores,
especially engineered variants, are now powerful tools for single-molecule protein sequencing
and small molecule detection.

Figure 6: Comparison of the geometries of alpha hemolysin and MspA. A section of Fig. 2A and 2B:
alpha-hemolysin (PDB: 3ANZ) and MspA (PDB: 1UUN), from Bhatti et al., Recent advances
in biological nanopores for nanopore sequencing, sensing and comparison of functional vari-
ations in MspA mutants, RSC Adv., 2021, 11, 28996–29014. Licensed under CC BY-NC 3.0
(https://creativecommons.org/licenses/by-nc/3.0/) [63].
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1.4.2 Solid-state nanopores

With advancements in microfabrication technologies, solid-state nanopores (ssNPs) have gar-
nered significant attention due to their tunability, robustness, and potential for a wide range
of sensing applications. The first reported fabrication of ssNPs was in 2001 by Li et al., who
used a feedback-controlled ion sputtering system to create nanopores [50]. This breakthrough
opened the door for a variety of ssNP fabrication methods, each offering different levels of pre-
cision, scalability, and control over the nanopore characteristics. Techniques such as ion milling
[64], the track-etch method, electron-beam-based decomposition sputtering [65], focused ion
beam (FIB) techniques [66], laser ablation [67], electron-beam lithography [68], helium ion mi-
croscopy [69], and more recently, dielectric breakdown techniques [70] have all been developed
to fabricate ssNPs. An overview of the different fabrication methods is shown in Figure 8. Each
of these methods has unique advantages depending on the desired nanopore size, shape, ma-
terial, and application, allowing researchers to tailor the ssNPs for specific sensing or filtration
needs.

A wide range of materials has also been explored for ssNP fabrication, expanding their ver-
satility. Materials such as SiN [71], SiO2 [65], aluminum oxide (Al2O3) [72], boron nitride
(BN) [73], graphene [52] and glass [67] have been successfully used to create ssNPs. In
recent years, ultrathin membranes, particularly those made from materials like graphene, have
also gained attention for their exceptional electrical, mechanical, and chemical properties.
Graphene nanopores, fabricated using chemical vapor deposition (CVD) techniques [68, 74],
have been extensively studied for biomolecule transport, particularly for DNA sequencing and
protein analysis [75, 76].

Among these, SiN and SiO2 membranes are the most widely used due to their favorable prop-
erties, including low mechanical stress and high chemical resistance, making them ideal for
nanopore fabrication. The typical process of fabricating ssNPs in SiN or SiO2 involves low-
pressure CVD at high temperatures (around 800◦C) to create robust, thin membranes. Pho-
tolithography and wet-etching techniques are then employed to define small windows on the
silicon side, often measuring 100 × 100 µm or 40 × 40 µm. The nanopore itself is drilled at
the center of these windows using a focused electron beam, which precisely sputters atoms
from the membrane to achieve the desired pore size. This process allows for exact control over
the pore diameter, a critical factor in tailoring ssNPs to the specific requirements of different
sensing systems [77]. Standard SiN membranes, typically around 30 nm thick, are particularly
popular for applications like DNA translocation studies due to their mechanical robustness and
high chemical resistance. However, the negatively charged surfaces of SiN or SiO2 require
the use of high-salt buffers to screen surface charges, ensuring consistent and reliable ionic
current measurements. Additionally, SiN nanopores exhibit a linear current-voltage (I-V) rela-
tionship even at high voltages, making them ideal for precise molecular sensing under a wide
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range of experimental conditions [78].

While SiN and SiO2 membranes dominate the field, aluminum oxide (Al2O3) has emerged as
a compelling alternative due to its distinct advantages. Unlike the negatively charged surfaces
of SiN and SiO2, Al2O3 surfaces are positively charged, which can enhance signal-to-noise
ratios and extend the lifespan of nanopores during sensing experiments. The fabrication of
Al2O3 membranes with atomic-level precision is made possible through atomic layer deposition
(ALD), a technique that enables the creation of ultrathin membranes with precisely controlled
thickness. FIB techniques can then be used to fabricate nanopores in these Al2O3 membranes,
offering tunability in both membrane thickness and pore diameter, which is crucial for optimizing
sensitivity and resolution in nanopore-based sensing applications [78].

Moreover, ALD also plays an essential role in surface modification, allowing researchers to coat
SiN or SiO2 nanopores with materials such as Al2O3, hafnium oxide (HfO2), or titanium oxide
(TiO2). These coatings significantly alter the chemical, mechanical, and electrical properties of
the nanopores, improving their performance for specific applications [79]. Notably, ALD-coating
with HfO2 has been shown to dramatically increase nanopore stability and longevity, making it
a valuable technique for enhancing the durability of ssNPs in long-term experiments [80]. By
combining the mechanical strength of SiN or SiO2 with the improved surface characteristics
provided by ALD coatings, researchers can create highly durable and sensitive nanopores that
are optimized for a wide range of sensing technologies. In addition to surface coatings using
ALD, nanopores can be functionalized with charged functional groups such as amino groups
and carboxy groups or whole biomolecules like antibodies or aptamers (see Figure 7). These
surface functionalizations can also lead to positively charged surfaces, improving surface char-
acteristicsand enhancing target molecule interaction. For example, antibody-target interactions
can prolongtranslocation times, which is crucial for sensitive target detection [81].

Overall, the continued development of advanced fabrication methods and the exploration of
novel materials and surface modifications for ssNPs are paving the way for next-generation
sensing technologies. From the precision offered by techniques like electron-beam lithography
and ALD, to the versatility of materials like SiN, SiO2, Al2O3, and graphene, ssNPs are poised to
revolutionize the field of nanopore sensing, enabling applications that were previously unattain-
able with traditional biological nanopores [82, 83].
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Figure 7: Surface functionalization of ssNPs with antibodies using silanization. The silicon nitride
surface is oxidized using piranha acid, oxygen-plasma or UV-Ozone treatment. The resulting
oxygen groups can be further conjugated with APTES (3-Aminopropyltriethoxysilane), leading
to an amino group on the surface, which can be conjugated to antibodies using glutaraldehyde.
(Created in BioRender.com, accessed on October 2024.)
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Figure 8: Schematic overview of solid-state nanopore fabrication. a) Focused electron/ion-beam
milling of free-standing membranes is a common approach for fabricating sub-10 nm pores
(left). The pore size and shape can be monitored in real time during fabrication. A sequence of
transmission electron microscope (TEM) images showing nanopore formation in silicon diox-
ide using an electron beam (right). The electron irradiation leads to a gradual reduction in the
size of the nanopore to approximately 3 nm. b) Controlled dielectric breakdown can be used
to fabricate pores in membrane materials such as SiN, HfO2 and SiO2. The membrane is
immersed in an electrolyte (such as KCl, NaC or LiCl) and exposed to an electric field with in-
tensity comparable to the dielectric strength of the membrane. Structural defects are produced
owing to tunnelling leakage current, resulting in the dielectric breakdown of the membrane and
in the formation of a nanopore. c–e) Thinning methods for solid-state membranes include dry
etching with a patterned protection layer (photoresist) (panel c); electron/ion-beam irradiation
(panel d). Helium ion-beam irradiation leads to thinning of both sides of the SiN membrane,
which has been attributed to fluidization and ion pressure; laser-assisted photothermal etching
(panel e). The process is influenced not only by the laser illumination but also by the compo-
sition of the supporting electrolyte. f) The combination of laser-assisted photothermal etching
and controlled dielectric breakdown allows for the simultaneous thinning of the membrane and
formation of a nanopore. g) Formation of an ultra-thin membrane using atomic layer deposition
(ALD). A thin layer of a desired material is deposited on a sacrificial layer using ALD. Etching
or removal of the sacrificial layer produces a thin, free-standing membrane; there is a large
choice of available deposition chemistries. h,i) Free-standing 2D membranes. 2D materials
supported on a sub-micrometre-sized aperture can be prepared via material transfer (panel
h) or by directly fabricating the 2D material on the aperture using chemical vapour deposition
(CVD) (panel i). Nanopores in single-layer 2D materials have high sensitivity, owing to their
near-atomic thickness (graphene: 0.3 nm, BN: 1.1 nm, MoS2: 0.8 nm and WS2: 0.7 nm).
PDMS, polydimethylsiloxane. Panel a adapted from ref.37, Springer Nature Limited. Panel b
adapted from ref.42, CC BY 4.0. Panel d adapted from ref.74, CC BY 3.0. Panels c, e and f
adapted with permission from ref.77, American Chemical Society. Panel h adapted with per-
mission from ref.342, Wiley. Panel i adapted with permission from ref.108, American Chemical
Society. Reproduced with permission from Springer Nature [83].

.
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1.4.3 Comparison of biological and solid state nanopores for
small molecule detection

When comparing ssNPs and bioNPs for small molecule detection, each system offers distinct
advantages and faces specific challenges. ssNPs have emerged as a promising and versatile
alternative to bioNPs, primarily due to their well-defined geometries, mechanical robustness,
and compatibility with various electronic and optical measurement techniques. These features
enable ssNPs to be tailored for a wide range of applications, making them highly attractive for
researchers working on advanced sensing technologies. ssNPs are typically fabricated using
precise techniques such as electron beam lithography, ion milling, and FIB method (see 1.4.2).
These fabrication processes allow for the fine-tuning of the nanopore’s size, shape, and thick-
ness with remarkable precision, often to within a few nanometers [84]. This high degree of
tunability, spanning pore sizes from sub-nanometer dimensions up to hundreds of nanometers,
gives ssNPs a distinct advantage in applications where controlling the size and surface proper-
ties of the pore is essential for improving sensitivity and resolution. In small molecule detection,
where identifying and measuring individual molecules requires fine discrimination, the ability to
precisely control these parameters in ssNPs is particularly advantageous. In contrast, bioNPs,
such as α-hemolysin or MspA, are naturally occurring protein-based pores with fixed dimen-
sions defined by their biological structure. While bioNPs are effective in many applications, their
limited ability to be customized restricts their flexibility in detecting molecules of varying sizes
or properties [85].

Another significant advantage of ssNPs lies in their stability under a wide range of chemical
and physical conditions. ssNPs made from materials such as silicon nitride (SiN), silicon diox-
ide (SiO2), and aluminum oxide (Al2O3) are highly resistant to harsh environments. These
materials can withstand extreme pH levels, high salt concentrations, and elevated tempera-
tures, conditions that would degrade biological nanopores and their associated lipid bilayer
membranes. This chemical and thermal resilience makes ssNPs particularly well-suited for
applications in diverse environments, including industrial, environmental, and medical settings
where conditions may be less controlled or more demanding [80, 86]. In contrast, bioNPs, rely
on delicate lipid bilayers to maintain their structure and are susceptible to degradation in these
harsh conditions, limiting their durability and long-term usability [86].

Despite the clear advantages of ssNPs, they also present several significant challenges that
must be addressed for them to reach their full potential in small molecule detection. One key
limitation of ssNPs is their lower temporal resolution and restricted bandwidth, which arises
from ionic current noise generated by the nanopore membrane and its substrate. This noise
can interfere with the accuracy and precision of molecule detection, especially when trying to
analyze small or subtle molecular events. Achieving high-resolution, real-time sensing remains
a technical challenge for ssNPs, requiring advances in both nanopore design and electronic
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measurement techniques [87, 88]. In contrast, bioNPs, due to their proteinaceous nature and
the uniformity of their lipid bilayer environment, tend to exhibit lower levels of ionic current noise,
contributing to better signal-to-noise ratios [89]. This superior noise performance makes bioNPs
more effective for high-resolution measurements of single molecules, especially in cases where
detecting subtle changes in ionic current is critical. BioNPs’ ability to maintain low noise lev-
els allows them to offer improved temporal resolution and bandwidth, enabling more precise
detection of molecular interactions over shorter timescales [90]. However, their structural limi-
tations, such as fixed pore size and sensitivity to environmental conditions, still pose challenges
in broader applications.

Another challenge ssNPs face is their lack of inherent molecular specificity. BioNPs, being
protein-based, have natural molecular recognition capabilities, allowing them to selectively bind
or interact with specific target molecules, which is critical in applications like DNA sequencing or
the detection of specific proteins. ssNPs, however, lack this built-in specificity. Without surface
modifications or functionalization, ssNPs tend to detect a wide array of molecules indiscrimi-
nately, making it difficult to identify or quantify specific targets, particularly in complex biolog-
ical or environmental samples. Functionalizing the surface of ssNPs with chemical groups,
antibodies, or other molecular recognition elements can improve their selectivity, but this intro-
duces additional complexity into the fabrication process and may affect nanopore stability or
performance. Pore clogging is another issue commonly encountered in ssNP systems. When
analyzing biomolecules like DNA, proteins, or other macromolecules, these substances can
become lodged in the nanopore, obstructing it and preventing further measurements. Clogging
can also lead to signal degradation or inconsistency, reducing the reliability of the data gen-
erated from the ssNP [91, 92]. Strategies to mitigate clogging, such as optimizing pore size,
modifying surface chemistry, or employing more sophisticated fluidic control, are active areas
of research but remain technically challenging.

Mechanical fragility is another concern, particularly for ultrathin ssNP membranes. Nanopores
made from materials like SiN or SiO2, which are often only a few nanometers thick, can be
prone to mechanical failure during long-term or continuous sensing applications [80]. This
fragility is especially problematic for pores with diameters smaller than 5 nm, which are often
necessary for detecting small molecules. These small-diameter nanopores have shorter op-
erational lifespans and are more likely to suffer from surface interactions, such as nonspecific
binding or electrostatic effects, further complicating signal interpretation. Although modifying
the surface of ssNPs can reduce these issues and improve compatibility with different analytes,
it introduces additional fabrication steps and increases the complexity of the overall design.

Another technical hurdle in the development of ssNPs for small molecule detection is the chal-
lenge of integrating these nanopores with advanced electronics for real-time, high-throughput
sensing. Achieving the necessary precision in both the fabrication of the nanopores and the
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design of the accompanying electronic systems is technically demanding. Ensuring device re-
producibility across different batches and maintaining high-quality signal processing capabilities
are significant obstacles that must be overcome for ssNPs to reach widespread use in practical
applications [48, 93].

However, despite these challenges, ssNPs hold immense potential for surpassing bioNPs in
small molecule detection. Their flexibility in design, ability to function in harsh environments,
and potential for integration into electronic and optical systems make them an attractive platform
for developing next-generation sensing technologies. With ongoing advancements in fabrica-
tion techniques, surface functionalization, and electronic integration, ssNPs could eventually
overcome their current limitations and offer a more versatile, durable, and sensitive alterna-
tive to biological nanopores in a wide range of applications, from diagnostics to environmental
monitoring to drug discovery.

1.4.4 Hybrid nanopores

In contrast, hybrid nanopores combine the advantageous features of both biological bioNPs and
ssNPs, creating a synergistic system that overcomes some of the inherent limitations of each
individual type. These hybrid nanopores typically consist of a biological component, usually
a pore-forming protein such as α-hemolysin or MspA, embedded within a solid-state material
like SiN, graphene, or another thin synthetic membrane [94]. This unique combination aims
to merge the highly selective and functional properties of biological pores with the durability,
stability, and tunability of solid-state materials. As a result, hybrid nanopores are emerging as
a powerful platform for advanced applications, including DNA sequencing, molecular sensing,
and single-molecule detection, offering greater flexibility and versatility than either bioNPs or
ssNPs alone [89].

One of the major benefits of hybrid nanopores is that they offer the precise molecular specificity
of biological pores while also addressing the limitations associated with their fragility. Biological
nanopores, although highly functional and capable of distinguishing individual molecules, are
prone to degradation under harsh conditions such as extreme pH levels, high temperatures,
or varying ionic strengths. For instance, biological pores have very small diameters (1.2 nm
for MspA and 1.4 nm for α-hemolysin), making them excellent for detecting small molecules
or DNA strands with high precision [53, 55]. However, when exposed to environments out-
side their optimal conditions, such as high pH or temperature, these proteins can denature or
lose functionality, limiting their operational range. Incorporating a synthetic membrane, such
as SiN or graphene, into the hybrid nanopore system helps to mitigate these issues by provid-
ing a more durable scaffold. The solid-state component enhances the overall stability of the
system, allowing the biological nanopore to function in more diverse and potentially harsher
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environments without significant loss of performance [89, 94]. Additionally, the synthetic mem-
brane introduces a broader range of customization options, such as precise control over the
membrane’s thickness, surface chemistry, and electrical properties, which can be fine-tuned for
specific applications. This level of control is particularly beneficial for optimizing the interaction
between the biological pore and the translocating molecules, ultimately improving the sensitivity
and resolution of the system. The solid-state framework also facilitates integration these hybrid
systems with various detection technologies, including electronic or optical readouts, further
expanding their applicability in complex sensing environments [48, 95].

One of the best-known applications of hybrid nanopores is in DNA sequencing, specifically the
MinION® sequencer developed by Oxford Nanopore Technologies (ONT). Introduced in 2014,
the MinION® was the first commercially available nanopore-based sequencing device, and it
revolutionized the field of genomics by providing a portable, real-time, and affordable sequenc-
ing platform. The MinION® utilizes bacterial protein nanopores, either α-hemolysin or MspA,
embedded within a synthetic membrane, creating a hybrid nanopore system. The sequencing
principle behind the MinION® device is based on the detection of changes in an electrical cur-
rent as a molecule, typically DNA or RNA, translocates through the biological nanopore. An
electrical current is applied across the synthetic membrane, which is highly resistant, and a
baseline current is measured based on the size and shape of the nanopore. When a negatively
charged molecule, such as a strand of DNA, translocates through the nanopore, it causes a
temporary disruption in the current. The magnitude and duration of this disruption depend on
the specific nucleotide sequence of the DNA passing through the pore, enabling the device to
detect the identity of each base as the molecule is sequenced (see Figure 9). The ability of the
MinION® to sequence DNA in real time, without the need for amplification or labeling, is a sig-
nificant advancement in the field of genomics, providing unprecedented access to large-scale
sequencing data in a portable format [45, 48].
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Figure 9: Nanopore sequencing principle. dsDNA is unwound by the motor protein and one strand is
translocated through the nanopore to the trans side (positive pol). (Created in BioRender.com,
accessed on October 2024.)

Hybrid nanopores offer additional advantages over conventional biological pores or solid-state
systems in several areas. In addition to DNA and RNA sequencing, hybrid nanopores are
being explored for a wide range of applications in molecular sensing. Their ability to detect
single molecules with high precision makes them valuable tools for studying protein folding,
enzyme activity, and biomolecular interactions [96, 97]. Furthermore, the integration of solid-
state components provides opportunities for hybrid nanopores to be incorporated into lab-on-
a-chip devices, enabling high-throughput screening of molecules in real-time. This versatility
makes hybrid nanopores a promising technology not only for genomic research but also for
diagnostics, drug development, and environmental monitoring [98].
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1.4.5 Combination of aptamers and nanopores for the detection of
small molecules

To overcome existing challenges in small molecule detection using nanopores, the combination
of aptamers and nanopores has become a promising strategy. Given the extensive research on
nucleic acid sensing across various types of nanopores, aptamers (that are small ssDNA or ss-
RNA molecules) serve as ideal carrier molecules for this purpose. As described in section 1.3,
aptamers are short, single-stranded DNA or RNA molecules that can fold into unique three-
dimensional structures, allowing them to bind selectively to specific target molecules, such as
proteins, small molecules, or ions, with high affinity. When integrated with nanopores, aptamers
can provide a means of molecular recognition, improving the functional capabilities of both ss-
NPs and bioNPs [99]. There are several ways how aptamers can be used in small molecule
detection using nanopores [100–104]. One opportunity is the chemical surface modification
with aptamers of the inner wall or the proximity of the pore entrance. Upon binding with a
target molecule the aptamer undergoes conformational changes that either block or alter the
ionic current passing through the nanopore, generating a detectable signal [44]. This binding
event is highly specific, allowing the nanopore to detect specific molecules based on aptamer-
target interactions. Otherwise, the interaction between the target molecule with its aptamer
can cause a change in the current signal. These signals can provide real-time data on the
presence, concentration, and even the kinetics of the binding event. Using aptamer carriers
can significantly enhance the selectivity of nanopore-based sensors, enabling the detection of
specific small molecules, that might otherwise pass through the nanopore unrecognized or may
only generate subtle current changes [104].

One of the key benefits of aptamer-functionalized nanopores is enhanced molecular specificity.
While solid-state nanopores are inherently non-selective, aptamer integration allows for selec-
tive detection of particular molecules, such as drugs, toxins, or biomarkers, even in complex
mixtures. Furthermore, nanopores equipped with aptamers can provide a label-free approach
for small molecule detection in real-time, avoiding the need for fluorescent or other labeling
techniques commonly needed for molecular sensing [99]. This makes aptamer-nanopore sens-
ing valuable for diagnostics, environmental analysis, and drug discovery. As aptamers can be
designed to detect a wide range of target molecules, including small molecules, proteins, nu-
cleic acids, and even ions, this approach is versatile. The highly specific binding between an
aptamer and its target often results in clear, quantifiable changes in ionic current, allowing de-
tection at very low concentrations. This makes aptamer-functionalized nanopores particularly
useful in applications requiring high sensitivity, such as detecting trace amounts of biomolecules
or environmental toxins. Nevertheless, there are also some challenges to overcome, when
combining aptamers with nanopores. One key concern is aptamer stability, as their struc-
ture and binding capabilities are sensitive to environmental factors, like pH, temperature and
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ionic strength, to maintain their folding and binding capabilities [105]. Also, if attached to the
nanopores surface, the aptamer immobilization should not interfere with its target binding ability.
While aptamers improve specificity, the signal-to-noise ratio may still be a concern, especially
when detecting small molecules with weak or subtle ionic current changes. This challenge is
more pronounced in solid-state nanopores, where background noise from the membrane or
pore structure may obscure detection signals.

In summary, the combination of aptamers and nanopores leverages the strengths of both tech-
nologies, enhancing the selectivity of nanopore sensors while preserving their versatility, sen-
sitivity, and label-free detection capabilities. While challenges remain in terms of stability, func-
tionalization, and signal clarity, aptamer functionalized nanopores hold significant potential for
highly selective small molecule detection, especially in complex samples. This makes them
a promising tool for a wide range of sensing applications, from diagnostics to environmental
monitoring.
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1.5 Magnetic beads

Magnetic beads are widely utilized in biological assays for applications such as nucleic acid
purification [106], protein isolation [107], immunoassays [108], and cell sorting [109]. These
beads, typically composed of superparamagnetic iron oxide particles embedded in a polymer
matrix, can be manipulated by external magnetic fields, making them ideal for separating bio-
logical molecules or cells [110]. For nucleic acid purification, beads are coated with functional
groups (e.g., silica, oligo-dT) that bind nucleic acids. Upon sample lysis, nucleic acids attach
to the beads, and a magnetic field is applied to pellet the bead-bound nucleic acids, allowing
for the removal of supernatant and washing of contaminants. Purified nucleic acids are then
eluted and used for downstream applications such as PCR, sequencing, or cloning [111].

Magnetic beads can also be functionalized with ligands like antibodies or enzymes, facilitat-
ing protein isolation or enhance immunoassays. In immunoprecipitation assays, beads coated
with specific antibodies capture target proteins from a mixture. After washing, the protein-
bead complex is magnetically separated from the sample. This method is commonly used for
protein identification, interaction studies, or Western blot analysis. Additionally, beads can be
coated with nickel ions (Ni-NTA) to selectively bind histidine-tagged recombinant proteins [108].
The magnetic separation process simplifies purification compared to traditional chromatogra-
phy methods. Magnetic beads also enhance immunoassays, such as Magnetic bead-based
ELISAs, where antibodies or antigens are attached to the bead surface rather than a solid sub-
strate. After binding the target analyte and detection antibodies, the beads are magnetically
separated, washed, and analyzed, offering faster processing times and increased sensitivity
compared to conventional ELISAs [112].

In small molecule detection, magnetic beads provide improved sensitivity, specificity, and
speed. Small molecules, including drugs, hormones, and environmental toxins, are often diffi-
cult to detect due to their small size and low abundance (see 1.1). Magnetic beads help over-
come these challenges through a variety of assay techniques e.g., competitive immunoassays
(see 1.2). Here, beads functionalized with antibodies or antigens bind the small molecule of
interest, while a labeled small molecule competes for bead binding. A magnetic field is applied
to separate bead-bound complexes, and the unbound molecules are washed away. The signal
from the labeled molecule, which decreases in the presence of the target, is measured to quan-
tify the small molecule concentration in the sample (see Figure 10). This method is widely used
for drug testing, hormone assays, and toxin detection [8]. Magnetic beads are also integrated
into biosensor platforms for small molecule detection. These biosensors use electrochemical,
optical, or mass-sensitive methods to quantify small molecule binding events, with magnetic
beads enhancing assay sensitivity by preconcentrating small molecules from complex samples
like blood or urine. This reduces detection limits and allows for smaller sample volumes, which
is especially important in medical diagnostics when sample availability is limited [113].
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In conclusion, although magnetic beads are more expensive than traditional methods, they are
highly versatile, offering superior sensitivity, automation potential, and compatibility with various
biosensing technologies. They are particularly valuable in fields like drug testing, environmental
monitoring, and therapeutic drug monitoring, where detecting low-abundance small molecules
with precision is critical.

Figure 10: Principle of a magnetic bead based competitive assay. The biotinylated EA aptamer
binding complement is covalently attached to streptavidin coupled magnetic beads and the
EA aptamer is hybridized to its complementary strand. When ethanolamine is added, the
aptamer is displaced from its complementary strand to form the ethanolamine-aptamer com-
plex. Beads can be pelleted with a magnet and the supernatant containing the displaced
aptamer can be removed. After washing, the remaining bead-bound aptamer can be re-
moved from the beads with ONT-Flush buffer and the amount of aptamer in the supernatant
can be measured using the MinION®-device. (Created in BioRender.com, accessed on Oc-
tober 2024.)
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1.6 L-kynurenine as biomarker

L-kynurenine is one of the smallest molecules (208 g/mol) recognized by antibodies in im-
munoassays, making it a valuable tool for developing POC diagnostic assays. Kynurenine, a
key metabolite in the tryptophan degradation pathway, is associated with various inflammatory,
metabolic, oncogenic, and psychiatric disorders [114–116]. While some tryptophan is con-
verted into serotonin [117], approximately 95% of dietary tryptophan is processed through the
kynurenine pathway (KP) via the enzyme family indoleamine-2,3-dioxygenases (IDOs) [118,
119]. This pathway involves a cascade of degradation enzymes that ultimately produce quino-
linic acid as the final product [120]. IDO enzyme activity is regulated by immune factors, in-
cluding pathogenic microorganisms, lipopolysaccharides (LPS) [121, 122], and inflammatory
cytokines like IL-1 and TNF-α [123, 124]. Elevated kynurenine levels have been shown to mod-
ulate immune activation and display anti-inflammatory effects through a feedback mechanism
[125].

This link between inflammation and increased serum kynurenine levels, driven by IDO upregu-
lation, highlights kynurenine as a promising biomarker for clinically relevant inflammatory con-
ditions. For instance, in patients with chronic kidney disease (CKD). in the pre-dialysis stage,
IDO activity and therefore, serum kynurenine levels are elevated to 3.9 ± 2.1 µM, increasing to
5.6 ± 2.3 µM with CKD progression, driven by chronic inflammation [126, 127]. Similarly, ele-
vated kynurenine levels correlate with inflammatory responses following kidney transplantation,
inversely relating to kidney function [128]. In a 2007 study, Buczko et al. observed reproducible
correlations between saliva and serum kynurenine levels in uremic patients, indicating saliva
as a viable alternative for kynurenine measurement [129]. Given the relationship between in-
flammation, IDO expression, kidney failure, and transplant rejection [130, 131], and supporting
literature that highlights kynurenine as a biomarker for renal allograft failure [132], this study
explores saliva-derived kynurenine as a potential biomarker for kidney transplant rejection. No-
tably, patients with transplant rejection exhibit L-kynurenine levels of 17.4 ± 8.4 µM in serum
and 4.6 ± 1.6 µM in saliva, compared to control groups with levels of 2.7 ± 0.4 µM in serum
and 0.7 ± 0.4 µM in saliva [128].

Beyond transplant rejection, elevated kynurenine levels are also linked to titanium dental im-
plant failure, impaired bone osseointegration processes [133], and complications with left ven-
tricular assist devices, further connecting kynurenine with implant failure [134].

In clinical trials, kynurenine quantification has primarily relied on LC-MS [135] or GC-MS [136]
methods, which are often impractical for rapid diagnosis. Alternative approaches include fluo-
rescent gold nanoclusters that detect physiological levels of kynurenine through a quenching
mechanism, as demonstrated by Ungor et al. (2019) [137]. Another method, developed by
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Klockow et al. (2013), uses fluorescently labeled kynurenine derivatives with a coumarin alde-
hyde scaffold to produce fluorescence based on pH changes [138]. Additional rapid testing
approaches focus on quantifying IDO activity rather than directly measuring kynurenine [139],
offering potential for faster, more accessible diagnostics.
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1.7 Ethanolamine as biomarker

Ethanolamine (EA) is a small organic molecule (61.08 g/mol) that has gained attention as an
important analyte in both environmental chemistry and life sciences due to its crucial role in
the metabolism of humans and plants (see Figure 11) [140–142]. As a key component of
phospholipids, particularly phosphatidylethanolamine (PE), EA is vital for maintaining cellular
membrane structure and function. It also participates in several metabolic pathways, including
lipid metabolism and neurotransmitter synthesis [143]. Given its involvement in these biological
processes, EA shows great promise as a biomarker for various diseases and physiological
conditions.

In healthy adults, the average concentration of free EA in blood is around 2 µM (ranging from
0 to 12 µM), while significantly higher levels are found in other body fluids, such as breast milk
(46.2 ± 18.1 µM), cerebrospinal fluid (14.1 ± 3.0 µM), and saliva (135.99 ± 96.22 µM) [144]. In
contrast, newborns also exhibit much higher blood levels, averaging 52.3 µM (range 26.2–91.7
µM). A decrease in PE, and by extension EA, has been linked to the development and progres-
sion of several neurodegenerative diseases, including Alzheimer’s [145], Parkinson’s [146], and
Huntington’s diseases [147], as well as mitochondrial dysfunction [148].

EA has been studied as a potential marker for liver dysfunction and diseases such as non-
alcoholic fatty liver disease (NAFLD) and liver fibrosis. In conditions affecting the liver, altered
lipid metabolism can lead to abnormal EA levels in the blood or tissues [149]. Elevated EA
levels have been associated with liver injury, reflecting disruptions in the synthesis and turnover
of membrane lipids [150]. Additionally, EA is also linked to the central nervous system as a
precursor in the synthesis of acetylcholine, an essential neurotransmitter involved in learning
and memory. Dysregulation of EA levels have been noted in certain neurodegenerative dis-
orders, such as Alzheimer’s disease. Abnormal levels of EA in the cerebrospinal fluid (CSF)
or blood may indicate disruptions in phospholipid metabolism or neurotransmitter production,
both of which play critical roles in brain function [147]. In cancer biology, altered EA metabolism
can be indicative of tumor growth and progression. Tumor cells often exhibit changes in lipid
metabolism to support rapid cell division and growth. Studies have shown that EA levels can
be elevated in certain types of cancer, such as breast and prostate cancers, making it a po-
tential biomarker for tumor diagnosis or monitoring therapeutic responses [151, 152]. Since
EA is involved in lipid metabolism, its levels can be altered in metabolic diseases like obesity,
diabetes, and cardiovascular disease. It may serve as a biomarker for metabolic health by re-
flecting changes in lipid metabolism that occur in these conditions. Elevated serum EA levels
have been linked to insulin resistance, making it a potential marker for assessing metabolic
syndrome and related disorders [146]. Additionally, abnormal EA levels have been observed in
patients with chronic kidney disease (CKD), possibly reflecting disruptions in lipid metabolism
due to impaired kidney function. Measuring EA in blood or urine may provide insight into the
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progression of CKD and help in evaluating treatment efficacy. Furthermore, EA is also linked
to the inflammatory response. In conditions involving inflammation, such as autoimmune dis-
eases or infections, elevated levels of EA can indicate increased membrane turnover due to
cell damage or immune activation [141, 153]. Therefore, EA serves as a versatile biomarker,
particularly in diseases related to lipid metabolism, liver function, neurological conditions, can-
cer, and inflammation. Monitoring its levels in blood, urine, or cerebrospinal fluid may provide
valuable diagnostic and prognostic information across a wide range of medical conditions.

Despite its potential as a biomarker, detection of small molecules such as ethanolamine re-
mains challenging and labor-intensive with conventional analytical techniques such as HPLC
and LC-MS [154]. While various methods have been explored in the literature [155–158] ,
achieving both high accuracy and sensitivity in ethanolamine quantification is difficult due to
its high polarity and low molecular weight, which complicates retention and separation from
other matrix components [159]. Therefore, the development of alternative detection methods
for ethanolamine is becoming increasingly critical.

Figure 11: Chemical structure of ethanolamine. Ethanolamine is a small organic molecule
(MW 61.08 g/mol), containing two functional groups, a hydroxyl group and an amino group.
(Created in BioRender.com, accessed on October 2024.)
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1.7.1 Ethanolamine aptamer

As shown in 1.3 aptamers are short, synthetic produced ssNA (DNA or RNA) that specifically
bind to small target molecules with high affinity, by folding into three-dimensional structures,
enabling them to selectively recognize target molecules, much like antibodies. Various ap-
tamers against small molecules have been reported in the literature [160]. Ethanolamine, as
small organic molecule (MW = 61.08 g/ mol) is one of the smallest aptamer targets so far
[161]. As shown in the previous section ethanolamine holds biological, medical and environ-
mental relevance. A few DNA aptamers were previously reported for binding ethanolamine
with a dissociation constant (Kd) as low as 6 nM. Mann et al. (2005), were the first who
identified two different aptamer structures (#14.3 and #9.4) which showed high binding affin-
ity and selectivity of ethanolamine over chemically similar target molecules (e.g., propylamine,
ethanol, glycine). Both structures consist of a ssDNA aptamer with 96 nucleotides folding
into a stem-loop secondary structure [162]. The target binding region of the aptamer could
be determined using truncated aptamer sequences for binding studies [161]. It is a guanine-
rich sequence segment with a length of 16 nucleotides. Secondary structure predictions show
that this target-binding aptamer region is located in a loop region of the aptamer (see Figure
12). The three-dimensional folding of this aptamer region forms a G-quadruplex structure. G-
quadruplexes are formed by the stacking of coplanar guanine tetrads via Hoogsteen hydrogen
bonds [163]. The coplanar architecture of G-quadruplexes has noticeable van der Waals at-
traction and many aromatic planar ligands can interact with this guanine chamber [164]. The
target ethanolamine is presumably bound by loop structures within the G-quadruplex [165]. Ad-
ditionally, some truncated EA-aptamer variants were reported to show sufficient binding affinity
and selectivity against EA. In particular, the 42-nucleotide long variant from the EA-aptamer
#14.3 (EA-aptamer #14.3K42) showed good performance in EA binding assays, especially in
competitive binding assays [166, 167].
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Figure 12: Ethanolamine aptamer structure. Combined figure of: (A) Secondary structure of ap-
tamers #14.3 and #9.4. The primer regions (nucleotides 1–18 and 79–96) are highlighted
in grey, and the consensus sequence (nucleotides 20–35 for version 14.3 and 24–39 for
version 9.4) is marked by circles. The primer regions were always arranged in stem-loop
structures, whereas the consensus sequences were found in a single-stranded loop. Modi-
fied from Mann et al., 2005, In vitro selection of DNA aptamers binding ethanolamine, Bio-
chemical and Biophysical Research Communications, Vol. 338, Issue 4, Pages 1928-1934,
Copyright (2005), with permission from Elsevier [162]. (B) G-quadruplex structure. The con-
sensus sequence of 16 nucleotides was characterized by several G-triplets. Thus, the three-
dimensional shape of this consensus sequence could be a threefold stacked G-quadruplex
structure. The image shows one possible conformation of the nucleotides. Modified from
Mann et al., 2005, In vitro selection of DNA aptamers binding ethanolamine, Biochemical
and Biophysical Research Communications, Vol. 338, Issue 4, Pages 1928-1934, Copy-
right (2005), with permission from Elsevier [162]. (C) Predicted secondary structure of the
ethanolamine aptamer with 42 nucleotides (EA#14.3K42), a truncated version of the original
96nt (EA#14.3) aptamer. Modified from Mahmoud, M., Laufer, S., & Deigner, H.-P., Data
for homogeneous thermofluorimetric assays for ethanolamine using aptamers and a PCR
instrument, Data in Brief, 2019. https://doi.org/10.1016/j.dib.2019.103946. Licensed under
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).



2 Objectives

Detecting small molecules is essential in fields such as molecular diagnostics, drug develop-
ment, disease monitoring, as well as environmental and food analysis. Current technologies
rely on advanced spectroscopic and chromatographic methods like HPLC, LC-MS, and GC-MS,
which, while effective, are costly, time-intensive, and limited to laboratory settings.

The aim of this dissertation is to develop novel, label-free detection methods that enable rapid
and accessible quantification of small molecules, offering a faster and more cost-effective al-
ternative to traditional chromatographic techniques. Given the challenges in detecting small
molecules due to their lack of binding sites, this research explores three innovative ap-
proaches.

The first approach focuses on the development of a competitive magnetic bead assay for
L-kynurenine quantification. Using a fluorescently labeled competitor and one of the few
existing antibodies specific to L-kynurenine, this assay enables direct measurement through
fluorescence signals. Additionally, its application in complex biological matrices, such as saliva,
was evaluated to assess both the sensitivity and practicality of the method for point-of-care
applications.

In the second approach, a ready-to-use protein nanopore platform for small molecule
quantification of ethanolamine was implemented using a magnetic bead-based strand-
displacement assay. This introduces an alternative approach that bypasses the need for spe-
cific antibodies by employing ssDNA aptamers. The assay utilizes hybrid protein nanopores
within a synthetic membrane, tested on the commercial MinION® nanopore sequencer, where
current disruptions are measured as aptamers translocate through the pores. This section
critically evaluates the adaptability of commercially available nanopores for small molecule de-
tection via aptamers, highlighting both their potential and current limitations.

The third approach explores the potential of solid-state nanopores for small molecule de-
tection, leveraging insights from hybrid nanopore experimentation. This section addresses
fabrication and stability challenges, surface modification techniques, and sensor optimization
to refine nanopore-based molecular detection. Together, these methods aim to advance small-
molecule analysis techniques, contributing to faster, more accessible, and cost-efficient bio-
chemical assays.
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3 Materials and Methods

3.1 Part 1: L-kynurenine fluorescence-based

competitive immunoassay

The first part, aimed to develop a rapid test for L-kynurenine a potential biomarker for kidney
transplant failure. Therefore, a fluorescence-labelled L-kynurenine derivate was synthesised,
characterized and its binding ability to a bead-bound L-kynurenine antibody was investigated.
Further a competitive bead-based immunoassay for native kynurenine was designed using the
fluorescence derivate as competitor.

3.1.1 General experimental

Thin-layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck) with
a layer thickness of 0.2 mm. Visualization was achieved either by UV light irradiation at 254 nm
or by charring with a 1 % potassium permanganate (KMnO4) solution in 1 N sodium hydroxide
(NaOH). Flash column chromatography (FC) was carried out using M&N Silica Gel 60 (parti-
cle size 0.063–0.200 mm). 1H and 13C NMR spectra were recorded on Bruker Avance I 200
(200 MHz) and Avance II 400 (400 MHz) spectrometers (both Bruker, Billerica, MA, USA), or
on a Varian Unity 500 (500 MHz) spectrometer (Varian Inc., Palo Alto, CA, USA). Chemical
shifts are reported in parts per million (ppm) relative to the residual solvent signals (CDCl3:
δH = 7.26 ppm, δC = 77.0 ppm; DMSO-d6: δH = 2.49 ppm, δC = 39.7 ppm). Signal assignments
were made based on first-order analysis and, where applicable, supported by 2D 1H,1H and
1H,13C correlation spectroscopy. Coupling constants are given in Hertz (Hz). UV/Vis spec-
tra were recorded on a PerkinElmer Lambda XLS+ UV/Vis spectrophotometer (PerkinElmer,
Waltham, MA, USA) using a 10.00 mm quartz cuvette. Fluorescence measurements were
conducted with a Tecan Infinite M200 plate reader in commercially available 96-well multiwell
plates. All chemicals and reagents were obtained from Acros Organics, Alfa Aesar, Sigma-
Aldrich, Carl Roth, Carbolution, or ABCR and used without further purification.

3.1.2 Synthesis of kynurenine–rhodamine B conjugates

The synthesis of the kynurenine–rhodamine B conjugates used in this study was carried out
by a colleague and has previously been described in detail in [2]. The following text is repro-
duced with minor editorial adjustments from that publication, which is licensed under Creative
Commons CC BY 4.0:
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(1) [6-Diethylamino-9-(2-prop-2-ynyloxycarbonyl-phenyl)-xanthen-3-ylidene] diethylam-
monium; Chloride:
Rhodamine B (10 g, 20.9 mmol, 1 eq) was dissolved in dry CH2Cl2 (250 ml) under a nitrogen at-
mosphere. EDC (4.4 g, 22.99 mmol, 1.1 eq) and DMAP (0.51 g, 4.18 mmol, 0.2 eq) were added,
and the reaction mixture was stirred at room temperature for 15 minutes. Propargyl alcohol
(1.33 ml, 22.99 mmol, 1.1 eq) was then introduced, and stirring was continued overnight at am-
bient temperature. The reaction mixture was washed twice with 1 M HCl (2 × 250 ml) followed
by a wash with brine (250 ml). The organic phase was dried over Na2SO4 and concentrated un-
der reduced pressure to yield the crude product. Purification by flash column chromatography
(CH2Cl2:MeOH 9:1) afforded the desired compound as a violet solid (6.08 g, 56 % yield).

Spectroscopic data: 1H-NMR (CDCl3, 400 MHz): 8.66 (d, J = 7.9 Hz, 1H, aromatic H), 7.88
(t, J = 7.6 Hz, 1H, aromatic H), 7.78 (t, J = 7.7 Hz, 1H, aromatic H), 7.38 (d, J = 7.6 Hz, 1H,
aromatic H), 7.09 (d, J = 9.4 Hz, 1H, aromatic H), 6.95 (d, J = 9.6 Hz, 1H, aromatic H), 6.88 (s,
1H, aromatic H), 4.65 (d, J = 1.3 Hz, 2H, CH2), 3.68 (q, J = 7.1 Hz, 8H, CH2), 2.46 (s, 1H, CH),
1.36 (t, J = 7.1 Hz, 12H, CH3).

13C-NMR (DMSO-d6, 50 MHz): 164.4 (C(=O)O), 157.6, 155.6, 134.0, 133.8, 131.3, 131.3,
131.0, 129.3, 115.1, 113.4, 107.4, 96.4 (aromatic C), 78.5 (C), 77.8 (CH), 53.3, 45.8 (CH2),
12.9 (CH3).

(2) 4-(2-Amino-phenyl)-2-tert-butoxycarbonylamino-4-oxo-butyric Acid:
The amino group of kynurenine was protected using Boc chemistry under Schotten–Baumann
conditions: Kynurenine (500 mg, 2.4 mmol, 1 equiv) was dissolved in a 1:1 mixture of water and
THF containing NaOH (288 mg, 7.2 mmol, 3 equiv). Once the solution became clear, Boc2O
(1.55 ml, 7.2 mmol, 3 equiv) was added dropwise at 0 °C. The reaction was monitored by TLC,
and full conversion was achieved after 90 minutes. Acidification with 10% HCl followed by three
extractions with ethyl acetate, drying of the organic phase, and removal of solvent yielded the
crude product as a yellow oil. Purification by column chromatography (ethyl acetate) afforded
the pure compound as a yellowish powder (327.7 mg, 44% yield).

Spectroscopic data: 1H-NMR (400 MHz, CDCl3): 7.73 (d, J = 8.0 Hz, 1H, aromatic H), 7.34
(t, J = 7.6 Hz, 1H, aromatic H), 6.83–6.72 (m, 2H, aromatic H), 5.64 (d, J = 8.7 Hz, 1H, CH),
4.67 (ddd, J = 12.8, 8.5, 4.3 Hz, 1H, CH), 3.80–3.69 (m, 2H, CH2), 3.53 (dd, J = 18.0, 3.8 Hz,
1H, CH), 1.45 (s, 9H, 3×CH3).

13C-NMR (100 MHz, CDCl3): 199.54 (aromatic C=O), 172.43 (carboxylic acid C=O), 155.68
(Boc carbonyl), 149.45, 134.96, 131.08, 125.83, 118.10, 116.73 (aromatic C), 69.98 (Boc tert-
butyl C), 52.60 (CH), 41.47 (CH2), 28.34 (CH3).
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(3) [3-(2-Amino-phenyl)-1-(2-2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy-ethylcarbamoyl)-3-
oxo-propyl]-carbamic Acid Tert-Butyl Ester:
Boc-protected kynurenine (1) (318.9 mg, 1.03 mmol, 1 equiv) and the corresponding azido
linker (248.68 mg, 1.14 mmol, 1.1 equiv) were dissolved in dichloromethane (50 ml). EDC
(197.45 mg, 1.03 mmol, 1 equiv) and DMAP (25.17 mg, 0.206 mmol, 0.2 equiv) were added,
and the reaction mixture was stirred at room temperature for 48 hours. The mixture was
washed three times with 2 M NaOH (80 ml), followed by a brine wash (80 ml). After drying
over sodium sulfate and solvent removal, the crude product was obtained. Purification by
column chromatography using ethyl acetate yielded the pure compound as an orange solid
(175.11 mg, 33% yield), which was used directly in the subsequent step without further
characterization.

(4) (9-2-[1-(2-2-[4-(2-Amino-phenyl)-2-tert-butoxycarbonylamino-4-oxobutyrylamino]-
ethoxy-ethyl)-1H-[1,2,3]triazol-4-ylmethoxycarbonyl]-phenyl-6-diethylamino-xanthen-3-
ylidene)-diethyl-ammonium Salt:
Azido-functionalized Boc-L-Kynurenine (3) (166 mg, 326.6 µmol, 1 equiv) and propargyl
rhodamine B (1) (169 mg, 326.6 µmol, 1 equiv) were dissolved in 30 ml of a solvent mixture of
CH2Cl2/MeOH/H2O (10:10:3). To this solution, aqueous CuSO4 (262 µL, 0.5 M, 130.64 µmol,
0.4 equiv), TBTA (18 mg, 32.66 µmol, 0.1 equiv), and sodium ascorbate (142 mg, 718.52
µmol, 2.2 equiv) were added. The reaction mixture was then heated at 60 °C for 16 hours.
After cooling, 20 ml of deionized water was added, and the mixture was extracted three times
with 50 ml portions of CH2Cl2. The combined organic layers were dried over Na2SO4 and
concentrated under reduced pressure. Purification by column chromatography (CH2Cl2/MeOH
3:1) afforded the pure product as a pink solid (302.5 mg, 90% yield).

Spectroscopic data: 1H-NMR (DMSO, 500 MHz): 8.20 (dd, J = 7.9,1.0 Hz, 1H, Ar–H),
7.91–7.85 (m, 3H, Ar–H), 7.83–7.79 (m, 2H, Ar–H), 7.47 (dd, J = 7.6,0.8 Hz, 1H, Ar–H),
7.08–7.00 (m, 2H, Ar–H), 6.97–6.90 (m, 5H, Ar–H), 5.04 (s, 2H, Ar–CH2), 4.65 (d, J = 2.4

Hz, 1H, CH2), 4.44 (t, J = 5.2 Hz, 2H, Triazol–CH2), 3.74 (t, J = 5.2 Hz, 2H, O–CH2), 3.63 (dd,
J = 13.9,6.7 Hz, 8H, 4× RhB–CH2), 3.48–3.45 (m, 2H, O–CH2), 3.44–3.40 (m, 6H, 3× O–CH2),
3.30 (t, J = 6.4 Hz, 2H, O–CH2), 3.00 (dd, J = 12.0,6.0 Hz, 2H, CH2), 1.33 (s, 9H, 3× Boc–CH3),
1.20 (t, J = 6.7 Hz, 12H, 4× RhB–CH3).

13C-NMR (DMSO, 125 MHz): 198.9 (Ar–C=O), 172.1 (C(=O)–NH), 164.9 (C(=O)–O), 157.8
(Ar–H), 157.5 (Boc–C=O), 156.0, 155.6, 155.5 (Ar–C), 141.04 (Triazol–Ar–C), 134.6, 133.9,
133.8, 133.7, 131.3, 131.2, 131.0, 130.9, 129.6, 129.2 (Ar–C), 125.3 (Triazol–Ar–C), 115.0,
114.9, 114.8, 113.3, 96.3 (Ar–C), 78.4 (tert–C), 78.0 (NH(Boc)–CH), 77.8, 70.1, 70.0, 69.9,
69.6, 69.3, 68.0 (O–CH2), 58.6 (Ar–CH2), 53.2 (RhB–CH2), 49.8 (Ar–CH2), 45.8 (N–CH2), 28.7
(Boc–CH3), 12.9 (RhB–CH3).



36 3 MATERIALS AND METHODS

(5) (9-2-[1-(2-2-[2-Amino-4-(2-amino-phenyl)-4-oxo-butyrylamino]-ethoxy-ethyl)-1H-
[1,2,3]triazol-4-ylmethoxycarbonyl]-phenyl-6-diethylamino-xanthen-3-ylidene)-diethyl-
ammonium Salt:
Boc-deprotection of the rhodamine B–kynurenine conjugate (4) was performed by dissolving
conjugate (4) in 6 ml of CH2Cl2 containing 25% trifluoroacetic acid. After stirring at room
temperature for 1 hour, the solution was precipitated into 50 ml of ice-cold Et2O and centrifuged
at maximum speed for 5 minutes at 4 °C. The precipitate was then dissolved in deionized water
and lyophilized. Purification by HPLC afforded the pure product as a pink solid (60.5 mg, 26%
yield).

Spectroscopic data: 1H-NMR (DMSO, 500 MHz): 8.20 (dd, J = 8.0, 1.4 Hz, 1H, Ar–H), 8.11
(s, 1H, C(=O)NH), 7.93–7.84 (m, 3H, Ar–H), 7.85–7.78 (m, 2H, Ar–H), 7.47 (dd, J = 7.7, 1.4
Hz, 1H, Ar–H), 7.05–6.99 (m, 3H, Ar–H), 6.97–6.89 (m, 5H, Ar–H), 5.05 (d, J = 4.4 Hz, 3H,
Ar–CH2 + CH), 4.47–4.41 (m, 2H, Ar–CH2), 3.75 (t, J = 5.2 Hz, 2H, O–CH2), 3.63 (q, J = 6.9
Hz, 8H, RhB–CH2), 3.54 (d, J = 5.6 Hz, 2H, O–CH2), 3.50–3.42 (m, 8H, O–CH2), 2.92 (q, J =
5.6 Hz, 2H, O–CH2), 1.20 (t, J = 7.0 Hz, 12H, RhB–CH3).

13C-NMR (DMSO, 125 MHz): 197.3 (Ar–C(=O)), 168.8 (C(=O)–NH), 164.9 (C(=O)–O), 158.2
(Ar–C), 157.9 (Ar–C), 157.5 (Ar–C), 155.5 (Ar–C), 141.1 (Triazol–Ar–C), 133.2 (Ar–C), 133.7
(Ar–C), 131.2 (Ar–C), 130.9 (Ar–C), 129.6 (Ar–C), 125.3 (Triazol–Ar–C), 117.5 (Ar–C), 114.9
(Ar–C), 113.3 (Ar–C), 96.3 (Ar–C), 70.1 (O–CH2), 70.0 (O–CH2), 69.9 (O–CH2), 69.0 (O–CH2),
67.1 (O–CH2), 58.6 (Ar–CH2), 49.8 (Ar–CH2), 45.7 (N–CH2), 12.87 (CH3).

(6) (6-Diethylamino-9-2-[1-(2-2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy-ethyl)-1H-
[1,2,3]triazol-4-ylmethoxycarbonyl]-phenyl-xanthen-3-ylidene)-diethyl-ammonium Salt:
Propargyl rhodamine B (1) (100 mg, 193.4 µmol, 1 eq) and azidotetraethylene glycol (42.4
mg, 193.4 µmol, 1 eq, synthesized according to literature [168]) were dissolved in 25 ml of a
mixture of CH2Cl2/MeOH/H2O (10:10:3). An aqueous solution of CuSO4 (0.5 M, 15.5 µL, 7.74
µmol, 0.04 eq) was added, followed by TBTA (1 mg, 1.93 µmol, 0.01 eq) and sodium ascorbate
(8.4 mg, 42.6 µmol, 0.22 eq), and the mixture was heated to 60 °C. The reaction progress was
monitored by TLC. After 16 h, the mixture was cooled down and 25 ml of ddH2O was added.
The mixture was extracted three times with 50 ml CH2Cl2, then dried over Na2SO4 to yield the
crude product. Purification by column chromatography (CH2Cl2/MeOH 3:1) afforded the pure
product as a pink oil (135.8 mg, 95% yield).

Spectroscopic data: 1H-NMR (DMSO, 500 MHz): 8.22 (d, J = 8.0 Hz, 1H, Ar–H), 7.89 (t, J =
5.2 Hz, 2H, Ar–H), 7.82 (t, J = 7.9 Hz, 1H, Ar–H), 7.48 (d, J = 7.5 Hz, 1H, Ar–H), 7.04 (dd, J
= 9.5, 2.2 Hz, 2H, Ar–H), 6.96 (s, 1H, Ar–H), 6.95–6.92 (m, 3H, Ar–H), 5.06 (s, 2H, Ar–CH2),
4.56 (s, 1H, OH), 4.45 (t, J = 5.2 Hz, 2H, O–CH2), 3.76 (t, J = 5.2 Hz, 2H, O–CH2), 3.65 (q, J =
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6.8 Hz, 8H, CH2), 3.49 (dd, J = 5.6, 3.1 Hz, 2H, O–CH2), 3.46–3.41 (m, 6H, O–CH2), 3.37–3.34
(m, 2H, O–CH2), 1.22 (t, J = 6.8 Hz, 12H, CH3).

13C-NMR (DMSO, 125 MHz): 164.88 (C(=O)), 157.88 (Ar–C), 157.53 (Ar–C), 155.53 (Ar–C),
141.05 (Ar–C), 133.71 (Ar–C), 131.24 (Ar–C), 130.93 (Ar–C), 129.67 (Ar–C), 125.36 (Ar–C),
114.94 (Ar–C), 113.32 (Ar–C), 96.29 (Ar–C), 72.75 (CH2), 70.21 (CH2), 70.17 (CH2), 70.05
(CH2), 69.97 (CH2), 69.01 (CH2), 66.81 (CH2), 60.63 (CH2), 58.63 (CH2), 49.77 (CH2), 45.76
(CH2), 12.89 (CH3).

3.1.3 Magnetic bead immunoassay (MIA)

The following methods were developed and applied by the author and were previously pub-
lished in [2].

Antibody biotinylation
A total of 1 µl of a 6 mg/ml Biotin-NHS solution (NHS-dPEG®12-biotin, Sigma Aldrich,
Taufkirchen, Germany) was added to 100 µl of an anti-kynurenine antibody (monoclonal Mouse
IgG1a κ chain anti-kynurenine antibody, clone 3D4-F2, ImmuSmol SAS, 0.5 mg/ml). The mix-
ture was incubated for 50 min at room temperature with gentle shaking. Excess Biotin-NHS was
removed using a VivaSpin 500 centrifugal concentrator with 10 kDa MWCO (Sigma Aldrich).

Bead preparation
For bead activation, 50 µl of magnetic beads (Dynabeads™ MyOne™ Streptavidin C1 magnetic
beads, 10 mg/ml, Thermo Fisher Scientific, Schwerte, Germany) was diluted to 1 mg/ml with
450 µl of PBS and pelleted on a magnetic rack for 2 min. The supernatant was discarded,
and the beads were washed three times with 500 µl PBS. After the last washing step, 20 µl of
the supernatant was replaced with 20 µl biotinylated antibody (0.5 mg/ml). The mixture was
incubated for 30 min at RT under gentle shaking. The reaction was blocked by washing the
beads three times with PBS containing 1.5% BSA and 0.5% Tween-20. The final concentration
was 20 µg of antibody per 1 mg of beads.

Immunoassay conjugate binding
For 3 h at RT, 0–100 µM rhodamine B–kynurenine conjugate (5) or rhodamine B-PEGLinker
(6) was incubated with 50 µl of antibody-conjugated magnetic beads and 50 µl of PBS (1:3
dilution). The beads were pelleted on a magnetic rack, and the unbound rhodamine B in the
supernatant was quantified in a 96-well plate with a fluorescence measurement of 100 µl of
supernatant at 561 nm excitation and 592 nm emission, using a Tecan Infinite M200 multiplate
reader. A standard curve of rhodamine B fluorescence intensity between 0 and 100 µM diluted
1:3 in PBS was used for the calculation of bead-bound conjugate (5) or (6).



38 3 MATERIALS AND METHODS

Competition between rhodamine B–kynurenine conjugate and native kynurenine
Fifty microliters of antibody coupled beads was incubated with 50 µl of 12 µM rhodamine B-
kynurenine conjugate (5) and 50 µl of spiked PBS or artificial saliva (Sigma Aldrich, SAE0149),
containing 0–250 µM native L-kynurenine, for 3 h at RT on a hula shaker (1:3 dilution). Beads
were pelleted on a magnet and fluorescence intensity of unbound rhodamine B–kynurenine
conjugate (5) in 100 µl supernatant was measured in a Tecan Infinite M200 multiplate reader
at 561 nm excitation and 592 nm emission (see Figure 13). Bead-bound L-kynurenine was
indirectly calculated by calculating the amount of displaced rhodamine B–kynurenine conjugate
(5). Therefore, the fluorescence intensity of bound rhodamine B–kynurenine conjugate (5)
without L-kynurenine was subtracted from the fluorescence intensity of samples with different
L-kynurenine concentrations.

Figure 13: Schematic principle of the bead-based competitive immunoassay for L-kynurenine. A
biotinylated anti-kynurenine antibody was immobilized on the surface of the magnetic beads
and incubated with a constant amount of fluorescent kynurenine conjugate and different
concentrations of native kynurenine. The beads were then pelleted on a magnetic rack and
the fluorescence in the supernatant was measured photometrically to calculate the amount
of native kynurenine. (Image Created in BioRender.com, accessed on May 2025.)
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3.2 Part 2: Ethanolamine quantification using protein

nanopores

In the second part of this dissertation, a ready-to-use nanopore platform for ethanolamine quan-
tification was developed using the commercially available protein-nanopores from the MinION®
sequencer of Oxford Nanopore Technologies. Therefore, a strand-displacement assay on the
surface of magnetic beads using the ethanolamine binding aptamer was designed. Further, a
data evaluation software was developed for easy visualization of nanopore experiment results.
LC/MS was used to verify nanopore results.

3.2.1 Materials

Ethanolamine binding aptamer with and without 3′biotin (5′ ATACCAGCTTATTCAATTTGAG-
GCGGGTGGGTGGGTTGAATA 3′), 3′- biotinylated aptamer complement (5′ CCACCCACCC
3′/biotin), 3′-biotinylated random sequence (non-binding) (5′ CAC GGC ATG GTT CAA TAC TTA
AGG GCG TCG TG 3′/biotin) and 3′-biotinylated non-binding complement 5′ CCC ACC CAA
3′/biotin) were purchased from Integrated DNA Technologies (Coralville, IA). Ethanolamine,
ethanol and propylamine were purchased from Sigma-Aldrich (Darmstadt, Germany). Mag-
netic particles 1 µM (Dynabeads™ MyOne™ Streptavidin C1 product number: 65002) were
purchased from Thermo Fischer Scientific (Sankt Leon-Roth, Germany). Flongle® flow cells
(FLO-FLG114) and ONT-flush buffer (EXP-FLP004) were purchased from Oxford Nanopore
Technologies (Oxford, UK).

The following methods described in Chapters 3.2.2, 3.2.3, and 3.2.4 were developed and car-
ried out by the author. The corresponding data were previously published in [1], in which the
author is listed as co–first author. The LC/MS method described in Chapter 3.2.5 was per-
formed by a co-author of the publication. The bioinformatic analyses in Chapters 3.2.6 and
3.2.7 were conducted by the other co–first author of [1].

3.2.2 Strand displacement assay

Streptavidin-coupled Dynabeads® with 1 µm diameter, were diluted to a final concentration of
1 mg/ml in 1x washing and binding buffer (W&B-buffer: 5 mM Tris-HCl, 0.5 mM EDTA, 1 M
NaCl, pH 7.5). This concentration was used throughout all experiments. Oligonucleotide cou-
pling was performed by diluting 50 µl (10 mg/ml) magnetic beads in 450 µl W&B-buffer in a
0.5 ml Eppendorf reaction tube. After 3-fold washing with W&B 5 µl buffer were replaced by 5
µl 100 µM 3′-biotinylated aptamer complement or non-binding complement (negative control).
Oligonucleotide binding took place on a HulaMixer for 90 minutes at room temperature (Thermo
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Fisher Scientific). To remove unbound aptamer complement, the particles were washed again
3-times with W&B-buffer. 10 µl buffer were again replaced by 10 µl 100 µM EA aptamer solution
and the hybridization was allowed to proceed for another 90 minutes on a shaker at room tem-
perature. After hybridization, particles were pelleted on a magnetic rack and the supernatant
was collected for measuring the binding efficiency. Particles with hybridized aptamer were
washed again with W&B-buffer 3-time. Strand-displacement with ethanolamine took place by
adding 100 µl ethanolamine solution (0.5-25 µM] in W&B-buffer to the beads. 20 µM ethanol
or 20 µM propylamine were used as negative controls. After 15 minutes on a shaker at room
temperature, the beads were pelleted, and the first supernatant was used for calculation of ap-
tamer hybridization efficiency. The particles were washed again 3 times with W&B-buffer, were
directly resuspended in 100 µl ONT-flush buffer and incubated for 15 minutes on a shaker at
room temperature. Beads were pelleted on a magnetic rack and aptamer concentration of 30
µl supernatant was measured in the MinION® (see Figure 14).

Figure 14: Schematic principle of the strand displacement assay. A new approach for small
molecule detection using a ready-to-use protein nanopore platform was designed. Using
ethanolamine as an example, a strand displacement assay with magnetic beads and a target-
binding aptamer was developed and optimized. The nanopore signals can be analysed with
the in-house developed software. Ethanolamine was successfully detected quantitatively in
the micromolar range [1].

.
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3.2.3 Quantification of oligonucleotides immobilization and
hybridization efficiency

For quantification of oligonucleotide immobilization and hybridization efficiency, the absorption
of 1 µl of the collected supernatant after aptamer complement immobilization and EA aptamer
hybridization to its complement strand, were photometrically measured in triplicates at 260
nm using a nanophotometer (Nanophotometer® P-class, P-360, Implen GmbH). The same
measurements were done with non-reacted oligonucleotides as control measurement, giving
insights on the aptamer’s ability to hybridize to its complementary strand and the effect of steric
hindrance.

3.2.4 Aptamer quantification using MinION®-nanopores

Flongle flow cell (R 10.4.1) were adjusted to room temperature for 30 minutes before use. After
reaching room temperature, the flow cell was inserted into the MinION® sequencer using the
Flongle adapter. To check the number of active pores for analysis, a flow cell check on the
device was performed. Flow cells were discarded if the active pore level was below warranty
of 30 pores. Otherwise, the flow cell was flushed with 120 µl of ONT-flush buffer and the 30
µl aptamer sample were added in a dropwise fashion. Nanopore analysis started using the
LSQK-109 sequencing kit settings without barcoding, a runtime of 30 minutes and activation of
bulkfile output including the raw current data. Flow cells can be re-used several times after anal-
ysis (approximately 5-times), if washed with 120 µl ONT-flush buffer between each experiment.
Using the new developed evaluation software (Nanotrace), an aptamer calibration line was de-
veloped by measuring the event-density of pure 5 nM-10 µM EA-aptamer in ONT-flush buffer.
The linear range was used for aptamer quantification in the strand-displacement assay.

3.2.5 Quantification of ethanolamine via LC/MS

Magnetic beads were functionalized with 10 µl of a 100 µM solution of either a 3′-biotinylated
EA aptamer or a random, non-binding sequence, as previously described. The beads were
then incubated with 100 µl of ethanolamine solution (0.5–20 µM) in W&B buffer. Following
incubation, the beads were separated using a magnetic rack, and the supernatant was collected
for further analysis. Ethanolamine concentrations in the supernatant, after exposure to either
aptamer- or random sequence-modified beads, were quantified using a previously established
method [169]. Briefly, 100 µl of the respective supernatant was mixed with 900 µl of acetonitrile
and subjected to ultrasonication for 10 minutes. The samples were then centrifuged at 20,000
rcf for 20 minutes at 4 °C, resulting in phase separation into an organic (upper) and an aqueous
(lower) layer. A volume of 800 µl from the upper phase was transferred into a glass vial for direct
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analysis. Quantification was performed using a 4000 QTRAP mass spectrometer (ABI Sciex)
coupled to a NexeraXR HPLC system (Shimadzu). LC and MRM parameters were consistent
with those described in the referenced method [169]. The mass spectrometer operated in
positive ion mode, using an electrospray voltage of 5500 V at 400 °C, with curtain gas set to 20
psi, collision gas at 6 psi, nebulizing gas at 40 psi, and auxiliary gas at 50 psi. All quadrupoles
were set to unit resolution.

3.2.6 Determination of event density

The procedure for calculating event densities was developed through extensive data mining,
using data from 52 runs with known concentrations to establish the method and generate a
calibration curve. The high redundancy of the flow cell data enabled robust filtering prior to sig-
nal density calculation, which was optimized during the same process. Various pre-processing
strategies were explored, including moving average filters (mean or median with varying pa-
rameters) and an outlier filter based on a Huber-type skipped mean rule, as well as different
choices for the event band. These combinations were evaluated for their suitability as indicators
of analyte concentration. Assuming a monotonic relationship between event density and con-
centration, the combination yielding the highest Spearman correlation was selected. In the first
step, data from each channel were segmented into multiple signal bands corresponding to the
three functional states of the nanopore (baseline, event, closed; see Figure 22a, closed state
not shown). Due to inherent baseline fluctuations between channels, even within the same run,
baseline levels were individually determined. Channels were classified as active or inactive
based on these values: on average, 55 out of 126 channels per flow cell were active, with ap-
proximately 45 remaining after filtering. For each signal band, the number of data points was
determined, indicating the proportion of the run spent in that state. The "event density" refers
specifically to the proportion of data points within the event band. Channels with baseline val-
ues or baseline shares identified as outliers, defined as deviations exceeding three times the
median absolute deviation from the median, based on a Huber-type rule, were excluded from
further analysis. The final event density was computed as the mean event density across all
non-rejected channels. Ultimately, the pre-processing steps did not enhance performance, and
due to the computational burden of moving-window calculations, the finalized method operates
directly on the raw data.
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3.2.7 Visualizing experiments with Nanotrace

A python-based GUI-application, called nanotrace, was developed to visualize the re-
sults of the MinION®-measurements, allowing easier calculation of the associated aptamer
event densities. This is an open-source application which is available for download at
http://github.com/simanjo/nanotrace. It contains three main components: First, an overview
page for the currently loaded experiment (see Figure 15. At (1), a bulk file can be selected
for analysis or display. NanoTrace maintains a database of previously loaded experiments,
identified by file content hashes, accessible via the Settings tab. If an experiment is not yet
registered, active channels must be calculated first (not shown). After determining the active
channels, a specific channel can be selected (2), and a summary is displayed (3). For this
summary, the file name is analysed to determine concentration information. If the name con-
tains “buffer”, the concentration is assumed to be zero; otherwise, a case-insensitive search
is performed for ‘micro’, ‘nano’ or “nm”, with all preceding numbers interpreted as micromolar
or nanomolar concentrations. Second, users can view a squiggle plot for the selected channel
(Figure 15 bottom left), or third a kernel density estimation (KDE) plot for the individual channel,
or an overlay of the KDEs of 10 randomly selected active channels (Figure 15 bottom right).
If values for the zero density, baseline density or baseline value are identified as outliers, they
are highlighted in red. To provide efficient data structures Numpy [170] is used for all statistical
computations, except the kernel density estimations which are performed using the statsmodel
[171] package. Dealing with the output bulkfiles is done using h5py [172], a python interface to
the HDF5 data format. For detailed information see supplementary information of Quint et. al
(2024) [1].
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Figure 15: Main view of NanoTrace with exemplary information for the currently loaded exper-
iment. Top: (1) selected experiment file, (2) channel selection and (3) channel output.
Bottom: (left) squiggle plot of selected channel and (right) event density plot for 10 random
selected channels.[1].
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3.3 Part 3: Solid-state nanopores for small molecule

detection

This third part aimed to apply insights from hybrid nanopores to solid-state nanopores (ssNPs),
assessing their potential, benefits, and limitations for small molecule detection. Therefore,
different fabrication methods were evaluated for their potential in small diameter nanopore (<
10 nm) fabrication. Furthermore, the fabricated nanopores were compared in terms of quality,
current noise and applicability for molecule sensing, especially small molecule sensing. Surface
modification techniques were investigated for improving nanopore functionality.

3.3.1 Materials

Silicon Nitride chips (SiNx membrane: 40µm × 40µm, 12±2 nm thick; frame: 5
mm × 5 mm, 200µm thick Si; noise reduction: standard) were purchased from Nor-
cada Inc. (Edmonton, Canada). The controlled dielectric breakdown device (SparkE2),
piranha cleaning jig, and the flow cells were provided by Northern Nanopore Instru-
ments (NNI) (Ottawa, Canada). The eOne Light Amplifier and the 100 kHz nanopore
reader were purchased from Elements (Rome, Italy). Ethanolamine binding aptamer
(5’-ATACCAGCTTATTCAATTTGAGGCGGGTGGGTGGGTTGAATA-3’) and Ochratoxin binding
aptamer (5’-GAT CGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-3’) were synthesized
and purified by Integrated DNA Technologies (Coralville, IA).

3.3.2 Solid-state nanopore fabrication

SiN chip preparation:
Before nanopore fabrication, the SiN chips were cleaned using piranha acid (3:1). Therefore, 30
ml of sulfuric acid (H2SO4) was mixed with 10 ml hydrogen peroxide (H2O2) in a 100 ml beaker
and heated to 90◦C on a magnetic stirrer. The SiN chips were inserted into the chip cleaning jig
(see Figure 16A) provided by NNI and carefully placed into the beaker containing the piranha
acid. The chips were cleaned in piranha solution for at least 1 hour. After cleaning, the piranha
acid was carefully diluted with DI-water before disposal. The SiN chips were washed with DI-
water six times and remained in the water until fabrication. To ensure best performance during
nanopore fabrication, the chips were mounted in the provided flow cell (see Figure 16B) as
soon as possible. The chips were placed, membrane side up, on a gasket into the female half-
cell (bigger half) of the flow cell using a clean pair of tweezers. A second gasket was placed on
top of the chip. The full flow cell was assembled by mating the two half-cells using screws. For
fabrication via dielectric breakdown, the membrane needs to be wetted in a conductive liquid.
To achieve this, 40 µ l of isopropanol was flushed into the central well of each side of the fluidic
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cell, to remove air bubbles. Subsequently, the flow cell was flushed with 600 µ l of 1 M KCl-
solution pH 8 on each side of the chip, while any overflow is aspirated using a weak vacuum.
Once both sides have been flushed the electrode is inserted into the central well on either side
of the chip, Ag/AgCl side down.

Figure 16: Nanopore chip cleaning and mounting. (A) Piranha cleaning jig from NNI for cleaning of
silicon nitride chips. (B) NNI flow cell. The nanopore chips are mounted in the female half
(bigger half) of the flow cell embedded in two gaskets and screwed with the smaller half of
the flow cell. Electrodes were added to the provided holes.
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Controlled dielectric breakdown (CBD):
For CBD, the SparkE2-device from NNI was used according to the manufacturer’s protocol
[173]. The flow cell containing the mounted chips was inserted to the device. The target
pore size in nm was chosen (between 3 and 6 nm). Fabrication was done using the provided
standard protocol for 5 nm fabrication within the software. At the beginning of each fabrication,
a I/V-measurement was done to ensure that the membrane remained intact. During nanopore
fabrication a piecewise linearly increasing voltage was applied to the membrane until the
software recognized a breakdown event, meaning a spike in current. Membranes with around
10nm thickness, normally undergo CBD at a voltage of approx.10 V. After CBD the size of
the fabricated nanopore was determined using I/V-measurements. For adjusting the final
nanopore size, nanopore conditioning with 3.6 M LiCl pH 8 was done, to controllably enlarge
the pore. Therefore, a waveform of +/- 3 V intermediate voltage was applied for several cycles
until the nanopore reaches the desired target size. Conditioning also can help to reduce the
signal-to-noise ratio. Final nanopore diameter is calculated using a I/V-measurements (see
3.3.3).

Focused Ion Beam Scanning Electron Microscope (FIB-SEM):
Nanopores were fabricated in SiN chips using a Crossbeam FIB-SEM system from Zeiss
(Oberkochen, Germany). For this process, SiN chips were mounted on a sTEM holder with
copper tape (see Figure 17). Care was taken to ensure that the chip was not fully adhered
to the sTEM holder surface, as full contact could cause the chip to break upon vacuum
application. The sTEM holder was then placed in the FIB-SEM vacuum chamber, where it
was positioned at an angle of approximately 45°for nanopore fabrication. Nanopores with a
diameter of 50 nm were created by applying a 1 pA, 30 kV ion beam for 90 ms. Following
fabrication, nanopore size was verified using TEM imaging and I/V curve measurements.
Before insertion into the flow cell for I/V measurements or molecular sensing experiments, the
nanopores were cleaned with piranha solution to ensure surface cleanliness.
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Figure 17: SiN chips on the sTEM holder inserted to the FIB-SEM. The left picture shows the fixation
of the SiN-chips on the sTEM-holder using copper tape. In the middle, a picture of the sTEM-
holder inserted to the FIB-SEM vacuum chamber. The right picture shows, the SEM-image
of the SiN-Chip inserted into the FIB-SEM.

3.3.3 Pore diameter calculation

Pore size (diameter in nm) is calculated by drawing of an I/V-curve using the specific program
in the eONE amplifier, estimating the pore diameter using following equation:

d =
G
2σ

(
1+

√
1+

16σt
πG

)

G = pore conductance
σ = ionic solution conductivity
t = nanopore thickness

The value of the nanopore diameter d is calculated from the pore conductance G in a solution
of conductivity σ in a membrane of thickness t.

3.3.4 Surface functionalization

For surface functionalization, SiN chips were initially immersed in acetone and ethanol for
2 minutes each, rinsed with Milli-Q water, and dried under a nitrogen stream. Afterwards
the chips were subjected to piranha cleaning for 1h. Silanization was carried out using a
2% (v/v) APTES (3-aminopropyltriethoxysilane) solution in toluene, with the chips incubated
overnight in the APTES solution at room temperature. The next day, the chips were rinsed
with toluene and Milli-Q water, each preheated to 96◦C, for 2 minutes. The chips were then
dried under a nitrogen stream and heated to 100◦C on a thermoshaker for 1 hour; the reaction
tube lid was kept open for the first 2 minutes to allow for the evaporation of residual toluene.
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Successful silanization with APTES was verified using an FTIR microscope from PerkinElmer
(Massachusetts, USA), to confirm the presence of functional amino groups on the surface,
thus allowing further modification. For aptamer or antibody functionalization, the chips were
incubated in a 2% glutaraldehyde solution in 1× PBS for 2 hours at room temperature. After
rinsing with 1× PBS, the chips were transferred to a reaction tube containing either the aptamer
or antibody solution. For aptamer functionalization, the chips were incubated overnight at
room temperature in a 100 nM amino-modified aptamer solution in 1× PBS. For antibody
functionalization, the chips were incubated for 3 hours in a 5 µg/ml antibody solution in 1×
PBS. After incubation, the chips were washed with 1× PBS and dried under a nitrogen stream.
Successful surface modification was confirmed using a FTIR-microscope. Additional proof of
successful aptamer or antibody binding was done using fluorescently labeled antibodies or
aptamers by detecting the surface fluorescence of the nanopore chips using a fluorescence
reader from Scienion (Berlin, Germany).

3.3.5 Molecule sensing

Molecule sensing was performed using two different amplifiers based on pore size: (1) the
eOne Light amplifier, suited for smaller pores (<10 nm), and (2) the 100 kHz nanopore
reader, suited for larger pores (>10 nm), both manufactured by Elements SRL (Cesena, Italy).
The eOne amplifier was compatible with flow cells from NNI, whereas the 100 kHz nanopore
reader required SiN chips to be transferred to a different flow cell (see Figure 18). For molecule
sensing, each chip mounted in the flow cell was inserted into the appropriate device, and a
baseline current (without analyte) was recorded in 1 M KCl at pH 8 as a negative control. An
offset correction was applied for several seconds. Only nanopores displaying a stable, low-
noise baseline current were selected for further molecule sensing experiments.

Aptamer sensing protocol
For aptamer detection, a dilution series was prepared from 100 µM stock solutions of
EA-aptamer or OTA-aptamer to final concentrations of 50 nM, 100 nM, 200 nM, and 400 nM
in 1 M KCl with 10 mM HEPES at pH 8. 60 µL of each concentration was introduced to one
side of the NNI flow cell. A positive voltage was applied when the analyte was added to the
smaller half of the flow cell, and a negative voltage when added to the larger half. Molecule
sensing was conducted at a voltage of +/-400 mV, with a sampling frequency of 200 kHz, a
current range of 20 nA, and no additional filtering. Between each experiment, the flow cells
were flushed three times with 200 µL of fresh KCl solution on each side to remove any residual
aptamer. After use, the flow cell and the gaskets were washed in isopropanol and air-dried
until the next use.
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Aptamer event detection
For each molecular sensing experiment, current traces were recorded for a duration of 5
minutes, provided that the nanopore remained stable throughout the measurement. Event
detection was performed using the EDA software tool from Elements. For each analyte
concentration, 100 seconds of low-noise measurement data were selected for analysis.
Deviations from the baseline exceeding 200 pA (classified as events) were identified and
counted.

Figure 18: Flow cell for the 100 kHz nanopore reader. (A) The nanopore chip is mounted in one half
of the flow cell between two gaskets. The other half is placed on top and clamped into the
ring to which the electrodes are attached. (B) Shows the fully assembled flow cell into which
the electrolyte liquid can be filled via the two chambers.



4 Results and Discussion

4.1 Part 1: A Fluorescence-Based Competitive

Antibody Binding Assay for Kynurenine, a Potential

Biomarker of Kidney Transplant Failure

This section presents the results of the characterization of a newly synthesized fluorescent L-
kynurenine conjugate and a novel detection method for the quantification of kynurenine in PBS
and saliva samples as a potential biomarker for renal transplant failure. The experimental re-
sults presented in this section have already been published in full in [2], where the author of
this thesis was involved in the biological testing and development of the assay as a second au-
thor. In this thesis, however, the results are discussed in more detail and in a broader scientific
context.

4.1.1 Synthesis of fluorescent kynurenine conjuagtes

The fluorescent L-kynurenine–rhodamine B conjugate was prepared following the synthetic
route illustrated in Figure 18. Initially, commercially available rhodamine B was reacted with
propargyl alcohol via Steglich esterification employing EDC and DMAP to yield the rhodamine
B propargyl ester (1). This intermediate served as the fluorescent building block for the subse-
quent click conjugation steps producing compounds (5) and (6).

For the synthesis of the azido tetraethylene glycol L-kynurenine derivative (3), the primary
amine of kynurenine was first protected with a Boc group to yield the intermediate product (2).
Subsequently, an amino-azido-tetraethylene glycol linker, prepared according to a previously
reported method [174], was attached, affording the azido-4EG-L-kynurenine derivative (3). The
click reaction between combound (3) and rhodamine B propargyl ester (1) yielded conjugate
(4), which upon Boc-deprotection produced the final fluorescent kynurenine probe (5). To as-
sess the influence of both the linker and the rhodamine B fluorophore on antibody binding, a
rhodamine B clickamer containing only the tetraethylene glycol linker [168] was synthesized un-
der the same conditions as (4). This compound (6) served as a negative control in the binding
assays.

51
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Figure 18: Synthesis route of the fluorescently labeled kynurenine probe. Rhodamine B was ini-
tially converted to the corresponding propargyl ester (1) via Steglich esterification. This
intermediate was then reacted either with an azido tetraethylene glycol linker to pro-
duce compound (6) or with azido-kynurenine to yield compound (5). Reaction condi-
tions were as follows: (a) EDC, DMAP, CH2Cl2, room temperature, overnight; (b) NaOH,
H2O/THF (1:1), room temperature, 90 minutes; (c) EDC, DMAP, CH2Cl2, room tempera-
ture, 48 hours; (d) CuSO4, TBTA, Na ascorbate, H2O/MeOH/CH2Cl2 (10:10:3), 16 hours;
(e) CH2Cl2/TFA (4:1), room temperature, 1 hour. Adapted from [2] under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

4.1.2 Spectral properties

UV/vis spectra of the rhodamine B click-conjugates were recorded in ddH2O to determine their
absorption and emission maxima (Figure 19). The absorption maximum of rhodamine B is
known to be at 554 nm [175], whereas the final fluorescent kynurenine probe (5) and the linker
control combound (6), having a benzoic acid ester instead of a free benzoic acid compared
to native rhodamine B, show a slight shift in their absorbtion maximum to 560 nm. Emission
maxima were measured at 586 nm for the L-Kyn-4EG-RhB probe (5) and at 584 nm for the
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4EG-RhB clickamer (6), indicating suitable optical properties for following immunoassay appli-
cations.

Figure 19: Absorption (A,C) and fluorescence (B,D) spectra of compounds (5) and (6) recorded
in ddH2O. Compared to native rhodamine B (absorption maximum at 554 nm [175]),
both conjugates exhibit a slight redshift to 560 nm. Fluorescence emission peaks
at 586 nm. Reproduced from [2] under the terms of the CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

4.1.3 Magnetic Bead Immunoassay (MIA)

To evaluate the antibody binding properties of the synthesized fluorescent L-kynurenine conju-
gate, both the direct and competitive binding of the two conjugates (5) and (6) were examined
using anti-kynurenine antibodies immobilized on magnetic beads. Following incubation with
the fluorescent probes, unbound conjugate was quantified by measuring fluorescence in the
supernatant. Conjugate (6), containing only a tetraethylene glycol-linked rhodamine B moiety,
served as a negative control to assess potential nonspecific interactions with the antibody. The
results of the binding assays are presented in Figure 20. The use of antibody-coated magnetic
beads in suspension allows for an increased effective surface area, thereby improving assay
sensitivity and facilitating favorable binding kinetics. This enhances the accuracy of competitive
binding measurements between the fluorescent probe (5) and native L-kynurenine.
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For the assay, anti-kynurenine antibodies were coupled to 1 µm magnetic beads, which were
subsequently incubated with the test compounds. After magnetic separation, fluorescence was
measured in the supernatant to determine their antibody binding. In the competition experi-
ments, increasing concentrations of L-kynurenine (0–83 µM) were co-incubated with 4 µM of
the fluorescent RhB-4EG-L-Kyn conjugate (5). Resulting fluorescence intensities are shown in
the binding and competition curves (Figure 20 and Figure 21).

With increasing concentration of the fluorescent L-kynurenine conjugate (5), the measured fluo-
rescence in the supernatant decreases since more fluorescent conjugates bind to the antibody.
Figure 20A shows the difference in fluorescence intensity between L-kynurenine conjugate (5)
and 4EG-RhB clickamer (6) with and without incubation with the bead-bound antibodies. In
higher concentrations, the 4EG-RhB clickamer (6) binding affinity also increases, probably due
to unspecific interactions between either the linker or the rhodamine B residue. Apart from
this, the difference in measured fluorescence for the L-kynurenine conjugate (5) is significantly
stronger, showing a KD-value of 5.9 µM, and therefore, unspecific interactions between the
4EG-RhB clickamer (6) and the magnetic bead-bound antibody can be neglected. As shown in
Figure 21, the competitive binding assay shows a proper increase in fluorescence along with
increasing concentrations of native L-kynurenine in both PBS and artificial saliva. Increasing
fluorescence levels are caused by the displacement of the fluorescent conjugate through native
kynurenine. The IC50 values of this competition were calculated to be 4.0 µM in PBS and 10.2
µM in saliva. As expected, the IC50 value in saliva is higher than in PBS due to interfering
components such as enzymes and proteins in saliva samples.
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Figure 20: Magnetic bead-based antibody binding of L-Kyn-4EG-RhB conjugate (5) and 4EG-
RhB control (6). (A) Binding curves plotted against analyte concentration (µM) and (B)
logarithmic scale. The fluorescent kynurenine conjugate (5) exhibits markedly stronger
binding to the antibody-coated beads than the control compound (6), indicating specific
antibody recognition. Reproduced from [2] under the terms of the CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

Figure 21: Competitive magnetic bead-based antibody binding assay of fluorescent conju-
gate (5) versus native L-kynurenine. Competition experiments in (A) PBS and (B)
artificial saliva demonstrate increased fluorescence signal in the supernatant with ris-
ing concentrations of native kynurenine, confirming effective displacement of conju-
gate (5) from antibody binding sites. Adapted from [2], licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).
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4.1.4 Summary of the results for L-kynurenine detection

Kynurenine is a metabolite of tryptophan degradation that is associated with various inflamma-
tory, metabolic, oncogenic [114] and psychiatric disorders [115, 116]. While some tryptophan
is metabolized to serotonin, 95% of the dietary tryptophan is metabolized to the KP via the
indolamine-2,3-dioxygenases enzyme class [118]. The activity of IDO enzymes is regulated
by immunological factors such as pathogenic microorganisms and LPS [121], inflammatory
cytokines [124] or IL-1 and TNF-α [123]. Elevated kynurenine levels also regulate immune
activation and mediate an anti-inflammatory effect, creating a feedback loop. The link be-
tween the inflammatory response and elevated serum kynurenine levels via IDO upregulation
by pro-inflammatory factors makes kynurenine an interesting biomarker for clinically relevant in-
flammatory processes. Increased kynurenine levels have been found in chronic kidney disease
(CKD) patients in the pre-dialysis phase, with levels correlating with the severity of CKD [126,
127]. In addition to CKD, elevated kynurenine levels are also associated with inflammatory
processes following kidney transplantation and are inversely correlated with kidney function, as
higher L-kynurenine levels have been measured in both serum and saliva of transplant rejec-
tion patients [127]. However, detecting small molecules like kynurenine is often complex and
time-consuming. Most clinical approaches to quantify kynurenine from various tissues rely on
LC-MS or GC-MS methods [136], which are clinically impractical and delay diagnosis. Other
rapid test approaches using the kynurenine pathway for diagnosis focus on quantifying IDO
activity rather than directly measuring kynurenine [139].

To date, due to the small size of the kynurenine molecule, no fluorescently labelled kynure-
nine derivatives bound to an anti-kynurenine antibody have been described in the literature.
Likewise, there is no functional bioassay based on antibody binding of kynurenine. Here, a
fluorescent, rhodamine B-labelled kynurenine derivative was successfully synthesized and its
binding ability to an anti-kynurenine antibody in a bead-based immunoassay was demonstrated
[2]. Spectral properties of the products were elucidated, showing only a slight shift of 6 nm in
the fluorescence emission maximum when compared to native rhodamine B. The antibody
binding was investigated, and the magnetic bead assay showed a good sensitivity with a KD-
value of 5.9 µM for the L-kynurenine conjugate (5) and IC50 values of 4.0 µM in PBS and 10.2
µM in saliva for the competitive assay. Since an increase in kynurenine levels in saliva to 4.6
± 1.6 µM under pathological conditions, compared to 0.7 ± 0.4 µM in the healthy subject, are
observed [176], it thus is possible to detect metabolite changes with statistical significance by
using repeated measurements. This allows for the detection of transplant rejection in a clinical
setting subject to validation in clinical trials. In addition, this approach offers the possibility of
using other body fluids such as blood serum, where kynurenine levels are much higher with
17.4 ± 8.4 µM for serum compared to 4.6 ± 1.6 µM for saliva [176], even though the influence
of matrix proteins and other metabolites from serum would have to be investigated in more
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detail for this to obtain reliable measurements. The results, demonstrate that this represents
a promising approach for the development of a competitive kynurenine antibody-binding assay
and ultimately a kynurenine rapid test from saliva and possibly other body fluids. A microbead
competitive assay was introduced, allowing for the determination of L-kynurenine metabolites
directly from saliva, thus avoiding the use of invasive procedures and expensive equipment.
Furthermore, these results highlight that the application of such optimized methods in compet-
itive immunoassays can lead to enhanced sensitivity, enabling the specific detection of small
molecules in general, even when traditional antibody-based tests are not feasible.
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4.2 Part 2: Ready-to-use nanopore platform for

label-free small molecule quantification:

Ethanolamine as first example

This section presents the results of the development of a ready-to-use protein nanopore plat-
form for small molecule quantification, here using ethanolamine as an example using a mag-
netic bead-based strand displacement assay. The experimental design and execution of the
strand displacement assay and nanopore measurements were performed by the author of this
work. The results have already been published in [1], where the author is listed as first co-
author. The data analysis was performed by the other first co-author. In this dissertation,
however, the results are discussed in more detail and in a broader scientific context.

4.2.1 Identification of characteristic current patterns for aptamer
detection

Initially, the nanopores’ capability to detect the ethanolamine (EA) aptamer was evaluated.
Therefore, varying concentrations of the EA aptamer diluted in flush buffer were analyzed using
the MinION©flow cells. The ONT flush buffer was selected based on the manufacturer’s recom-
mendation for flow cell priming during sequencing. Alternative buffer systems were tested, but
only the ONT flush buffer provided consistent performance, as others proved incompatible with
the flow cells and led to decreased pore activity up to the total loss of active pores. As illus-
trated in Figure 22a, the EA aptamer led to significant current blockages, with the ionic current
dropping from approximately 240 pA down to 60, 80, or 100 pA during nanopore translocation.
The density plot (Figure 22b) shows a distinct wave-like signal pattern characteristic for the EA
aptamer. In contrast, the negative control using the flush buffer without EA aptamer shows only
minimal noise and no significant peaks (Figure 22b, right panel). The density plot quantifies the
distribution of current levels throughout the experimental runtime, with three prominent peaks
corresponding to key nanopore states: (1) base current or open pore (200–250 pA), (2) event
current during aptamer translocation (60–100 pA), and (3) closed pore (0 pA). To quantify the
event frequency, an event density metric was defined, which represents the proportion of time
in which the signal is within the event current range. At 1 µM EA aptamer concentration, the
mean event density was determined to be 0.362 ± 0.123 SD (standard deviation).
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Figure 22: Ethanolamine aptamer signals. (a) Representative current traces recorded with ONT flush
buffer (right) and 1 µM EA aptamer (left). (b) Density plots of signals from 10 randomly
selected channels for ONT flush buffer (right) and 1 µM EA aptamer (left) (n=1). The density
plot displays the distribution of current levels (in pA) over the entire measurement period.
Reproduced from [1].

To establish a quantitative assay, it is essential that the number of detected translocation events
correlates with the aptamer concentration in the sample. Consequently, the signal dependency
on aptamer concentration was evaluated. As depicted in Figure 23a, event density increases
proportionally with aptamer concentration up to 2.5 µM. Beyond this concentration, no further
increase in event density was observed. The assay’s detection limit was determined at 100 nM
(event density of 0.0787 ± 0.022 SD), since concentrations below this threshold produced event
densities with confidence intervals (mean ± 1 SD) overlapping those of the negative control.
Thus, the aptamer exhibits a linear detection range between 100 nM and 2.5 µM. At saturation,
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the translocation frequency reaches approximately 30 to 40 events per minute, during which the
nanopores are blocked by the aptamer for around 70% of the time, corresponding to an event
density of 0.717 ± 0.049 SD (Figure 23a). Triplicate measurements per concentration were
used to perform linear regression, resulting in a calibration curve with an R² value of 0.92 (Fig-
ure 23b). This calibration curve provided the foundation for subsequent strand displacement
assays.

Figure 23: Ethanolamine aptamer calibration. (a) Mean event densities measured for varying EA
aptamer concentrations (n ≤ 5). Error bars represent intra-assay standard deviation across
active channels within a single run. (b) Calibration curve within the linear detection range
(100 nM to 2.5 µM), based on three independent runs (n = 3), with an R2 value of 0.92. Error
bars indicate inter-assay standard deviation. Reproduced from [1].

As ethanolamine istself is a small, uncharged molecule, it cannot be detected directly by the
nanopore device. To enable detection, an aptamer-based indirect assay system was devel-
oped. As mentioned earlier, the nanopore flow cells are only compatible with ONT flush buffer.
However, this buffer lacks the appropriate salt concentration and pH required for efficient hy-
bridization of the aptamer to its complementary strand [177]. Hybridization tests performed
in flush buffer showed minimal to no binding between the EA aptamer and its complementary
strand immobilized to the bead surface. Moreover, when hybridization was initially performed in
the manufacturer-recommended washing and binding buffer (W&B), almost complete dissocia-
tion of the aptamer from its complementary strand was observed after switching to flush buffer.
This was evidenced by the displacement of over 1 µM aptamer upon incubation with flush
buffer alone, with no further increase upon ethanolamine addition (data not shown). Therefore,
a classic strand-displacement assay, based on directly measuring the displaced aptamer, was
not feasible under these conditions.
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To overcome this limitation, a modified strand-displacement assay was developed (see Fig-
ure 24). Instead of quantifying the displaced aptamer, the assay is based on measuring the
amount of aptamer that remains bound to the bead-immobilized complementary strand after
ethanolamine incubation (non-displaced aptamer). The ethanolamine-induced displacement
is then calculated by subtracting the remaining bead-bound aptamer from the control without
ethanolamine, which reflects the maximum amount of bound aptamer.

Figure 24: Principle of the strand-displacement assay. The biotinylated complementary strand of the
EA aptamer is covalently bound to streptavidin-coated magnetic beads, and the EA aptamer
is hybridized to its complement. Upon addition of ethanolamine, the aptamer is displaced
from the complementary strand due to target binding. The beads are magnetically sepa-
rated, and the supernatant containing the displaced aptamer is removed. After washing, the
remaining bead-bound aptamer is eluted using ONT flush buffer and quantified using the
MinION® device. Illustration created with BioRender. [1]

Both aptamer hybridization and ethanolamine displacement were performed in W&B buffer
to ensure optimal binding conditions. Binding efficiency was determined by measuring the
absorbance at 260 nm before (0.051) and after (0.037) the reaction. The best hybridization
efficiency was obtained at a 2:1 molar ratio of aptamer to complementary strand, resulting in
an average of 273 pmol aptamer bound per 500 µl of beads (1 mg/ml). This is in agreement with
the manufacturer’s specifications, which state that 0.5 mg of beads can bind up to 250 pmol of
biotinylated DNA oligonucleotides. Thus, an aptamer binding efficiency of approximately 100%
was achieved (see Table 4.1). To exclude non-specific binding of the aptamer to the bead
surface, a non-binding control strand was immobilized on the beads. No aptamer hybridization
was detected in this control setup, as confirmed by 260 nm absorbance measurements (data
not shown).
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Table 4.1: EA aptamer binding efficiency based on A260 measurements.

A260 EA aptamer A260 supernatant Aptamer binding
(pmol)

Binding
efficiency (%)

0.045 0.032 289 116
0.048 0.034 292 117
0.049 0.035 286 114
0.048 0.032 333 133
0.058 0.036 379 152
0.050 0.043 140 56
0.057 0.040 298 119
0.059 0.043 271 108
0.047 0.039 170 68

The results of the strand-displacement assay at various ethanolamine concentrations are
shown in Figure 25. Increasing ethanolamine concentrations resulted in a significant decrease
in the amount of aptamer remaining bound to the beads, indicating effective displacement
through formation of the aptamer–ethanolamine complex (Figure 25a). Saturation of aptamer
displacement was observed at 20 µM ethanolamine, beyond which no further release of ap-
tamer was detected. At this point, the maximum displaced aptamer concentration reached
1 µM (Figure 25c). At concentrations above 5 µM ethanolamine, a clear reduction in bead-
bound aptamer was observed. In contrast, at concentrations below 5 µM, the measured values
(0,3543 ± 0,0290 SD) overlapped with the negative control within the confidence interval (mean
± 1 SD), limiting quantification at lower target concentrations. The residual aptamer concen-
tration on the beads was determined using the calibration curve established in Figure 23b by
applying the corresponding event density values to the linear regression equation (Figure 25b).
The amount of displaced aptamer was calculated by subtracting the measured amount of bead-
bound aptamer after ethanolamine incubation from the average amount bound in the absence
of ethanolamine (Figure 25c). Based on these data, a dissociation constant (KD) of 14.4 µM
was determined.
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Figure 25: Aptamer displacement by ethanolamine. (a) Mean event densities of bead-bound (non-
displaced) aptamers at increasing ethanolamine concentrations. Values were obtained from
three independent experiments (inter-assay replicates, n = 3) using Nanotrace. Each repli-
cate is shown separately. (b) Conversion of event densities into remaining aptamer con-
centrations (µM) using the calibration curve (see Figure 23b). Mean values ± SD from all
replicates are shown. Nonlinear regression was applied to the resulting data. (c) Displaced
aptamer concentrations (µM) calculated by subtracting the remaining bead-bound aptamer
from the initial amount (control without ethanolamine). Data represent mean ± SD (n = 3),
fitted by nonlinear regression. Reproduced from [1].

To demonstrate the specificity of aptamer displacement induced by ethanolamine, two struc-
turally similar small molecules, ethanol and propylamine, were evaluated as negative controls at
a concentration of 20 µM. In contrast to ethanolamine, neither compound caused significant ap-
tamer release from the complementary strand. Additionally, the binding affinity of ethanolamine
to its aptamer was confirmed by liquid chromatography–mass spectrometry (LC–MS) anal-
ysis. Ethanolamine concentrations were measured before and after incubation with either
the EA aptamer or a scrambled, non-binding DNA sequence (see Figure 26). As shown in
Figure 26a, only ethanolamine induced notable aptamer displacement from the beads, while
ethanol and propylamine caused only a minimal release. This supports the specificity of the
aptamer–ethanolamine interaction. The LC–MS results in Figure 26b show the dose–response
binding curve of ethanolamine to the immobilized EA aptamer. A maximum of 1.7 µM ± 0.14
ethanolamine was bound at an input concentration of 5 µM, indicating a 3-fold excess. Higher
input concentrations did not lead to further increases in binding, suggesting saturation. No de-
tectable ethanolamine binding was observed with the scrambled aptamer sequence, confirming
the specificity of the interaction. Based on these data, the dissociation constant (KD) of 4.7 µM
was calculated.
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Figure 26: Aptamer affinity measurements. (a) Mean event densities of non-displaced EA ap-
tamer after incubation with different small molecules (ethanolamine, ethanol, propylamine) at
20 µM. Error bars represent inter-assay standard deviation across independent runs (n ≤ 5).
(b) Binding curve of ethanolamine to its specific aptamer obtained by LC–MS analysis.
Ethanolamine concentrations were measured after incubation with either the EA aptamer
or a scrambled non-binding sequence. Data points represent mean values ± SD from three
replicates. A dissociation constant (KD) of 4.7 µM was calculated. Reproduced from [1].

4.2.2 Data analysis

For data pre-processing, analysis, and visualization, a user-friendly, Python-based software tool
named Nanotrace was developed. The software provides squiggle plots of selected nanopore
channels and calculates the corresponding event density. Event boundaries can be freely de-
fined by the user, enabling flexible application to various experimental contexts. Additionally, the
software supports graphical overlays of signal distributions from up to ten selected channels,
allowing for comparative visual analysis.
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4.2.3 Summary of results for ethanolamine qunatification using
protein nanopores

The detection of small molecules is crucial in fields such as molecular diagnostics, drug devel-
opment and disease monitoring. However, their small size presents a significant challenge for
specific antibody binding, as only a single epitope is available for recognition [4]. Current state-
of-the-art techniques, such as HPLC, LC/MS, and GC/MS, are effective but costly and require
skilled personnel [10–12, 15]. Nanopores have emerged as promising tools for molecule sens-
ing, frequently used for RNA/DNA sequencing and small molecule analysis [46, 47, 58, 59]. In
this study [1], a novel approach that utilizes an established nanopore-based sequencer to de-
tect ethanolamine, as model compound, through its binding aptamer in a strand displacement
assay is presented.

First, the suitability of the protein nanopore system for quantitative detection of the EA aptamer
was tested. As shown in Figure 22, the EA aptamer caused a significant current drop from 240
pA to 60, 80 or 100 pA during molecular translocation compared to buffer alone. In addition, the
density plot showed a typical wavy pattern for the EA aptamer (Figure 22,b), which indicates
that these current disruptions are caused by the aptamer translocating through the pore. The
EA aptamer consists of 42 nucleotides and forms a quadruplex tertiary structure [161]. This
structure is bulkier and therefore likely causes stronger interactions with the pore wall, resulting
in longer translocation times compared to linear DNA strands of the same nucleotide length
[178]. This might explain the relatively long translocation time of up to 1-2 seconds. According
to literature, ssDNA or RNA strands with fewer than 100 nucleotides translocate too quickly (5 to
10 µs per base) to be detected by the device at a sampling rate of 3 kHz. Therefore, most other
approaches for detecting small nucleic acids like microRNAs rely on bioinformatic analysis or
chemical modifications to improve the signal [179–181]. In contrast, in sequencing applications,
motor proteins are ligated to DNA or RNA strands to actively slow down translocation [182]. The
wavy pattern in the density plot is due to three different current interruptions at 60, 80 or 100
pA during aptamer translocation. This suggests that the aptamer might adopt different confor-
mations or block the pore differently depending on which part of the molecule enters the pore
first [183–186]. The saturation effect observed at concentrations of 2.5 µM and higher can be
explained by the limited number of available pores. If most pores are permanently occupied by
aptamers, no further increase in translocation events per time unit can be detected. The rel-
atively large variation between individual runs, and therefore the high standard deviations, are
most likely due to the inherent variability of MinION® flow cells and cannot be improved by op-
timizing the method alone (see Figure 23a). Nevertheless, the results clearly show that the EA
aptamer can be quantified using MinION® nanopores by analyzing the current disruptions in the
respective event band, without the need for labeling. This has not been achieved with this plat-
form before [179, 180]. Based on these findings, a strand displacement assay was developed
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(Figure 24), in which the aptamer displaced by ethanolamine was indirectly detected by mea-
suring the remaining bead-bound aptamer using protein nanopores. Using custom-developed
software, ethanolamine concentrations in the micromolar range could be quantified. The re-
sults of this strand displacement assay show that the method is suitable for indirect detection
of ethanolamine in a concentration range between 5 and 20 µM, with a dissociation constant
(KD-value) of 14.4 µM (see Figure 25). The relatively high KD-value of the strand displace-
ment assay is caused by the immobilization of the EA aptamer on its complementary strand
before ethanolamine is added. This creates a competition between the aptamer’s binding to
the complementary strand and to ethanolamine, which shifts the equilibrium and increases the
KD-value. In comparison, when using LC/MS for the direct detection of free EA aptamer, a
lower KD of 4.7 µM was determined (see Figure 26b). Although other detection methods have
shown lower limits of detection for ethanolamine,[155, 161, 166] the concentration range cov-
ered by this assay is sufficient for many clinical applications. Ethanolamine is important for the
synthesis of phosphatidylethanolamine (PE), a major phospholipid in all cell membranes [143].
Reduced levels of ethanolamine or PE are linked to several diseases, including Alzheimer’s
disease, [146], Parkinson’s disease [141], and Huntington’s disease [147]. In Alzheimer’s dis-
ease patients, both serum levels of PE and free ethanolamine were significantly lower across all
stages of dementia, and levels correlated with disease severity. Similar observations have been
made in patients with Parkinson’s and Huntington’s disease [145–147]. Other studies reported
that ethanolamine levels below 12.1 µM in cerebrospinal fluid were associated with major de-
pressive disorder (MDD), and could serve as a biomarker for a specific subtype of MDD [187].
In the gut, ethanolamine plays a role in bacterial competition, as certain pathogenic bacteria
such as EHEC can use ethanolamine as a carbon and nitrogen source. Even small concen-
trations of 1 µM are enough to trigger virulence gene expression in these pathogens [188].
A separate metabolomic study using mass spectrometry showed that ethanolamine concen-
trations in the saliva of pancreatic cancer patients were significantly increased compared to
healthy individuals [189]. Increased PE concentrations have also been found in pancreatic and
breast cancer cells [190]. These findings suggest that micromolar sensitivity is sufficient to
monitor changes in ethanolamine levels under pathological conditions and could also help to
study its role in different diseases. At the same time, this method avoids the need for expensive
and complex equipment.

In summary, the results show that the protein nanopore system from Oxford Nanopore Tech-
nologies (ONT) is not only suitable for DNA and RNA sequencing, but can also be used for
the detection and quantification of small molecules. This is still a major technical challenge
and usually requires expensive instrumentation, but it is highly relevant for disease diagnosis.
The method is based on the current-independent and controlled translocation of target-binding
aptamers. The work presented here is a proof of principle for detecting a small molecule like
ethanolamine by using a strand displacement assay and its specific aptamer. These results
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show that ethanolamine can be indirectly detected by measuring the remaining aptamer with
the nanopore system, with sensitivity in the micromolar range. These findings also show that
the ONT nanopore system can be extended beyond sequencing and used for small molecule
sensing. This marks a valuable addition to its application range. The current-independent
translocation of aptamers, as demonstrated here, is an important factor for detecting small
molecules with sufficient signal quality. This makes the method interesting for future clinical
applications, especially since the platform is already commercially available and cost-effective.
The approach can also be applied to other small molecules, as long as a suitable aptamer of
similar structure and size is available. The long translocation time of 1 to 2 seconds is likely
related to the tertiary structure of the EA aptamer. Since many aptamers form similar struc-
tures, this method could also work for other targets. Aptamers are highly specific and are often
the only available binders for small molecules that lack suitable antibodies. This makes the
method flexible and promising for a broader range of analytes. Of course, this assumption still
needs to be confirmed in future studies. In addition, the developed software tool Nanotrace
allows researchers without bioinformatics background to quickly and easily visualize bulk fast5
files. This is a clear advantage over existing tools that are mostly based on Python and require
programming skills [191, 192]. The method presented here therefore serves not only as a proof
of principle but also as a practical step towards simplifying diagnostics for small molecules. It
can be adapted to other targets with similar aptamers and thus represents a useful extension
of existing nanopore-based methods.
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4.3 Part 3: Solid-state nanopores for small molecule

detection

As this section explores the application of hybrid nanopore insights to solid-state nanopores
(ssNPs) for small molecule detection. Two fabrication methods were evaluated for producing
sub-10 nm nanopores. The resulting nanopores were compared in quality, current noise, and
sensing applicability. Additionally, surface modification techniques were examined to enhance
functionality.

4.3.1 Nanopore fabrication

For nanopore fabrication two different approaches were used, the controlled dielectric break-
down (CBD) and the focused ion beam scanning electron microscope (FIB-SEM). For detecting
small molecules (< 1 kDa), small diameter nanopores are needed. As seen in the previous sec-
tion, the hybrid nanopores of the commercial MinION®-sequencer, with a diameter of 1.2 nm,
were able to detect ethanolamine, a small biomarker, through its binding to a 42-nt long ssDNA
aptamer. Therefore, the goal was to produce functional nanopores with diameters as small as
possible and to test the influence of pore sizes on signal intensity.

4.3.1.1 Fabrication method 1: Controlled Dielectric Breakdown (CBD)

Nanopore fabrication in solid membranes was first conducted using CBD. This method relies
on applying a voltage across an insulating membrane to generate a high electric field, while
monitoring the induced leakage current. CBD promises the fabrication of very small-diameter
nanopores down to 2 nm [70]. Thin silicon nitride membranes (12 nm thick) were used to
fabricate small-diameter nanopores. As shown in Figure 27, CBD allows for the fabrication
of nanopores with diameters as small as 3 nm. For 12 nm SiN membranes, pore formation
generally occurs within the first 10 minutes under an applied voltage of approximately -10 V.

Figure 27A displays the applied voltage and the measured current over time, highlighting two
breakdown events. In the left graph, a breakdown event at -6 V produces a sharp current
drop to -122 nA, signaling successful nanopore formation. The right graph shows a breakdown
at -7 V, with a smaller current drop to -35 nA. With a current drop threshold set to 25 nA,
both events are considered successful pore fabrication. Figure 27B presents the I/V curves of
nanopores before and after fabrication and following conditioning. The slope of the I/V curve
increases with pore enlargement, indicating a correlation between the curve gradient and pore
size. Following fabrication, pore sizes of 2.7 nm (left graph) and 1.4 nm (right graph) were
achieved, subsequently enlarging to 5.7 nm and 3.0 nm, respectively, after conditioning.
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However, achieving reproducibility with small-diameter nanopores remains challenging due
to the random nature of the breakdown event [193]. Small variations in material properties
(e.g., batch-to-batch differences) can significantly impact the resulting pore size. Using the
same fabrication protocol, initial pore sizes ranged from 1.5 to 10 nm. This initial pore size
is crucial, as the pore typically enlarges further during conditioning. Conditioning is strongly
recommended to improve nanopore sensing performance (e.g., signal-to-noise ratio), as
the surface inside the nanopore is smoothed and ideally shaped into a cylindrical channel.
Consequently, achieving a final pore diameter of 3 nm has proven difficult, with a success rate
of only 1 in 20 attempts.

Figure 27: Nanopore fabrication using CBD. (A) Fabrication graph, showing the applied voltage and
the current flow over time. (B) I/V-graph of the fabricated nanopores before and after fabri-
cation and conditioning (left 5.7 nm and right 3.0 nm).

.
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Nanopores with diameters below 6 nm were utilized for current recordings conducted in 1 M
KCl and 10 mM HEPES at pH 8 using the eOne amplifier. For effective molecule sensing,
nanopores must maintain a stable baseline current with minimal noise to achieve a high signal-
to-noise ratio. However, nanopores fabricated via CDB often exhibited high noise levels and
unstable baseline currents (Figure 28A), characterized by significant standard deviations, which
hindered molecule sensing due to signal interference from noise. As shown in Figure 28B,
nanopores were frequently stable at the start of sensing experiments but tended to irreversibly
lose functionality over time. For instance, the 5 nm nanopore shown here initially detected
signals for 400 nM EA-aptamer but ceased displaying translocation events after 3 minutes,
accompanied by changes in the current trace. This degradation in performance could result
from pore clogging [91], unstable nanopore wetting [194], or irregular, non-cylindrical nanopore
geometries [195], all contributing to unstable and noisy current traces. However, a subset of
nanopores in this study exhibited sufficiently low noise and stability, making them suitable for
molecule detection. Further optimization of nanopore fabrication and experimental conditions
could enhance their reliability and performance for sensing applications.

Figure 28: Current noise of 5 nm nanopore. (A) shows the noisy baseline current of a 5 nm diameter
nanopore with 1 M KCl pH 8 without any target molecule. (B) shows the current trace for
a 5 nm nanopore with 400 nM EA-aptamer in 1 M KCl pH 8. In the beginning the current
trace was stable and showed molecule translocation peaks (red box), but after 3 minutes the
current got instable and noisy, with no further molecule translocation events visible.

.
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4.3.1.2 Aptamer detection with ssNPs fabricated using CBD

To replicate and extend the results of protein nanopores (see ??), the ssNPs were tested for
their ability to 1. detect and 2. quantify the EA-aptamer, which is the basic requirement for
ethanolamine detection, as an example of a small molecule biomarker Figure 29 shows typical
current drops as the EA-aptamer translocates through a 3 nm CDB-fabricated nanopore. In
Figure 29A, the baseline current of the 3 nm nanopore in 1 M KCl at pH 8 is shown without
EA-aptamer (negative control), displaying a stable baseline current of -3 nA with low standard
deviation (+/- 500 pA) and no significant baseline fluctuations. Figure 29B-G show increasing
EA-aptamer concentrations, ranging from 5 nM (B) to 400 nM (G). The number of current
drops increases linearly with EA-aptamer concentration, as shown in Figure 29H. The minimum
detectable aptamer concentration is 50 nM, as lower concentrations did not cause significant
changes in current compared to the control (see Figure 29B and C).

These results indicate that small ssNPs with diameters around 3 nm are capable of detecting
ssDNA aptamers like the EA-aptamer without further surface modification. The EA-aptamer
forms a bulky quadruplex tertiary structure [165], which leads to prolonged translocation times
compared to linear ssDNA aptamers. Consequently, linear ssDNA aptamers, such as the
histamine-aptamer, did not produce detectable signals using the same 3 nm nanopore (data
not shown).

To confirm the hypothesis that only quadruplex structures lead to visible signals, another
quadruplex-forming aptamer was tested. Ochratoxin A (OTA) is a small mycotoxin produced
by molds, commonly found in various foods, such as cereals, canned meats, vegetables, fruits,
and cheese. The binding aptamer for OTA is a 36-nt long ssDNA aptamer, which shares a sim-
ilar length and structure with the EA-aptamer. As shown in Figure 20, the OTA-aptamer also
produced significant current signals in a concentration-dependent manner, with the signal count
increasing as the OTA-aptamer concentration rose (Figure 30B-F). These results demonstrate
that other quadruplex-forming aptamers can also be detected using 3 nm ssNPs.
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Figure 29: EA-aptamer sensing in 3 nm pore. EA-aptamer in 1 M KCl pH 8 was measured using
a 3 nm CBD fabricated nanopore. Current trace recording of (A) no EA-aptamer, (B) with
5nM EA-aptamer (C) with 20 nM EA-aptamer, (D) with 50 nM EA-aptamer, (E) with 100 nM
EA-aptamer, (F) with 200 nM EA-aptamer and (G) with 400 nM EA-aptamer, were of 100 sec
( 1.5 min) were shown. (H) Event detection for all EA-aptamer concentrations using the EDA
software from elements.

.
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Figure 30: OTA-aptamer sensing in 3 nm pore. OTA-aptamer in 1 M KCl pH 8 was measured using a
3 nm CBD fabricated nanopore. Current trace recording of (A) no OTA-aptamer, (B) with 5
nM OTA-aptamer, (C) with 20 nM OTA-aptamer, (D) with 50 nM OTA-aptamer, (E) with 100
nM OTA-aptamer, (F) with 200 nM OTA-aptamer and (G) with 400 nM OTA-aptamer, were of
100 sec ( 1.5 min) were shown. (H) Event detection for all EA-aptamer concentrations using
the EDA software from elements.

.
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To investigate whether the different aptamer signals could be distinguished, the signals were
analyzed in more detail. The analysis of the current drop (peak amplitude) and translocation
time (dwell time) for the EA-aptamer (Figure 31) and OTA-aptamer (Figure 32) are shown be-
low. For the EA-aptamer, dwell times ranged from 0.1 to 3 ms, with the highest event count
occurring at 0.2 ms for all aptamer concentrations. At higher concentrations (400 nM), dwell
times exceeding 3 ms were observed (Figure 31A). However, these occurrences had low counts
and disappeared at lower concentrations, suggesting they resulted from aptamer aggregation
or clogging, likely due to increased spatial proximity at higher concentrations. Therefore, these
longer dwell times were neglected. The measured amplitude corresponds to the baseline cur-
rent’s mean value. For the EA-aptamer, current drops ranged between 1 and 2 nA across all
concentrations. To distinguish different molecules, the signals must differ significantly in terms
of dwell time or amplitude. Unfortunately, the OTA-aptamer did not show a significant difference
in either parameter compared to the EA-aptamer. The dwell times for the OTA-aptamer were
also between 0.1 and 2 ms, with the highest event count at 0.2 ms, and the peak amplitudes
ranged from 1 to 2 nA. This suggests that in an unknown sample, distinguishing between OTA-
and EA-aptamers would not be possible. This outcome was expected, as both aptamers are
similar in size (36 nt for OTA-aptamer and 42 nt for EA-aptamer) and both form quadruplex
structures [161, 196], leading to similar blockade events in the nanopore and thus producing
similar signals. These results were also confirmed using a 5.7 nm diameter pore. Nanopores
with diameters above 6 nm did not show any translocation events for EA- or OTA-aptamer.

In summary, these results show that unmodified ssNPs of appropriate sizes (3-6 nm) can detect
small ssDNA aptamer sequences in a concentration-dependent manner, offering the potential
for small molecule detection using a strand-displacement assay with magnetic beads. However,
nanopore fabrication using CBD proved to be too random, and only a few functional nanopores
with the correct pore size and a good signal-to-noise ratio were produced. Another challenge
was the stability of the fabricated nanopores. Even if a pore initially showed promise, it often lost
functionality after a few measurements—whether or not target molecules were present—due to
clogging, damage, or increased noise, leading to unstable baseline currents [81]. As a result,
insufficient data was generated to construct a standard curve for both aptamers, hindering the
development of an assay for EA or OTA detection in ssNPs. The results from the MinION®
nanopores could not be reliably transferred. Moreover, not enough data was generated to
evaluate the impact of pore size on signal intensity or shape, making comparisons across
experiments with different nanopores extremely challenging.
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Figure 31: Event detection for EA-aptamer. On the left side the amount of events occuring to different
dwell times is shown for (A) 400 nM EA-apatmer (C) 200 nM EA-aptamer and (E) 100 nM
EA-aptamer. The right side shows the scatterplot for the peak amplitude in nA against the
dwell time in ms (B, D and F). Peak amplitudes are relative to the baseline current.

.
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Figure 32: Event detection for OTA-aptamer. On the left side the amount of events occuring to differ-
ent dwell times is shown for (A) 400 nM OTA-apatmer (C) 200 nM OTA-aptamer and (E) 100
nM OTA-aptamer. The right side shows the scatterplot for the peak amplitude in nA against
the dwell time in ms (B, D and F). Peak amplitudes are relative to the baseline current.

.
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4.3.1.3 Fabrication method 2: Focused Ion Beam Scanning Electron
Microscope

The second approach for nanopore fabrication was using Focused Ion Beam Scanning Electron
Microscope (FIB-SEM) milling. This method uses a focused ion beam (typically gallium ions)
to mill or sputter atoms from a material surface, creating nanopores by selectively removing
material. SEM imaging in the same setup allows for real-time monitoring of pore formation and
fine-tuning [197].

First, the optimal parameters for nanopore fabrication in 12 nm thick silicon nitride membranes
were tested. Coinciding literature, best results were achieved using 30 kV and 1 pA, as for
example using 1 kV led to bigger pore sizes. As shown in Figure 33, a test series of different
time intervals using 30 kV and 1 pA was developed. Therefore, the fabrication time was con-
stantly increased. Starting from 10 ms the fabrication time was increased up to 200 ms in 10
ms intervals. Nanopore size was determined using SEM imaging. The results clearly show
the influence of fabrication time on pore size, as with increasing fabrication time the pore size
also increased. Consequently, 10 ms fabrication time led to the smallest pore size about 20
nm. A further decrease in fabrication time, did not lead to smaller pore sizes, as the pore was
not continuous when using I/V-measurement. As a result, the fabrication limit with this gallium
ion-beam is 20 nm. This observation is also conscious with literature [198, 199]. But also,
the 10 ms fabrication time did not always lead to continuous nanopores, resulting in low repro-
ducibility for small nanopores. Another problem was that during SEM-scanning the nanopore
size decreased, this effect was especially striking for small-diameter nanopores. Here some-
times, the nanopore disappeared before a sharp SEM-picture could be captured. This effect
refers to the electron beam applied to the nanopore during SEM-imaging [193]. As a result,
nanopores of less than 30 nm were difficult to reliably fabricate. Consequently, further FIB-
SEM nanopores were fabricated with 30 kV, 1 pA and 90 ms (see Figure 33D). Using these
parameters, 50 nm nanopores could be reliably fabricated. As for small molecule detection
e.g., of EA-aptamer, small-diameter nanopores were needed, ALD-coating and other surface
modification techniques were tested for their ability to reduce the target pore diameter.
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Figure 33: FIB-SEM nanopore fabrication in 12 nm thick silicon nitride chips. (A) shows a SEM-
picture of a measurement series of Gallium-FIB fabricated nanopores using 30 kV and 1
pA with different time intervals. Starting from 10 ms (bottom left) to 100 ms (bottom right)
and 110 ms (upper left) to 200 ms (upper right). (B) shows the zoomed section of the
upper picture with different ion-beam times and the estimated diameters using SEM. (C)
SEM-picture of a nanopore with 23.74 nm fabricated using 30 kV, 1 pA and 10 ms gallium
ion-beam. (D) SEM-picture of a nanopore with 53.31 nm, fabricated with 30 kV, 1 pA for 90
ms gallium ion-beam.

.
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4.3.1.4 Comparison of CBD and FIB-SEM for solid-state nanopore fabrication

One notable advantage of controlled dielectric breakdown (CBD) in solid-state nanopore fabri-
cation is the ability to create nanopores directly in solution, which ensures immediate wettability.
This feature is critical for small nanopores (<10 nm) that often require complex wetting proce-
dures with other methods. In contrast, FIB-SEM, necessitates a post-fabrication wetting step
due to the drying and cleaning required during fabrication. This additional step can add com-
plexity and time to the fabrication process and may lead to variations in wetting outcomes,
which CBD avoids.

When it comes to pore size, both methods have inherent limitations. The CBD method can pro-
duce smaller-diameter nanopores directly, making it advantageous for applications requiring
nanoscale precision. However, CBD’s reliance on a dielectric breakdown event introduces an
element of randomness, leading to low reproducibility for sub-5 nm nanopores [193]. Conse-
quently, even though CBD can achieve smaller diameters, controlling this process consistently
remains a challenge. FIB-SEM offers a different set of advantages and limitations. Its de-
pendence on ion beam parameters, including current intensity, fabrication time, and ion beam
diameter, limits the minimum nanopore size achievable. For example, the specific FIB-SEM
device used in this study was constrained to a minimum pore diameter of around 20 nm, due to
the technical limitations of the gallium ion beam size [198]. Despite this, FIB-SEM has shown
superior control over pore size consistency, resulting in more reproducible outcomes, which are
crucial for applications demanding reliability. Baseline current stability, an essential parameter
for sensing applications, also differed between the two methods. CBD-fabricated nanopores fre-
quently displayed baseline current instability or noise, which could interfere with precise molec-
ular sensing, likely due to inconsistent pore wall structures. In contrast, FIB-SEM-fabricated
nanopores demonstrated a more stable baseline current, likely due to the method’s-controlled
milling process, which minimizes irregularities at the pore edge.

In summary, while neither CBD nor FIB-SEM is ideal for achieving stable, small-diameter
nanopores, each method has distinct strengths. CBD offers the benefit of immediate wetta-
bility and can achieve smaller pore sizes, though with limitations in reproducibility and baseline
stability. FIB-SEM provides more reliable control over pore size and baseline stability, making
it preferable for applications requiring consistent performance. Future optimization may involve
fabricating larger, stable nanopores with FIB-SEM, followed by post-fabrication size reduction
techniques like atomic layer deposition (ALD), or other covalent surface modification techniques
to achieve the precision required for specific applications.
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4.3.2 Surface modification of silicon nitride chips

Surface modification of ssNPs with functional groups can effectively reduce non-specific binding
and improve the selectivity and sensitivity of small molecule detection. To this end, protocols
for covalent attachment of aminated aptamer sequences and IgG antibodies (used as model
molecules) were developed and optimized on both blank chips and chips following nanopore
fabrication.

As shown in Figure 34A, the FTIR spectrum of unmodified (blank) nanopore chips displays
a prominent peak at 860 cm−1, indicative of Si-N bond stretching, a smaller peak at 1100
cm−1 corresponding to Si-O-Si bonds, and a broad peak at 3500 cm−1 that signals the pres-
ence of free OH groups. Following silanization, the spectrum changes significantly: a large
peak appears at 2800–2900 cm−1, corresponding to C-H bond stretching, while peaks in the
1400–1700 cm−1 range indicate N-H bond bending (see Figure 34B). These spectral changes
confirm successful APTES functionalization, which involves a carbon chain ending with an
amino group. The uniform spectra across the chip surface suggest consistent APTES cover-
age. After antibody binding, additional spectral changes were observed, particularly a peak
between 1600–1700 cm−1 that indicates an amide I band from C=O stretching, characteristic
of antibody attachment. Microscopic images corroborated these stages of surface modification.
When FITC-labeled IgG antibodies were attached, the chip displayed an even fluorescence sig-
nal at 532 nm in the fluorescence reader, supporting uniform antibody distribution (see Figure
34C). Fluorescently labeled aptamer sequences produced similar fluorescence signals (data
not shown).

These findings demonstrate that surface functionalization with aptamers or IgG antibodies can
be achieved through silanization and glutaraldehyde crosslinking for stable amino-group bind-
ing. This approach offers a promising method for attaching target-specific antibodies to the
nanopore surface, potentially enhancing signal sensitivity. Furthermore, either EA-aptamer or
OTA-aptamer sequences, or their complementary strands, could be attached to the nanopore
surface in the same way, representing a potential optimization for ssNP-based assays target-
ing EA or OTA. However, consistent results were achieved only on blank chips, as chips with
nanopores were frequently damaged or irreversibly clogged during the modification process.
Additionally, it was not possible to confirm whether surface modification effectively extended
inside the nanopore itself. Consequently, no molecule sensing experiments were conducted
with functionalized ssNPs in this study.
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Figure 34: FTIR-spectra of (A) unfunctionalized silicon nitride surface (B) after silanization (C) after
FITC-labeled IgG antibody.

.
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Aside from functional group modifications reported in the literature, ALD coating has been
shown to precisely reduce nanopore size, enhancing stability [200]. However, post-fabrication
ALD coating of 50 nm FIB-SEM-fabricated nanopores did not yield the desired results, as pores
tended to clog after treatment. Verifying size reduction was also challenging, as repeated SEM
imaging could further shrink the nanopore or lead to complete closure [193]. Additionally, SEM-
derived pore sizes often differed from I/V measurements.

Even when successful, pore size reduction came at the cost of increased membrane thickness,
which in turn elevated the signal-to-noise ratio, negatively impacting sensing performance. Cru-
cially, ALD coating failed to achieve the sub-10 nm diameters required for small molecule de-
tection. Further optimization and expertise in ALD processing are needed to address these
limitations. Due to the unsuitability of ALD-coated nanopores for molecule sensing, data were
not included.
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4.4 Summary of results for ssNPs

To sum up, ssNPs still face significant challenges for small molecule sensing applications, with
reproducible fabrication being one of the most critical issues. High reproducibility is essential
to ensure that nanopores exhibit consistent properties; without it, the development of reliable
sensing assays or commercial devices is hindered. Fabrication methods like controlled di-
electric breakdown (CBD) are prone to randomness, particularly for smaller nanopores, where
variations in the dielectric breakdown process make precise control difficult. Although FIB-SEM
offers better reproducibility, it is costly and time-intensive, limiting its practicality for large-scale
production. Achieving specific pore diameters and shapes with consistency is another chal-
lenge, especially for applications like DNA sequencing and single-molecule sensing, where
even slight variations can lead to inaccurate results. While CBD can produce a range of pore
sizes, precise control is especially difficult for nanopores smaller than 10 nm. FIB milling pro-
vides more controlled outcomes but is limited by ion beam diameter, which typically restricts the
minimum pore size to larger diameters unless post-fabrication techniques, such as atomic layer
deposition (ALD), are applied. Another key issue is achieving adequate wettability. Nanopores
need to be fully wetted to conduct ionic current, a requirement for most sensing applications.
Small nanopores, especially those under 10 nm, tend to resist wetting, leading to air bubbles
or incomplete filling. Non-wetted nanopores block current flow, rendering them ineffective for
sensing. While techniques like chemical surface treatments, plasma treatments, and controlled
fabrication environments can help, they add complexity and may still yield inconsistent results
for ultra-small pores. Beyond fabrication, the stability and durability of ssNPs also present chal-
lenges. The nanopore membrane must be thin enough for high sensitivity but strong enough
to withstand the stresses of fabrication and operation. Thin membranes (e.g., <20 nm) are
more fragile and prone to breake during fabrication or when subjected to high voltages. Con-
versely, thicker membranes are more durable but reduce sensitivity for small molecules and
ions due to longer transit times. Post-fabrication functionalization and ALD-coating pose fur-
ther challenges. Functionalizing or coating nanopores to tailor properties, such as selectivity,
hydrophilicity, and chemical sensitivity, can change pore size or shape, impact stability, and
add steps to the fabrication process. Achieving uniform functionalization at the nanoscale is
particularly difficult, especially for very small nanopores, but is often essential to optimize their
performance for specific applications.
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The findings of this study align with the challenges described, as using CBD, nanopores down
to 3 nm could be fabricated but only with low reproducibility (1 out of 20). Additionally, these
small nanopores exhibited unstable baseline currents and a tendency to expand or clog during
sensing experiments, making it impossible to develop a quantitative assay for detecting EA
or OTA, as seen in previous work with protein nanopores (see 4.2). Attempts to use surface
modifications to increase sensitivity, improve stability, or further reduce pore size did not yield
satisfactory results, as the nanopores were frequently damaged or clogged during the process.
Furthermore, confirmation of functionalization within the nanopore channels was inconclusive;
FTIR- spectroscopy could only verify modifications on the chip surface, not inside the nanopore
itself. Although FIB-SEM fabricated nanopores demonstrated improved stability and durability,
reproducibly fabricating nanopores below 20 nm with a gallium ion beam proved challenging.
Consequently, this method also fell short for small molecule sensing applications. Efforts to
reduce pore diameter further through post-fabrication ALD-coating with aluminum oxide, when
successful, did result in smaller diameters, but at the cost of a thicker membrane, which reduced
sensitivity. Starting with a 50 nm pore size, ALD-coating failed to produce functional nanopores
with diameters below 5 nm, suitable for molecular sensing. In summary, while ssNPs remain
a promising platform for small molecule sensing, significant challenges, such as reproducible
fabrication, stable current profiles, effective functionalization, and scalability, must be addressed
to unlock their full potential for these applications.
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The results of this research underscore the critical importance of developing new sensing tech-
nologies for small molecule detection, as they play an essential role in molecular diagnostics
and personalized medicine. Despite the progress made in this field, designing assay systems
with high specificity and sensitivity that allow for label-free, rapid, and straightforward detection
of small molecules still presents challenges. This study explores and evaluates three distinct
approaches for small molecule detection, each contributing to advancing the field in a unique
way.

First in chapter 4.1, a fluorescence magnetic-bead-based competitive antibody binding assay
for L-Kynurenine was developed. This assay demonstrates how antibody-based detection sys-
tems can be optimized for greater sensitivity, making small molecule detection feasible when
a specific binding antibody is available. The successful synthesis of a fluorescent kynure-
nine conjugate based on rhodamine B, coupled with its unique antibody binding properties,
demonstrated good sensitivity with a KD-value of 5.9 µM for the L-Kynurenine conjugate and
IC50 values of 4.0 µM in PBS and 10.2 µM in saliva for the competitive assay with native
kynurenine. As expected, the IC50 value in saliva was higher than in PBS due to interfering
components such as enzymes and proteins in saliva samples. Nevertheless, these findings
present a promising step forward in the development of rapid diagnostic tests for kynurenine
as a diagnostic marker for diseases, such as kidney transplant failure, where kynurenine levels
in saliva increase to 4.6 +/- 1.6 µM under pathological conditions [128]. These results also
demonstrate that immunoassays have yet to reach their full potential and can be applied not
only to larger antigens but also to small molecule detection, provided they are optimized with
new technologies and advancements in antibody development for small biomarkers. Addition-
ally, conjugation chemistry plays a crucial role in creating fluorescent labeling techniques that
do not interfere with antigen-antibody binding.

This dissertation also focused on the development of an assay system based on novel molec-
ular sensors (chapter 4.2), such as nanopore sensors. Nanopores as sensors for small
molecules offer a promising alternative to complex and costly standard methods like HPLC or
LC-MS, having been extensively studied and established, particularly in DNA analytics. How-
ever, there are still few practical publications or applications for small molecule detection. The
main challenge lies in the stability and longevity of these nanopores, especially in the lower
nanometer range. The protein nanopores of an established nanopore-based sequencer proved
effective for detecting small molecules using target-binding aptamers. This involves the con-
trolled, current-independent translocation of target-binding aptamers without requiring complex
sample preparation. A ready-to-use nanopore platform for label-free quantification of small

87
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molecules, using ethanolamine as an example, was successfully developed, demonstrating the
potential of protein nanopores for small molecule detection.

The developed magnetic-bead-based strand displacement assay illustrates a possible appli-
cation of protein nanopores for small biomarker detection. These results show that the ONT
protein nanopore system, traditionally used for DNA/RNA sequencing, can also detect and
quantify small molecules, provided a suitable aptamer is available. Since this process remains
difficult and expensive with conventional methods but plays a crucial role in diagnosing numer-
ous diseases, it represents a significant step toward simplifying and reducing the cost of such
detections in future diagnostics.

One example is the strand displacement assay for ethanolamine and its binding aptamer. The
results revealed that ethanolamine could be indirectly detected by measuring its binding ap-
tamer via the protein nanopores, with sensitivity in the micromolar range. The ethanolamine
aptamer showed significant current interruptions, ranging from 240 pA to 60, 80, or 100 pA
during molecular translocation, exhibiting a characteristic wave-like pattern. Using the strand-
displacement assay, ethanolamine concentrations between 5 and 20 µM, were reliably de-
tected, with a dissociation constant (Kd) of 14.4 µM. This approach shows promise for clinical
applications, as the device offers a cost-effective and well-established platform. Moreover,
this methodology can be adapted to other small molecules with suitable aptamers of similar
structure and size. The long translocation time of 1–2 seconds observed is likely due to the
G-quadruplex tertiary structure of the aptamer. As such quadruplex structures are common
in other aptamers, this method could be applied to detect other small molecules using their
specific aptamers. However, this hypothesis requires further confirmation in future studies.

Additionally, the Nanotrace software developed here enables scientists, even without a bioinfor-
matics background, to easily visualize the generated bulk-fast5 files. This presents a significant
advantage over other available software tools, which typically require Python-based program-
ming skills. To sum it up the methodology described serves as a proof of principle that can be
adapted to other small molecules with suitable binding aptamers of similar structure, marking
an important step toward simplifying small molecule diagnostics.

Furthermore, this disseration explored the use of ssNPs for small molecule detection (chapter
4.3). The investigation into nanopore technologies extended to the fabrication of ssNPs through
two distinct methods: CBD and FIB-SEM. While FIB-SEM demonstrated limitations in precision,
especially for small-diameter nanopores (below 20 nm), the CBD method showed promising po-
tential for fabricating smaller nanopores (<6 nm). Despite challenges in reproducibility and sta-
bility, the research demonstrated that ssNPs fabricated with CBD could successfully and quan-
titatively detect the two G-quadruplex-forming aptamers of the small molecules ethanolamine
and ochratoxin. Both aptamers showed increasing translocation events up to 400 nM with a
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LOD of 50 nM. Due to their comparable length and structure, both exhibited similar translocation
times between 0.1 and 0.2 ms, making it challenging to distinguish between the two molecules
in a single assay. Although sufficient data could not be obtained to develop a reliable strand
displacement using ssNPs due to reproducibility issues, these results suggest that ssNPs could
serve as a valuable tool for small molecule detection in the future, as the basic requirements of
quantitative aptamer detection could be clearly demonstrated. The small diameter nanopores
fabricated through CBD represent a promising technology for the next generation of diagnostic
sensors, provided that the fabrication process can be refined to improve stability, wetting, and
reproducibility.

While the advancements presented in this dissertation are promising, several key challenges
remain. The reproducibility and stability of small-diameter nanopores, particularly in the context
of ssNPs, require further investigation. Fabricating nanopores with diameters smaller than 6
nm has proven difficult, and additional optimization is needed to achieve reliable detection.
Moreover, the prolonged translocation times observed in protein nanopore assays indicate the
need for further refinement of aptamer structures and nanopore systems to improve detection
speed and efficiency. Optimizing surface functionalization methods is also crucial in this regard.
Additionally, developing more robust software tools like Nanotrace is essential to enhance the
analysis of nanopore output data and make this technology more accessible to a wider range
of researchers, particularly those without a bioinformatics background.

Future research should focus on several key areas: (1) improving the materials and fabri-
cation methods for ssNPs to ensure greater reliability and reproducibility; (2) enhancing the
sensitivity and specificity of aptamer-based detection systems, especially for clinical applica-
tions; (3) optimizing the nanopore technologies to overcome the limitations in translocation
time and detection accuracy; and (4) further developing user-friendly software platforms to an-
alyze nanopore data. By addressing these challenges, small molecule detection technologies
can be advanced to a level where they are practical for routine clinical diagnostics, particularly
for personalized medicine. In conclusion, this research makes significant contributions to the
field of small molecule detection by not only optimizing traditional immunoassays to enhance
their sensitivity for small molecule application but introducing novel assay methods and demon-
strating the feasibility of using aptamers for small molecule detection in both protein nanopores
and ssNPs. These findings lay the groundwork for future diagnostic technologies that are more
cost-effective and accessible. While several challenges remain, the insights gained through this
study represent a crucial step toward improving molecular diagnostics. Further research into
optimizing ssNPs, enhancing aptamer-based detection, and addressing fabrication and stability
issues will be critical for advancing these technologies to the point where they can be imple-
mented in clinical practice, offering improved diagnostic capabilities for a range of diseases.
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gen, the fluorescence intensity is measured with a photometer to quantify the
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3 (A) Schematic representation of aptamer conformational recognition of tar-
gets to form an aptamer-target complex (illustrated as a stem-loop struc-
ture). (B) hairpin, (C) pseudoknot, (D) joined hairpins, and (E) G-quadruplex
structure. (Created in BioRender.com, accessed on February 2025) adapted
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terms and conditions of the Creative Commons Attribution (CC BY) license
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4 A general scheme of SELEX protocol. (1) A random oligonucleotide library is
incubated with the desired target molecule. textbf(2) The target-bound aptamers
are selected and the unbound oligonucleotides were removed by washing. (3)
Target-binding aptamers were amplified using PCR (polymerase chain reaction),
forming the aptamer pool for the next SELEX cycle. (Created in BioRender.com,
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5 Molecule Sensing via Nanopores. Nanopores are nanometer-sized holes em-
bedded in an electrically resistant membrane through which an electric cur-
rent is applied. When a molecule passes through the nanopore, it temporar-
ily disrupts the current. The magnitude and duration of this disruption depend
on the size, shape, and molecular interactions of the analyte within the pore.
Larger molecules cause greater disruptions, while smaller ones result in smaller
changes. The shape and translocation time of the molecule also affect the cur-
rent signal. Based on these current patterns, molecules can be identified and
distinguished. (Created in BioRender.com, accessed on February 2025.) . . . 10

6 Comparison of the geometries of alpha hemolysin and MspA. A section
of Fig. 2A and 2B: alpha-hemolysin (PDB: 3ANZ) and MspA (PDB: 1UUN),
from Bhatti et al., Recent advances in biological nanopores for nanopore
sequencing, sensing and comparison of functional variations in MspA mu-
tants, RSC Adv., 2021, 11, 28996–29014. Licensed under CC BY-NC 3.0
(https://creativecommons.org/licenses/by-nc/3.0/) [63]. . . . . . . . . . . . . . 11

7 Surface functionalization of ssNPs with antibodies using silanization. The
silicon nitride surface is oxidized using piranha acid, oxygen-plasma or UV-
Ozone treatment. The resulting oxygen groups can be further conjugated with
APTES (3-Aminopropyltriethoxysilane), leading to an amino group on the sur-
face, which can be conjugated to antibodies using glutaraldehyde. (Created in
BioRender.com, accessed on October 2024.) . . . . . . . . . . . . . . . . . . 14
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8 Schematic overview of solid-state nanopore fabrication. a) Focused
electron/ion-beam milling of free-standing membranes is a common approach
for fabricating sub-10 nm pores (left). The pore size and shape can be monitored
in real time during fabrication. A sequence of transmission electron microscope
(TEM) images showing nanopore formation in silicon dioxide using an electron
beam (right). The electron irradiation leads to a gradual reduction in the size
of the nanopore to approximately 3 nm. b) Controlled dielectric breakdown can
be used to fabricate pores in membrane materials such as SiN, HfO2 and SiO2.
The membrane is immersed in an electrolyte (such as KCl, NaC or LiCl) and ex-
posed to an electric field with intensity comparable to the dielectric strength of the
membrane. Structural defects are produced owing to tunnelling leakage current,
resulting in the dielectric breakdown of the membrane and in the formation of a
nanopore. c–e) Thinning methods for solid-state membranes include dry etching
with a patterned protection layer (photoresist) (panel c); electron/ion-beam irra-
diation (panel d). Helium ion-beam irradiation leads to thinning of both sides of
the SiN membrane, which has been attributed to fluidization and ion pressure;
laser-assisted photothermal etching (panel e). The process is influenced not
only by the laser illumination but also by the composition of the supporting elec-
trolyte. f) The combination of laser-assisted photothermal etching and controlled
dielectric breakdown allows for the simultaneous thinning of the membrane and
formation of a nanopore. g) Formation of an ultra-thin membrane using atomic
layer deposition (ALD). A thin layer of a desired material is deposited on a sac-
rificial layer using ALD. Etching or removal of the sacrificial layer produces a
thin, free-standing membrane; there is a large choice of available deposition
chemistries. h,i) Free-standing 2D membranes. 2D materials supported on a
sub-micrometre-sized aperture can be prepared via material transfer (panel h)
or by directly fabricating the 2D material on the aperture using chemical vapour
deposition (CVD) (panel i). Nanopores in single-layer 2D materials have high
sensitivity, owing to their near-atomic thickness (graphene: 0.3 nm, BN: 1.1 nm,
MoS2: 0.8 nm and WS2: 0.7 nm). PDMS, polydimethylsiloxane. Panel a adapted
from ref.37, Springer Nature Limited. Panel b adapted from ref.42, CC BY 4.0.
Panel d adapted from ref.74, CC BY 3.0. Panels c, e and f adapted with permis-
sion from ref.77, American Chemical Society. Panel h adapted with permission
from ref.342, Wiley. Panel i adapted with permission from ref.108, American
Chemical Society. Reproduced with permission from Springer Nature [83]. . . . 15

9 Nanopore sequencing principle. dsDNA is unwound by the motor protein and
one strand is translocated through the nanopore to the trans side (positive pol).
(Created in BioRender.com, accessed on October 2024.) . . . . . . . . . . . . 20
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10 Principle of a magnetic bead based competitive assay. The biotinylated EA
aptamer binding complement is covalently attached to streptavidin coupled mag-
netic beads and the EA aptamer is hybridized to its complementary strand. When
ethanolamine is added, the aptamer is displaced from its complementary strand
to form the ethanolamine-aptamer complex. Beads can be pelleted with a mag-
net and the supernatant containing the displaced aptamer can be removed. After
washing, the remaining bead-bound aptamer can be removed from the beads
with ONT-Flush buffer and the amount of aptamer in the supernatant can be
measured using the MinION®-device. (Created in BioRender.com, accessed on
October 2024.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

11 Chemical structure of ethanolamine. Ethanolamine is a small organic
molecule (MW 61.08 g/mol), containing two functional groups, a hydroxyl group
and an amino group. (Created in BioRender.com, accessed on October 2024.) 28

12 Ethanolamine aptamer structure. Combined figure of: (A) Secondary struc-
ture of aptamers #14.3 and #9.4. The primer regions (nucleotides 1–18 and
79–96) are highlighted in grey, and the consensus sequence (nucleotides 20–35
for version 14.3 and 24–39 for version 9.4) is marked by circles. The primer
regions were always arranged in stem-loop structures, whereas the consensus
sequences were found in a single-stranded loop. Modified from Mann et al.,
2005, In vitro selection of DNA aptamers binding ethanolamine, Biochemical
and Biophysical Research Communications, Vol. 338, Issue 4, Pages 1928-
1934, Copyright (2005), with permission from Elsevier [162]. (B) G-quadruplex
structure. The consensus sequence of 16 nucleotides was characterized by sev-
eral G-triplets. Thus, the three-dimensional shape of this consensus sequence
could be a threefold stacked G-quadruplex structure. The image shows one pos-
sible conformation of the nucleotides. Modified from Mann et al., 2005, In vitro
selection of DNA aptamers binding ethanolamine, Biochemical and Biophysi-
cal Research Communications, Vol. 338, Issue 4, Pages 1928-1934, Copyright
(2005), with permission from Elsevier [162]. (C) Predicted secondary struc-
ture of the ethanolamine aptamer with 42 nucleotides (EA#14.3K42), a trun-
cated version of the original 96nt (EA#14.3) aptamer. Modified from Mahmoud,
M., Laufer, S., & Deigner, H.-P., Data for homogeneous thermofluorimetric as-
says for ethanolamine using aptamers and a PCR instrument, Data in Brief,
2019. https://doi.org/10.1016/j.dib.2019.103946. Licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). . . . . . . . . . . . . . . . . . 30
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13 Schematic principle of the bead-based competitive immunoassay for L-
kynurenine. A biotinylated anti-kynurenine antibody was immobilized on the
surface of the magnetic beads and incubated with a constant amount of fluo-
rescent kynurenine conjugate and different concentrations of native kynurenine.
The beads were then pelleted on a magnetic rack and the fluorescence in the
supernatant was measured photometrically to calculate the amount of native
kynurenine. (Image Created in BioRender.com, accessed on May 2025.) . . . 38

14 Schematic principle of the strand displacement assay. A new approach for
small molecule detection using a ready-to-use protein nanopore platform was
designed. Using ethanolamine as an example, a strand displacement assay with
magnetic beads and a target-binding aptamer was developed and optimized.
The nanopore signals can be analysed with the in-house developed software.
Ethanolamine was successfully detected quantitatively in the micromolar range
[1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

15 Main view of NanoTrace with exemplary information for the currently
loaded experiment. Top: (1) selected experiment file, (2) channel selection
and (3) channel output. Bottom: (left) squiggle plot of selected channel and
(right) event density plot for 10 random selected channels.[1]. . . . . . . . . . 44

16 Nanopore chip cleaning and mounting. (A) Piranha cleaning jig from NNI
for cleaning of silicon nitride chips. (B) NNI flow cell. The nanopore chips are
mounted in the female half (bigger half) of the flow cell embedded in two gaskets
and screwed with the smaller half of the flow cell. Electrodes were added to the
provided holes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

17 SiN chips on the sTEM holder inserted to the FIB-SEM. The left picture shows
the fixation of the SiN-chips on the sTEM-holder using copper tape. In the mid-
dle, a picture of the sTEM-holder inserted to the FIB-SEM vacuum chamber. The
right picture shows, the SEM-image of the SiN-Chip inserted into the FIB-SEM. 48

18 Flow cell for the 100 kHz nanopore reader. (A) The nanopore chip is mounted
in one half of the flow cell between two gaskets. The other half is placed on top
and clamped into the ring to which the electrodes are attached. (B) Shows the
fully assembled flow cell into which the electrolyte liquid can be filled via the two
chambers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
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18 Synthesis route of the fluorescently labeled kynurenine probe. Rho-
damine B was initially converted to the corresponding propargyl ester (1) via
Steglich esterification. This intermediate was then reacted either with an azido
tetraethylene glycol linker to produce compound (6) or with azido-kynurenine
to yield compound (5). Reaction conditions were as follows: (a) EDC, DMAP,
CH2Cl2, room temperature, overnight; (b) NaOH, H2O/THF (1:1), room tem-
perature, 90 minutes; (c) EDC, DMAP, CH2Cl2, room temperature, 48 hours;
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