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Abstract

The recognition and detection of biologically important analytes, especially small
biomolecules, is of prime relevance and has become an upsurging area of research in chemistry
and biology. Consequently, the development of robust chemical molecular sensors
(“chemosensors’) based on artificial recognition elements with the potential to detect molecules
with high sensitivity and selectivity and coupled with a sensitive signal transduction strategy
continues to attract considerable attention. Optical methods based on fluorescence are highly
desirable for signal transduction because of their versatility, high sensitivity, low cost with
readily available instrumentation, and potential for real-time analysis. Thus, optical/fluorescent
chemosensors, in combination with innovative assay protocols, find broad application potential
in many disciplines, such as biochemistry and clinical and medical diagnostics. They offer a
cost-efficient alternative to conventional instrumental analytical methods, such as HPLC-MS,
GC-MS, and NMR, and are superior to biosensors in terms of stability, equilibration time, price,
and scope for small molecule detection. However, developing chemosensors that fully meet the
requirements for practical applications is still challenging. The low binding affinity or
selectivity of chemosensors for most biomolecules or their metabolites in biofluids, as well as
the low stability of the chemosensor's guest-host ensemble (e.g., upon dilution), are main
reasons why the practical application potential of artificial chemosensors has not yet been fully

realized.

In this work, artificial chemosensors based on supramolecular host-guest chemistry coupled
with optical signal transduction are utilized to realize both detection and chirality sensing of
biologically relevant analytes in aqueous media and complex biofluids. In addition, the various

aspects of realizing their practical diagnostic applications are addressed.

The first research project involves the development of electronic circular dichroism
(ECD)-based chemosensors for the detection and chirality sensing of diverse chiral organic
analytes in water. Chemosensors that can detect molecular chirality are crucial due to the
significance of chiral bio-relevant molecules and the influence of chirality on their related
biological activity, e.g., in drug production. However, only a few chirality-based chemosensors
are available to date for the detection of compounds in aqueous media. My thesis utilized achiral
chromophoric hosts, i.e., acyclic cucurbit[n]urils and molecular tweezers as recognition
elements in the chemosensor. The achiral chromophoric hosts were found to respond with
information-rich induced ECD signals to the presence of micromolar concentrations of chiral
small molecule guests, such as chiral hydrocarbons, terpenes, amino acids and their derivatives,
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steroids, and drugs in water. In favorable cases, this also allowed for analyte identification and

reaction monitoring.

In the second research project, fluorescence-detected circular dichroism (FDCD) spectroscopy
is applied for the first time for the chiroptical analysis of supramolecular host-guest and
host-protein systems and compared to the widely utilized electronic circular dichroism (ECD).
The main goal was to explore the utility of FDCD to improve the sensitivity and selectivity of
chiroptical supramolecular assays. The comprehensive investigations demonstrate that FDCD
is an excellent choice for common supramolecular applications, e.g., the detection and chirality
sensing of chiral organic analytes and label-free reaction monitoring. FDCD can be conducted
in favorable circumstances at much lower concentrations than ECD measurements, even in
chromophoric and auto-emissive biofluids such as blood serum, overcoming the sensitivity
limitation of absorbance-based chiroptical spectroscopy. Furthermore, the combined use of
FDCD and ECD provided additional valuable information about the system, e.g., the chemical

identity of an analyte or hidden aggregation phenomena.

The third research project addresses the importance of thermodynamic and kinetic
investigations to properly analyze the association and dissociation processes of supramolecular
host-guest recognition interactions, which are crucial to designing host-guest systems with
improved properties and advancing their practical applications. However, kinetic descriptions
of supramolecular systems are scarce in the literature, mainly due to the lack of suitable
experimental protocols. Thus, three novel fluorescence-based time-resolved approaches are
introduced that allowed the convenient determination of kinetic rate constants of
spectroscopically silent and even insoluble guests with the macrocyclic cucurbit[#]uril and
human serum albumin as representative hosts. Furthermore, a new kinetic method is adopted to
achieve selective analyte sensing even in situations of poor thermodynamic selectivity due to
the host’s often observed similar binding affinities for structurally similar analytes. The method
allowed a selective identification and quantification of analytes without the need to modify the

parent host synthetically.

The fourth research project involves the development of a novel fluorescent chemosensor for
the detection of biogenic polyamines, which serve as health indicators in the human body. The
fluorescent chemosensor self-assembled from sulfonated pillar[z]arene host in combination
with suitable dicationic indicator dyes responds instantly with a fluorescence “turn-on” signal
to the presence of biogenic polyamines. The photophysical and binding properties of the new

fluorescent chemosensor explored in detail in both saline buffers and biologically relevant



media display their excellent functionality for polyamine sensing with no salt interferences on
the sensing assay. Moreover, the chemosensor allowed the detection of biogenic polyamines
down to the low micromolar concentration range in biofluids, such as urine and saliva, with
good selectivity even in the presence of potential interferents present in the media. Thus,
because of its simplicity, cost-effectiveness, and fast detection capabilities, the newly developed
fluorescent chemosensor for polyamines will assist the future development of rapid diagnostic

tests for home-use and point-of-care applications.

In summary, this doctoral thesis highlights the different strategies for developing
supramolecular optical chemosensors for sensitive and selective analyte detection, which are
also applicable in biologically relevant media. Future research and development of sensors with
improved practical applicability will contribute significantly to the advancement of analytical

chemistry and biochemical/medical research.






Zusammenfassung

Die Erkennung und der Nachweis biologisch wichtiger Analyten, insbesondere kleiner
Biomolekiile, ist von grof3ter Bedeutung und hat sich zu einem aufstrebenden Forschungsgebiet
in Chemie und Biologie entwickelt. Die Entwicklung robuster chemischer Molekularsensoren
("Chemosensoren"), die auf synthetische Erkennungselemente basieren und Molekiile mit
hoher Empfindlichkeit und Selektivitit in Kombination mit einer empfindlichen
Signaltransduktionsstrategie nachweisen konnen, findet daher weiterhin grofle Beachtung.
Optische Methoden, die auf Fluoreszenz beruhen, sind wegen ihrer Vielseitigkeit, hohen
Empfindlichkeit, geringen Kosten und der Moglichkeit der Echtzeitanalyse fiir die
Signaliibertragung sehr wiinschenswert. Daher finden optische/fluoreszierende Chemosensoren
in Kombination mit innovativen Testprotokollen ein breites Anwendungspotenzial in vielen
Disziplinen wie der Biochemie und der klinischen und medizinischen Diagnostik. Sie bieten
eine kosteneffiziente Alternative zu herkdmmlichen instrumentellen Analysemethoden wie
HPLC-MS, GC-MS und NMR und sind den Biosensoren in Bezug auf Stabilitit,
Aquilibrierungszeit, Preis und Moglichkeiten zum Nachweis kleiner Molekiile iiberlegen. Die
Entwicklung von Chemosensoren, die den Anforderungen praktischer Anwendungen in vollem
Umfang gerecht werden, ist jedoch nach wie vor eine Herausforderung. Die geringe
Bindungsaffinitdt von Chemosensoren fiir die meisten Biomolekiile oder deren Metaboliten in
Biofliissigkeiten sowie die geringe Stabilitidt des Gast-Wirt-Ensembles des Chemosensors (z.
B. bei Verdiinnung) sind die Hauptgriinde dafiir, dass das praktische Anwendungspotenzial

kiinstlicher Chemosensoren noch nicht voll ausgeschopft wurde.

In dieser Arbeit werden kiinstliche Chemosensoren, die auf supramolekularer Wirt-Gast-
Chemie basieren und mit optischer Signaltransduktion gekoppelt sind, eingesetzt, um sowohl
den Nachweis als auch die Chiralitdtsmessung biologisch relevanter Analyten in wéssrigen
Medien und komplexen Biofliissigkeiten zu realisieren. Dariiber hinaus werden die
verschiedenen Aspekte bei der Verwirklichung ihrer praktischen diagnostischen Anwendungen

behandelt.

Das erste Forschungsprojekt befasst sich mit der Entwicklung von Chemosensoren auf der
Grundlage des elektronischen Zirkulardichroismus (ECD) fiir den Nachweis und die
Chiralitdtserkennung verschiedener organischer Analyten in Wasser. Chemosensoren, die die
Chiralitit von Molekiilen nachweisen konnen, sind aufgrund der Bedeutung chiraler bio-
relevanter Molekiile und des Einflusses der Chiralitit auf deren biologische Aktivitdt, z. B. bei

der Arzneimittelherstellung, von entscheidender Bedeutung. Bisher gibt es jedoch nur wenige
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auf Chiralitidt basierende Chemosensoren fiir den Nachweis von Verbindungen in wissrigen
Medien. In meiner Arbeit wurden achirale chromophore Wirte, d. h. azyklische Cucurbit[z]urile
und molekulare Tweezer, als Erkennungselemente im Chemosensor verwendet. Es wurde
festgestellt, dass die achiralen chromophoren Wirte mit informationsreichen induzierten ECD-
Signalen auf die Anwesenheit mikromolarer Konzentrationen chiraler kleiner Gastmolekiile
wie chiraler Kohlenwasserstoffe, Terpene, Aminosiduren und ihrer Derivate, Steroide und
Drogen in Wasser reagieren. In giinstigen Féllen ermoglichte dies auch die Identifizierung von

Analyten und die Uberwachung von Reaktionen.

Im zweiten Forschungsprojekt wird die Fluoreszenz-detektierte Zirkulardichroismus-
Spektroskopie (FDCD) zum ersten Mal fiir die chiroptische Analyse von supramolekularen
Wirt-Gast und Wirt-Protein systemen eingesetzt und mit dem weit verbreiteten elektronischen
Zirkulardichroismus (ECD) verglichen. Hauptziel war die Erforschung des Nutzens von FDCD
zur Verbesserung der Empfindlichkeit und Selektivitit von chiroptischen supramolekularen
Assays. Die umfassenden Untersuchungen zeigen, dass FDCD eine ausgezeichnete Wahl fiir
gingige supramolekulare Anwendungen ist, z. B. fiir den Nachweis und die
Chiralitidtserkennung von chiralen organischen Analyten und die markierungsfreie
Reaktionsiiberwachung. FDCD kann unter giinstigen Bedingungen bei viel niedrigeren
Konzentrationen als ECD-Messungen durchgefiihrt werden, sogar in chromophoren und
autoemissiven Biofliissigkeiten wie Blutserum, wodurch die Empfindlichkeitsbeschrinkung
der absorbanzbasierten chiroptischen Spektroskopie iiberwunden wird. Dariiber hinaus lieferte
die kombinierte Verwendung von FDCD und ECD zusétzliche wertvolle Informationen iiber
das System, z. B. {iber die chemische Identitit eines Analyten oder verborgene

Aggregationsphdnomene.

Das dritte Forschungsprojekt umfasst thermodynamische und kinetische Studien, zur
Beschreibung der Assoziations- und Dissoziationsprozesse supramolekularer Wirts-Gast-
Wechselwirkungen , die fiir die Entwicklung von Wirts-Gast-Systemen mit verbesserten
Eigenschaften und deren praktische Anwendung entscheident sind. Kinetische Beschreibungen
supramolekularer Systeme sind in der Literatur jedoch kaum zu finden, was vor allem auf das
Fehlen geeigneter Versuchsprotokolle zuriickzufiihren ist. Daher werden drei neuartige
fluoreszenzbasierte, zeitaufgeloste Ansédtze vorgestellt, die die einfache Bestimmung der
kinetischen Geschwindigkeitskonstanten von spektroskopisch unauffilligen und sogar
unldslichen Gisten mit dem makrozyklischen Cucurbit[nJuril und menschlichem
Serumalbumin ermdglichen. Dariiber hinaus wird eine neue kinetische Methode angewandt,
um selbst in Situationen mit geringer thermodynamischer Selektivitidt aufgrund der haufig
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beobachteten dhnlichen Bindungsaffinititen der Wirte fiir strukturell &hnliche Analyten einen
selektiven Analytsensor zu erzielen. Die Methode ermdglichte eine selektive Identifizierung
und Quantifizierung von Analyten, ohne dass der Ausgangswirt synthetisch verandert werden

musste.

Das vierte Forschungsprojekt betrifft die Entwicklung eines neuartigen fluoreszierenden
Chemosensors fiir den Nachweis biogener Polyamine, die als wichtige Krankheitsindikatoren
dienen. Der fluoreszierende Chemosensor, der aus einem sulfonierten Pillar[n]aren-Wirt in
Kombination mit geeigneten dikationischen Indikatorfarbstoffen aufgebaut ist, reagiert sofort
mit einer Fluoreszenzsignaldnderung auf die Anwesenheit von biogenen Polyaminen. Die
photophysikalischen und Bindungseigenschaften des neuen fluoreszierenden Chemosensors,
der sowohl in Salzpuffern als auch in biologisch relevanten Medien eingehend untersucht
wurde, zeigen seine ausgezeichnete Funktionalitdt fiir die Polyamin-Sensorik, ohne dass Salz
den Sensor-Assay stort. Dariiber hinaus ermdglichte der Chemosensor den Nachweis von
biogenen Polyaminen bis in den niedrigen mikromolaren Konzentrationsbereich in
Biofliissigkeiten wie Urin und Speichel mit guter Selektivitét, selbst bei Vorhandensein von
potenziellen Storfaktoren in den Medien. Aufgrund seiner Einfachheit, Kosteneffizienz und
schnellen Nachweisfdhigkeit wird der neu entwickelte fluoreszierende Chemosensor fiir
Polyamine die kiinftige Entwicklung von diagnostischen Schnelltests fiir den Heimgebrauch

und Point-of-Care-Anwendungen unterstiitzen.

Zusammenfassend zeigt diese Dissertation die verschiedenen Strategien zur Entwicklung
supramolekularer optischer Chemosensoren fiir den empfindlichen und selektiven Nachweis
von Bioanalyten auf, die auch in biologisch relevanten Medien anwendbar sind. Die kiinftige
Forschung und Entwicklung von Sensoren mit verbesserter praktischer Anwendbarkeit werden
wesentlich zum Fortschritt der analytischen Chemie und der biochemischen/medizinischen

Forschung beitragen.






Chapter 1

1 General Introduction

1.1. Molecular recognition in chemical sensing

Sensitive and selective detection of biologically important analytes, especially small
biomolecules, plays a vital role in biomedical studies and clinical diagnosis.!” Molecular
recognition in biological systems is realized by the association of two or more molecules
(usually the receptor with the target analyte) via selective non-covalent interactions, such as,
hydrogen bonding, electrostatic effects, metal coordination, hydrophobic forces, van der Waals
forces, and m-m interactions.® This crucial phenomenon mediates several events, including
antigen-antibody, protein-protein, protein-nucleic acid, and enzyme-substrate interactions in
the human body.”!® Over the past decades, supramolecular chemistry based on molecular
recognition has attracted considerable attention and has been under extensive investigation to
prepare molecular recognition agents for sensing biological analytes.!!"!* Since the recognition
event occurs on a molecular level, gathering and processing information poses a fundamental

challenge.

A typical chemical sensor or chemosensor consists of an analyte—binding receptor (the
recognition element) and a molecular signaling component that reports the binding status of the
receptor (the signal transducer), Figure 1.1. A biosensor is a chemical sensor that uses a

molecular recognition element that is derived from a biological system (a bioreceptor).'

For chemical sensors or biosensors, the input is usually the concentration of an analyte. An
efficient sensor performs two crucial functions: (i) it interacts with the target species with high
affinity (preferably in a highly selective manner), thereby recognizing it selectively out of a

pool of co-existing species, and (i1) it reports the recognition event by providing an analytical
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Figure 1.1: Schematic representation of a chemical sensor or biosensor consisting of an analyte-binding receptor
and a signal transducer, which reports the binding event with an optical, electrochemical, thermal, or piezoelectric
response, such as changes in the absorption, fluorescence, potentiometric, calorimetric or mass-spectrometry
signals.



signal that can be analyzed qualitatively as well as quantitatively such as absorbance,
fluorescence, reflectance, luminescence, or redox potential. In particular, fluorescent
chemosensors have gained importance because of their high sensitivity (even single-molecule
detection is possible), detection capabilities with high spatial and temporal resolution, low cost,

and readily available instrumentations.'®

Chemical sensors are useful and have several advantages over traditional analytical techniques
for bioanalyte detection, such as high-performance liquid chromatography (HPLC) and gas
chromatography. The execution of these conventional techniques is cumbersome and time-
consuming, requiring expensive instrumentation and skilled operators. Thereby they are
restricted to specialized diagnostic laboratories and are challenging to implement for home use
and in point-of-care units. In addition, capabilities for high-throughput screening are limited.
Therefore, the development of chemical sensors comprised of dynamically responding
receptors with a sensitive signal transduction capability provides an invaluable method for low-
cost, robust and fast responding analyte detection with real-time monitoring capabilities,

offering many new diagnostic opportunities.

The following sections in this chapter review the different bioreceptors and artificial receptors
used as recognition elements in sensing of biological analytes, their advantages, and current
shortcomings in achieving a practical sensing assay. Later, section 1.2 addresses the different
signal transduction mechanisms and sensing assay strategies, mainly based on fluorescence in
chemical sensors. Finally, strategies for chirality sensing of bio-analytes based on chemical

sensors are dealt with in section 1.3.

1.1.1. Bioreceptors

The bioreceptor comprises the recognition element of a biosensor towards the target analyte
and is a significant feature that confers sensitivity and selectivity of the overall biosensor.>!’
Antibodies, enzymes, and nucleic acids (DNA, RNA, or aptamers) are the common bioreceptors
(see Figure 1.2) used extensively in biosensors and are primarily obtained from living
organisms or synthetically engineered to mimic the functions of a natural bioreceptor.'® They
operate by either generating or consuming an analyte that can be recognized by the signal
transducer (biocatalytic-based sensor) or by binding an analyte which can then be measured

(affinity-based sensor).!>!"1

Clark and Lyons introduced the first enzyme-based biosensor aimed at the detection of glucose

in blood plasma, using the enzyme glucose oxidase.?’ In principle, an enzyme-based biosensor
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Figure 1.2: Types of bioreceptors and various analyte recognition mechanisms: (a) enzymes, (b) antibodies,
(c) nucleic acids, and (d) aptamers.

(Figure 1.2a) is developed on the capability of an enzyme to selectively catalyze or inhibit a
reaction involving the target analyte, and signal transduction is achieved by measuring either
the amount of product formed or the amount of a substrate consumed by the enzyme-catalyzed

reaction.?!

Enzymes achieve analyte specificity through binding cavities that are
complementary in structure with the target analyte.!® While there are several successful
examples of this approach,>?* development of enzyme-based biosensors also faces several
challenges. It is limited by the availability of enzymes, and the search for new highly efficient
and active enzymes is difficult and costly.?* In addition, achieving sensitivity, stability, and

adaptability of the sensor to specific application scenarios is always challenging.?!

Another class of bioreceptors are antibodies, which are naturally occurring Y-shaped 3D protein
structures that possess a unique recognition pattern with high specificity and accuracy for the
target analyte (Figure 1.2b).'®2% An antibody-based biosensor is an affinity-based sensor, and
the biosensor signal is dependent on the binding event that results in a stable antibody-antigen
complex. The specific binding site of the antibody towards it antigen depends on their amino
acid constituents.’® Antibody-based biosensors have found many use-cases in clinical
diagnostics and early analysis of diseases in the past years.>’?* However, using antibodies as
bioreceptors has its own drawbacks that limit their potential applications, such as inappropriate
for small molecule detection, production challenges requiring experimentation with animals,
lack of stability and batch-to-batch consistency, long assay periods, and high costs of

production.?!-3°

Nucleic acid sequences are gaining importance as bioreceptors for specific diagnostic
applications, where the highly specific hybridization reaction between two single-stranded
DNA (ssDNA) chains to form double-stranded DNA (dsDNA) is utilized in the biosensor
(Figure 1.2¢).’! An ssDNA or RNA is used as a probe in the bioreceptor in which the base
sequence is complementary to the target of interest.!®!” Hence, once the target DNA or RNA

sequence has been identified, a complementary nucleic acid sequence can be generated for use
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as bioreceptors in the sensor. As recognition elements, nucleic acids (DNA and RNA) are
chemically more stable than antibodies.?! However, one major drawback with nuclei acid-based
biosensors involves challenges in the synthesis, purification, and characterization of nucleic
acid sequences. Moreover, they are rather limited in their range of applications as their use is

only optimal for biosensor applications targeting nucleic acids.!*!

The use of aptamer-based biorecognition elements provides a broader range of sensing
capabilities and can be used to detect various bioanalytes, including amino acids,
oligosaccharides, metal ions, peptides, and proteins.'®? Aptamers are artificial single-stranded
oligonucleotides synthesized through a combinatorial selection process called Systemic
Evolution of Ligands by Exponential Enrichment (SELEX).!®* Even though they are
chemically related to nucleic acid probes, aptamers behave more like antibodies. The
single-stranded nucleic acids fold into specific 3D structures and selectively bind to target
molecules (Figure 1.2d)."” Compared to antibody-based sensors, aptamers have several
advantages such as small size and high stability, avoiding animal source components, and being
less sophisticated, making them attractive recognition elements in biosensors.’> However,

aptamer technology is still in development, with challenges to overcome, such as the limited

Table 1.1: Summary of advantages and limitations of biorecognition elements used in biosensors.!8!1%2!
Bioreceptors Advantages Limitations
Enzymes e analyte specificity and e poor chemical, thermal and pH stability
selectivity e purification is costly and time-consuming
e reusability e limited substrates /analytes as targets
Antibodies e high binding affinity e production requires use of animals
e analyte specificity and e lack of stability
selectivity e batch-to-batch variations

e laborious and high costs of production

e long assay periods

e small molecule detection (especially
endogenously occurring analytes)

Nucleic acids e stability

limited target (complementary nucleic acid)

e analyte specificity challenges in synthesis, and purification
Aptamers o stability e non-specific binding
e possibility to design structure e time-consuming procedures for aptamer

o reproducibility modification
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availability of aptamer types and chemical modifications of aptamers to reduce nonspecific

binding interactions with competing analytes to improve biosensor selectivity. '3

Natural biomolecules can provide as recognition elements in biosensors significant analyte
selectivity and specificity combined with high binding affinities. However, they suffer from
severe limitations for their practical applications, including stability issues, high cost of
production and limited range of detectable analytes.'®!®?! Table 1.1 lists the advantages and
limitations associated with common bioreceptors used in biosensors. As a result, alternative
sensing platforms utilizing artificial chemosensors with synthetic recognition elements
prepared from low-cost starting materials that readily report or interact with biological systems
attracted the attention of researchers.!!® The development of artificial chemosensors will aid a

fast, cost-efficient, robust and non-invasive detection of bioanalytes.

1.1.2. Concepts for artificial chemosensors based on host-guest chemistry

Supramolecular chemistry based on reversible non-covalent host-guest interactions has been
extensively investigated for the development of synthetic recognition elements in analyte
sensing assays.'***% Artificial chemosensors based on host-guest systems consist of a host
molecule, synthesized from chemically robust components as the recognition element in the
sensor. The receptor host molecules contain a guest binding pocket that is formed by the
convergent arrangement of functional groups to either a macrocyclic or cleft shaped scaffold
(Figure 1.3).'%*> Complementary guest molecules are encapsulated in the host cavities resulting
in a host-guest inclusion complex (Figure 1.3). The internal features of the host cavities
facilitate guest inclusion via strong driving forces such as hydrogen bonding, electrostatic
interaction, and hydrophobic forces and via specific molecular shape or size matching.*® The
binding event can cause changes on the physical, chemical and spectroscopic properties of the

t.>7 The host molecular architectures are limited only by the creativity and

host or gues
capabilities of synthetic organic chemists, and can in principle be tailored for a wide variety of
analytes of interests.!!*”3® The optical properties, solubilities, and other characteristics of the
recptor host molecule can be adjusted to meet requisite sensor specifications. As a result,
synthetic host molecules as recognition elements in chemosensors have gained increasing

popularity, especially for their applications in the biomedical field.>**!

In order to design practical applications using host-guest systems, it is essential to understand
the molecular recognition of host-guest binding interactions. The association event can be
characterized in terms of its thermodynamic (the extent to which association occurs) and kinetic

(the rate at which it occurs) properties.
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Figure 1.3: Schematic representation of the host-guest inclusion phenomenon, where the host molecule (H)
possessing a macrocyclic cavity or cleft encapsulates the guest molecule (G). The energy diagram for the
complexation of the host and the guest is shown on the right.

Different sensing applications have distinctive thermodynamic and kinetic requirements for
optimal performance, and hence these parameters are often informative benchmark values.*>*

The binding interaction between host, H and guest, G is reversible and may be described as:

H+G 2 HG Eq. 1.1

The association constant or binding constant (K,) for this reaction can be defined as:
[HG] 1
Ka = — =
[HI[G] Kq

The larger the K, the more stable the respective complex.* The binding efficiency is also often

Eq. 1.2

characterized by the dissociation constant (Kg), which is the reciprocal of the association
constant. Both K, and Ky belong to the key thermodynamic parameters that describe the

stability of supramolecular host-guest complexes.**

The thermodynamic driving force of complex formation is described in quantitative terms by
the following equation:

AG, = —RT -InK, Eq. 1.3
The equation describes the correlation between the association constant of the complex (K,)

and the Gibbs free energy of its formation (AG,). R and T are the gas constant and temperature.

In addition to thermodynamic studies, kinetic studies are essential to understanding the
supramolecular binding dynamics, which are crucial to the properties of the systems, such as in

the case of guest release or transport, catalysis, etc.*’

The kinetics of host-guest complex formation is defined as follows:
kin
H+ G 2 HG Eq. 1.4
kout
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where k;, and k,,; denote the rate constants for complexation and decomplexation.
The association constant is connected to the kinetic rate constants via:
K, = Kin Eq. 1.6
Kout

The Gibbs free energy of activation for complexation (AG;,) and decomplexation (AG,,),
dictate the corresponding rate constants for these steps (k;, and k., respectively) and can be

approximated using the Eyring’s equation® as follows:

k:
AGE = —In - ;‘/ -RT Eq. 1.7
B
h
. Eq. 1.8
AGE = —In k;;‘t -RT
/n

where kj is the Boltzmann constant and h is the Planck constant.

An important goal in synthetic supramolecular chemistry is to design host molecules that are
operational in water and reach the performance of natural receptors.’®***” High analyte
selectivity is a hallmark of biological receptors.'® At the same time high binding affinity ensures
high sensitivity for the chosen analyte of interest.!® Achieving this finely tuned binding affinity
and selectivity with supramolecular hosts is essential to fulfilling their desired applications.
Thermodynamic parameters of host-guest binding such as K, and AG, determines the binding
affinity. In order to assess the selectivity of a host for two guests, the thermodynamic selectivity,
which is equal to the ratio of association constants for two separate guests, is often utilized.*
In addition to thermodynamics, the kinetics of host-guest interactions can give additional
molecular recognition information and is invaluable to assessing the functionality of a particular
host system.***! Finally, designing synthetic host molecules that are soluble in water and can
still carry out their programmed binding function in the presence of salts and co-solutes is
important for their biological applications, which are mainly pursued in saline buffers or
biofluid with high salt contents, e.g., blood serum, urine and saliva.** The following section
gives an overview of common water-compatible host systems utilized as synthetic recognition

elements in sensing assays and their typical guest binding characteristics.
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1.1.3. Examples of water-compatible host systems

To design water-compatible host systems with high affinity and selectivity for the binding
guests, it is often helpful to take cues from supramolecular systems in nature. For instance, the
protein streptavidin exhibits one of the highest binding affinities known for small molecules
(biotin) in aqueous media with K, of 3 x 10'> M~!.*° This high binding affinity is achieved by
burying the guest in a structurally well-defined cavity or cleft in the protein structure.”® In
addition, the binding is driven by the release of energetically frustrated water molecules from
the protein binding pocket and hydrogen bonding interaction between the host and the guest.>!
These natural receptors provide inspiration for the rational design of synthetic host molecules
operational in water and help to better understand the binding forces that contribute to
host-guest complex formation. The key to success is to create host molecules with cavities
where the guests find appropriate binding partners with favorable forces that contribute to
complex formation. The entropy-driven classical hydrophobic effect is one of the most studied
driving forces for host-guest complexation in aqueous solutions.>*>2>* Noteworthy, in the case
of small hosts with highly concave surfaces, the enthalpy-driven non-classical hydrophobic
effect becomes dominant with emphasis on the enthalpy gain via release of high-energy water
molecules buried inside the host cavities upon guest binding (Figure 1.4).4¢%* Concave, deep
macrocyclic hosts, such as molecular barrels or cups, and molecular tweezers efficiently screen
the cavity water molecules from contact with the bulk solution and hence maximize the
hydrophobic contributions to host-guest binding.’? In addition, electrostatic interactions and
hydrogen bonding interactions between the host and guest also play a significant role in driving

the complex formation.*%>2

Chemists have demonstrated that many macrocycles can be designed that exhibit molecular

recognition.!*3%>° One of the earliest examples of such a system includes crown ethers, which
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Figure 1.4: Schematic representation of the enthalpy-driven hydrophobic effect in host-guest binding interactions.
Water encapsulated in small host cavities is highly constrained such that the cavity is poorly hydrated. The release
of very poorly hydrogen-bonded cavity water molecules upon guest binding leads to new, favorable host-guest
contacts and the formation of new hydrogen bonds, resulting in a favorable exothermic binding signature.



can selectively bind specific cations.’® Since then, several artificial systems have been
established that exhibit good binding affinities for a series of charged and neutral guests in
aqueous media. Importantly, macrocyclic concave hosts and their derivatives, e.g.,
cyclodextrins, calix[n]arenes, cucurbit[n]urils, pillar[z]arenes, and molecular tubes, and acyclic

concave hosts, e.g., clips and tweezers are prominent examples and are discussed in brief here.

Cyclodextrins (CD, see Figure 1.5a) are a popular class of water-soluble macrocyclic hosts that
have attracted much attention, especially for their biological applications.!* Cyclodextrins are
cyclic oligosaccharides containing n 1,4-linked a-D-glucopyranoside units (a-CD, n = 6; B-CD,
n="7;y-CD, n = 8), which can be produced from enzyme-triggered starch degradation.>” They
possess a truncated-cone shape with a hydrophilic external surface and a hydrophobic hollow
cavity, where the hydroxyl groups of the glucose units are oriented towards the outside at the
two ends of the rim, while methinic protons are located inside the cavity (Figure 1.5a).%
Cyclodextrins and their derivatives are reported to bind a variety of guests, including small
molecules,’® charged guest®, and proteins®® in water, where the binding is mainly driven by the
hydrophobic effect.’> However, the binding affinity of cyclodextrin-based host-guest
complexes is generally low and typically ranges from 10 to 10° M~!,°%8 thereby requiring
millimolar concentrations of the host to achieve a significant complexation of the guest
molecule. Chemical modification of cyclodextrins with mono-, di- and per-substitution at the
C2, C3, and C6 hydroxy groups with permanently charged cations and anions have been shown
to increase binding affinities in water significantly.®!**> One notable example is the polyanionic
v-CD derivative sugammadex (Figure 1.5b), which has been designed to bind steroidal cationic
neuromuscular blocking agents in order to reverse their anesthetic effects.”> However, the
affinity do not exceed 10° M. Hence, artificial binders with higher affinities and selectivities

are required to eventually allow sensing at typical nanomolar concentrations of guests.
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Figure 1.5: (a) Chemical structure and schematic representation of various cyclodextrins (a-CD, n = 6; -CD, n =
7;v-CD, n = 8) and the corresponding size estimations for their inner cavity diameter d and height h.* (b) Chemical
structure of the polyanionic y-CD derivative sugammadex that bind steroidal cationic neuromuscular blocking
agents and used to reverse the effects of muscle relaxants given to patients during surgery.5
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Another class of macrocyclic hosts is calix[n]arenes (CXn, see Figure 1.6a), formed by base-
catalyzed condensation of a p-substituted phenol with formaldehyde, resulting in » number of
phenol units linked by methylene bridges in the ortho position.® They are commercially
available in different sizes (CX4, CX5, CX6, and CX8). Calix[n]arenes possess a vase-shaped
structure with a wider upper rim and a hydrophobic cavity. A narrower lower rim features
phenolic oxygen and thus has a hydrophilic property (Figure 1.6a).'* Both the upper and lower
rims can be functionalized by suitable aliphatic and aromatic groups.%® Calix[n]arenes bind a
range of guests, such as small organic molecules, ions, sugars, and proteins at both rims of the
host, where the complexation is driven by ion-dipole interaction, the hydrophobic effect, and
hydrogen bonding interaction.®> However, compared to cyclodextrins, bare calix[n]arenes have
poor water solubility. Sulfonation at the rims of calix[n]arenes is a common strategy to prepare
water-soluble hosts.®® For instance, CX5 with alkyl sulfonate substituents at the lower rim binds
dopamine, tyramine, and phenethylamine in water. However, the binding affinities for the
guests were found to be moderate (approx. 10° M1).°”6® The anionic calix[n]arene derivative
p-sulfonatocalix[4]arene (SCX4, Figure 1.6b) are highly water-soluble and exhibit low toxicity,
which makes them potential hosts for diverse biomedical applications. SCX4 preferentially
bind cationic guest in water (K, = 10> M™! for methyl viologen).**%° In selected cases, utilizing
ion-ion interactions between the substituted calix[n]arene and highly charged cationic guests,
affinities of the respective host-guest complex can exceed 10° M7 The recently reported
amphiphilic sulfonatocalix[S]arene (Figure 1.6¢c) assembly with lucigenin dye (LCG)
selectively bind polycationic polyamine, spermine in aqueous buffers with binding affinities
reaching 107 M~1.7! The self-assembled host-dye system have feasible applications for
bioimaging of spermine in living cells.”! However, the aqueous binding strength of non-charged
organic guests with calix[n]arenes is unimpressive and does not exceed 10> M!"as high-energy
water constitutes only a minor driving force for complex formation in these widely open host

cavities. The binding is driven by additional cation—r interactions in case of cationic guests.®

upper rim

CX4:n=4 CX6:n=6 R'= CyHys

CX5:n=5 CX8:n=8 lower rim p-sulfonatocalix[4]arene amphiphilic sulfonatocalix[5]arene

Figure 1.6: (a) Chemical structure of parent calix[n]arenes (CXn) and schematic representation of the vase-shaped
structure with a wider upper rim and a narrower lower rim which both can be functionalized by suitable aliphatic
and aromatic groups R and R'. (b) Water-soluble negatively charged p-sulfonatocalix[4]arene host that is selective
for cationic guests.®® (c) Amphiphilic sulfonatocalix[5]arene host that selectively binds polycationic polyamine,
spermine in aqueous buffers.”!
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Cucurbit[#n]urils (CBn, see Figure 1.7a) are macrocyclic hosts composed of n glycoluril units
connected by methylene groups. They are obtained by acid-catalyzed condensation of glycoluril
with formaldehyde.'* CBn have a pumpkin-shaped structure with two hydrophilic carbonylated
rims and a nonpolar and hydrophobic cavity (Figure 1.7a) that is capable of binding both neutral
and positively charged guest molecules including amino acids, peptides, neurotransmitters,
hormones, drugs, and toxins with binding affinities ranging from 10° — 10° M~!,135%7273 The
binding is mainly driven by hydrophobic effect.>> For cationic species, the ion-dipole
interactions with carbonylated portals also play a major role in host-guest binding.’>>* Different
homologs of cucurbit[n]urils with varying cavity and portal dimensions and different
recognition properties are known, mainly CB6, CB7, and CBS8. CB6 is known to strongly bind
alkyl ammonium ions, while CB7 can host larger molecules such as adamantane and their
derivatives. CB8 can even complex two molecules by forming 1:2 host-guest complexes.’
Cucurbit[n]urils are known for their extremely high affinity towards some guest molecules.”
For instance, CB8 binds a wide range of steroids such as testosterone and B-estradiol with K,
values exceeding 10° M~!, stronger than any other reported water-compatible hosts, such as
cyclodextrins.”” CB7 shows one of the strongest affinities for organic molecules in water,
reaching a value of 7 x 10" M™! for a diamantane derivative, exceeding even those of the
streptavidin-biotin system.”® These high binding strengths can be attributed to the strong
enthalpic gain upon release of high-energy water molecules from the confined and hydrophobic
host cavities into the aqueous bulk solution, where they can engage in a stronger hydrogen

bonding network.5%>*

The low water solubility of cucurbit[n]urils, especially CB6 and CBS, is a major limiting factor

for their biomedical studies.'* Their solubilities are enhanced in acidic conditions or in the
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Figure 1.7: (a) Chemical structure and schematic representation of various cucurbit[n]uril (CB#) and the
corresponding size estimations for their inner cavity diameter d, height 4, and cavity volume V.3® (b) Examples of
functionalized cucurbit[n]uril derivatives.*®
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presence of alkali metal ions. In addition, poor water solubility can be overcome by introducing
functional groups onto cucurbit[z]urils.!* In general, cucurbit[z]urils are photochemically inert.
However, despite their chemical inertness, a few strategies have been established for CBn
functionalization which include a stepwise buildup of functionalized CBn derivatives from
tailor-made monomers or via controlled oxidative hydroxylation of CBn macrocycles.””-’® The
hydroxylated CB#n can be further functionalized in several ways (Figure 1.7b). Cucurbit[n]urils
are a promising class of macrocyclic hosts with versatile applications as, e.g., fluorescent

sensors, and as building blocks for peptide recognition, and drug delivery systems.”3?

Pillar[n]arenes (PnA, see Figure 1.8a), mainly pillar[5]arenes, pillar[6]arenes, and
pillar[7]arenes, are a new class of reported macrocyclic hosts composed of » hydroquinone
units connected by methylene bridges in their para positions.?>** Because of their facile
synthesis, easy functionalization, and interesting host-guest binding properties, these host
molecules are now widely used in supramolecular applications.3>*” PnA possess a cylindrical-
shaped cavity with symmetric openings at both ends (Figure 1.8a).”> As the pillar[n]arene units
are constructed from election-rich building blocks, the host cavities show a binding preference
for election-deficient guests.*®> Furthermore, the cylindrical structure very efficiently
enhances the m-electron density in the cavity.”> While native pillar[n]arenes lack water
solubility, they can be easily functionalized by introducing hydrophilic cationic or anionic
groups on both rims to obtain water-soluble PnA.>>% In fact, water-soluble carboxylated
pillar[n]arenes (n =5 or 6, Figure 1.8b) are reported to selectively bind cationic species such as
pyridinium, viologen, and ammonium salts with binding affinities in the range from 10° —
107 M1 8890 The binding is driven by a combination of hydrophobic effect and electrostatic

interaction between the cationic guests and the carboxylate anions on the rims.*
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Figure 1.8: (a) Chemical structure and schematic representation of various pillar[n]arenes (PnA) and the
corresponding size estimations for their inner cavity diameter d and height h.*'*? (b) Chemical structure of the
anionic water-soluble carboxylated pillar[n]arenes that selectively bind cationic species,®® and the pillar[n]arene
sulfates (Pillar[n]MaxQ) that possess ultratight binding towards quaternary (di)ammonium ions in aqueous
solution.”
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In addition, these host molecules are relatively nontoxic.>® They are hence used for drug
delivery and biodiagnostic applications due to their high water solubility and ability to complex
drugs and biorelevant species.”®** The carboxylated pillar[n]arenes (n = 5 or 6, Figure 1.8b)
contain CH-linkers between the aromatic ring and the anionic carboxylate functional groups.
Removing the CH»-linkers and changing to the highly acidic sulfate functional group would
result in a higher negative charge density around the mouth of the cavity.”® Recently reported
pillar[n]arene sulfates (a.k.a. Pillar[n]MaxQ, n = 5 or 6, Figure 1.8b) possess high binding
affinity with K, reaching 10'> M! towards quaternary (di)ammonium ions in aqueous solution
which makes them prime candidates for several biomedical applications.”® The guest binding
is mainly favored by sizeable electrostatic effects and due to the absence of a large hydrophobic
driving force these host molecules are more selective guest binders than cyclodextrins or

cucurbit[n]urils.*®

The recently reported naphthalene-based molecular tubes represent a new class of macrocyclic
hosts that combines a hydrophobic cavity with endo-oriented NH-amide groups as hydrogen
bond donors (Figure 1.9).”>7 The majority of the previously reported water-compatible host
systems have no functional groups inside their hydrophobic cavity.*® Hence for organic guests
with both polar and nonpolar groups, these hosts either fully encapsulate them inside their
hydrophobic cavity, in which case the dehydration penalty of the polar groups is not well
compensated, or they only bind to the nonpolar group by exposing the polar groups to the bulk
water.”® As a result, these host systems often show poor binding affinity and selectivity to
organic molecules with polar and nonpolar groups.>® The new naphthalene-based molecular
tubes (Figure 1.9) with polar binding sites in their hydrophobic pockets selectively bind highly
hydrophilic molecules in water, such as 1,4-dioxane, urethane, epoxides, and carboxylic
acids.”>®"” The binding is mainly driven by the hydrophobic effect and hydrogen bonding
between the polar groups of the guests and the amide protons of the hosts, which effectively
compensates for the desolvation penalty of the guest polar groups.””*® It has also been shown
that these naphthotubes bind strongly to organic drug molecules with multiple polar groups
with binding constants as high as 10° M~! in water.”® In contrast, other hosts, e.g., B-cyclodextrin
generally bind weakly to neutral drug molecules. °® Hence, the naphthotubes are a promising
class of host molecules, allowing for the selective binding of guests beyond hydrophobicity as

a selection criterion with potential biomedical applications.
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Figure 1.9: Chemical structures and schematic representations of water-soluble endo-functionalized molecular
tubes that combine hydrogen bonding recognition sites in their hydrophobic pockets and selectively bind highly
hydrophilic molecules in water, such as 1,4-dioxane.”>%

Acyclic concave hosts that contain partially enclosed cavities capable of binding guests provide
unique synthetic and functional advantages than their macrocyclic counterparts.*® Examples of
such acyclic concave host systems include molecular tweezers and clips.*® A new water-soluble
molecular tweezer possessing a cavity in the form of a preorganized cleft with high electron
density on its inner surface and two rotatable peripheral anionic phosphonate groups (Figure
1.10a) was reported in 2005.19%1%1 The tweezer selectively bind the positively charged amino
acids lysine, arginine, and their derivatives.!®®!°! This selective binding is driven by a
combination of size-selective interaction, electrostatics, hydrophobic effect, and dispersive
interactions. Binding affinities were in the range of 10° — 10* M~! when monitored in both D,O
and 25 mM phosphate buffer.!?” Even higher binding affinities with excellent selectivities for
lysine and arginine were observed upon replacing the phosphonate with phosphate groups
(CLRO1, Figure 1.10a), with K, values ranging from 10* — 10° M~'when monitored in buffer
solutions under physiological conditions.!>! Also, peptides containing sterically accessible
lysine and arginine residues showed similar binding affinities.!? The molecular tweezer CLRO1
was able to bind abnormally folded peptides and proteins that possess sterically accessible
lysine and arginine residues and thus ensured cell viability with promising results in animal
tests as potent inhibitors of pathologic protein aggregation.!> Moreover, CLRO1 destroys
enveloped viruses, including HIV, by binding the basic amino acids in amyloid-forming SEVI
peptides, leading to disaggregation and neutralization of the fibrils, which lose their ability to
enhance HIV-1/HIV-2 infection.!**!% Hence molecular tweezer presents a promising class of
supramolecular hosts with future medical applications. Recently introduced, acyclic
cucurbit[n]uril-type receptors (acyclic CBn, see Figure 1.10b) are highly water-soluble host
molecules that adopt an almost closed tweezer-type structure.*1%¢19” They display high binding

affinities for aliphatic and aromatic guests, including amino acid amides, peptides, proteins, and
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Figure 1.10: Chemical structure and schematic representation of water-soluble acyclic concave host systems.
(a) Molecular tweezers bearing methanephosphonate groups or phosphate groups (CLRO1) in the central benzene
bridge that selectively binds lysine and arginine guests, and (b) acyclic cucurbit[n]uril-type receptors a general-
purpose high-affinity host that binds a broad range of aliphatic and aromatic guests.

drug molecules with affinities ranging from 10* — 10° M~'.197-110 These acyclic systems shows
that giving hosts small degrees of added flexibility provides specific advantages. For instance,
the macrocyclic CB7 binds many ammonium ion guests very strongly. However, it does not
bind morphine at all, as the structural rigidity of CB7 limits the size of drugs that can be
encapsulated.!!! Conversely, acyclic cucurbit[n]uril host molecules bind strongly to morphine
(K, = 10°M™) and a diverse range of similarly large guests.!'! These acyclic cleft-like hosts
are rigid enough to exhibit strong binding but are sufficiently flexible to accommodate larger
guests that cannot be bound by its cyclic counterpart.'® Hence, acyclic cucurbit[#]uril functions
as a more general purpose high-affinity host with modest selectivities in water.!?” They bind a
broad range of hydrophobic pharmaceuticals and function as solubilizing agents for insoluble
drugs for drug delivery applications.*!*” For instance, the solubility of paclitaxel was increased

2,750 times through the formation of a soluble acyclic CBa—drug complex.*

1.2.  Optical Signal Transduction

In artificial chemosensors, the generation of a signal upon analyte binding is important for
sensing applications. Common detection methods employed for signal transduction include (i)
optical (e.g., absorbance-, fluorescence-, or chemiluminescence-based), (ii) electrochemical
(e.g., potentiometric-based), (iii) thermal (e.g., calorimetric-based), and (iv) magnetic.!'?!16 In
developing an efficient chemosensor, the need for reliable and sensitive detection tools has
become vitally important. In this context, optical chemosensors, particularly based on
fluorescence detection techniques, have gained prominence as they are fast, highly sensitive,
offers high spatial and temporal resolution, low cost with readily available instrumentation,
non-invasive, applicable for high-throughput screening, and utilization in array systems to

detect multiple analytes.!¢:!!3117.118

23



The following sections give a brief introduction to fluorescence fundamentals and the different
strategies employed for analyte detection in fluorescence-based sensing assays. Followingly, a
few representative fluorescent chemosensors based on macrocyclic/acyclic concave hosts as

recognition elements are described for analyte detection and reaction monitoring.

1.2.1. Fluorescence as a method for detection

Fluorescence, a type of luminescence, is the phenomenon of emission of light quanta or photon
by a molecule or supramolecular structure in its electronically excited state after initial
excitation in a light-absorption process.!'®!??2 The molecule in the singlet excited state upon
energy relaxation transitions back to its singlet ground state, during which the excess energy is
released as a photon.!!1?? Fluorescence is hence a radiative transition. However, competitive
nonradiative pathways, without the emission of a photon, also exist for the relaxation of excited
states.!!>122 A Jablonski diagram (see Figure 1.11a) can be used for convenient visualization of
these processes and the various relaxation pathways.'!>!20 The absorption and emission of
photons by a molecule involves electronic transitions between quantized energy levels (see
Figure 1.11a). As a result, only photons of specified energies can be absorbed or emitted. So
denotes the singlet electronic ground state, and Si, S»,.. the singlet excited states. T1, T»,.. denote
the triplet excited states. Vibrational levels are associated with each electronic state. The
irradiation of a molecule can result in the absorption (ABS) of a photon and transition from the
lowest vibrational level in its electronic ground stare (So) to a range of vibrational levels in its
electronic excited states, such as S and S, (Figure 1.11a). This process is very fast (within
10-'° s) and hence occurs without any change in the atom nuclei configuration (Franck-Condon
principle).!!®!?* Once the molecule is in the electronic excited state, different relaxation
processes starts to proceed. In most cases, the molecule relaxes quickly to its first excited
electronic state (S1) via internal conversion (IC, in 10" s to 10~ s) and the lowest vibrational
state in the given electronic state (Kasha’s rule'?*) viag vibrational relaxation (VR, in 10~ s to
101%5) (see Figure 1.11a). The system can now return to its electronic ground state as the
molecule relaxes from the S to So state via a radiative decay with the emission of a photon in
the form of fluorescence (FL, in 10°s to 107 s) (see Figure 1.11a). This phenomenon
competes with non-radiative relaxation from the S; to S state via internal conversion, where
the rate of the process increases exponentially with a decreasing energy gap between the excited
and the ground state (energy gap law).'?>!?® In addition, the molecule can also undergo a spin-
forbidden transition from an excited singlet state, Si, to the lowest excited triplet state, Ti,

through nonradiative intersystem crossing (ISC, in 107'° s to 10~ s) (see Figure 1.11a).
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Figure 1.11: (a) Jablonski diagram summarizing the various states and photophysical processes observed
following the absorption of light. (b) Typical absorption and fluorescence emission spectra; the fluorescence
spectrum is located at longer wavelengths with respect to the absorption spectrum. The difference between their
band maxima is demonstrated as the Stokes shift.

The molecule then relaxes from the T} state to the singlet ground state S in a radiative pathway
with the emission of a photon, which is called phosphorescence (P) (see Figure 1.11a). Due to
the spin forbidden nature of phosphorescence, it is much less probable than fluorescence and

proceeds on a much slower time scale (in 10 sto 1 s).

Absorption and fluorescence emission spectra can be recorded using a UV-Vis spectrometer
and fluorescence spectrometer, respectively, and show a distribution of the corresponding
electronic transition probabilities on their energies, where longer wavelengths correspond to
lower energies (see Figure 1.11b). As is clear from the Jablonski diagram, the fluorescence
emission occurs at longer wavelengths and, therefore, at lower energy than absorption (see
Figure 1.11b). This is due to the loss of vibrational energy in the excited state by internal
conversion. The difference between locations of the band maxima of the absorption and
emission spectra of the same electronic transition is called the Stokes shift (see Figure
1.11b).!1%120 Usually, the emission spectrum is often the mirror image of the absorption
spectrum since the electronic transitions are vertical (Franck—Condon principle), and the
vibrational levels of the excited state are similar to the vibrational levels of the ground
state.!'12% For fluorescent sensing, a large Stokes shift is preferred as it typically results in

clearer emission spectra and hence better quality data for analysis.!?!

Fluorescence-based chemosensors refer to those sensors that respond to the presence of the
target analyte with a detectable change in the fluorescence signal.!®!13127:128 Hence, fluorescent
chemosensors require a component that is photophysically active in order for the target analyte
to induce a measurable change in their photophysical activity, which may occur through a
change in the magnitude of emission intensity, the wavelength of the emission maximum, the

quantum yield, or the relative ratios of various fluorescence-emitting components,!¢:113:127:128
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The following section gives an overview of different signal transduction strategies employed in
fluorescence-based sensing assays with the aforementioned macrocyclic or acyclic hosts as

recognition elements in the chemosensor.

1.2.2. Strategies in fluorescence-based sensing assays

To utilize artificial chemosensors based on host-guest systems in fluorescence-based sensing
assays, the host-mediated complexation of an analyte has to be coupled to a signal transduction
event with an easily quantifiable fluorescence signal change.!">!13127 A few examples of
fluorescence signal transduction strategies employed in chemosensors based on host-guest

systems (see Figure 1.12) are discussed below.

a) Direct Binding Assay (DBA) Indicator Displacement Assay (IDA)

i
e'le e% - @

) Guest Displacement Assay (GDA) d) Associative Binding Assay (ABA)

' eve e%e ‘e

Figure 1.12: Schematic representation of (a) direct binding assay (DBA), (b) indicator displacement assay (IDA),
(c) guest displacement assay (GDA), and (d) associative binding assay (ABA) involving a host (H), guest (G) and
indicator dye (D). In an analytical assay, the guest refers to the analyte of interest.

In a direct binding assay (DBA, see Figure 1.12a), the interaction between the host and the
guest (analyte) molecule results in a directly measurable fluorescence signal change. DBA is
appropriate in the case of chromophoric/emissive host or guest molecules, such that the
host-guest association interaction results in significant changes in the photophysical properties
of either the host or guest.” If applicable, DBA is often the most straightforward and practical
choice and particularly attractive when the target analyte binding provides a unique
spectroscopic response that can be distinguished from the signal caused by cross-reactive
analytes.! However, unmodified macrocyclic hosts, e.g., cucurbit[n]urils, cyclodextrins,
calix[n]arenes, and pillar[n]arenes, and acyclic concave hosts, e.g., molecular tweezers, and
acyclic CBn, either do not absorb or emit light in the practically relevant near-UV or visible

40,41,72,128-130

wavelength region or exhibit only a weak emission with a low signal response on

analyte binding.!°>!*! As a result, DBA sensing applications with the aforementioned

26



unmodified host systems are limited only to inherently spectroscopically active analytes. For
instance, in the case of CBnedye complexes, the complexation of the chromophoric dye in the
CBn cavity results in significant changes in the dye emission (usually enhanced) arising from
polarity differences between bulk water and the hydrophobic CBn interior and confinement

effects by the cavity or by breaking dye aggregation due to complexation.!?*13

Practical analyte sensing applications require signal generation in the relevant near-UV or
visible wavelength region of the electromagnetic spectrum, which also allows the use of low-
cost disposable plastic cuvettes and microwell plates. However, most biologically relevant
analytes are either not chromophoric/emissive or absorb/emit in the practically not preferred
UV range. The non-chromophoric macrocyclic or acyclic concave hosts can be functionalized
with covalently linked chromophoric/emissive groups such as aromatic moieties or appended
fluorescent dyes, which render them inherently emissive for detection of spectroscopically
silent analytes via a fluorescence signal change on analyte binding.*0:7%80:129.130.138139 A
fluorescence quenching or enhancement of the chemosensor can occur, e.g., either via
photoinduced electron transfer process between the bound analyte and the host chromophore or
via conformational changes of the fluorophore-modified host on accommodation of the
analyte 80129138139 However, covalent functionalization of CBn or other aforementioned host
systems, though possible, is often cumbersome and involves time-consuming synthetic
steps.40:79-80.129.130.138-140 Hepce new fluorescence signal transduction strategies for monitoring

host-guest complex formation between spectroscopically silent hosts and guests may be

preferable.

Competitive binding assays, in which a series of guests compete for a host, are well-established
in supramolecular chemistry.'*!"!43 The reversible nature of the molecular recognition process
enables differentiation of equilibrium between the host and multiple guests, leading to binding
selectivity. An indicator displacement assay (IDA, see Figure 1.12b) represents an elegant class
of competitive binding assay that has gained popularity in the past two decades and is
extensively exploited for molecular sensing applications.”>!13144145 Ap IDA is a viable option
to achieve fluorescence signal transduction in chemosensors, where the host molecule is not
chromophoric/emissive or do not produce a significant signal response upon analyte
binding.”>!**1%3 In an IDA, an indicator dye first binds reversibly to the receptor host molecule
via non-covalent interactions, resulting in the self-assembled host-dye complex with significant
changes in the spectroscopic characteristics of the bound dye. Subsequent addition of competitive
binding guest (analyte) results in the displacement of the indicator dye from the host by forming the

host-guest complex and recovery of the spectroscopic properties of the unbound dye, which in turn
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modulates the fluorescence signal. In general, IDA relies on the distinctly different optical
properties of the free and host-bound indicator dye for signal generation. In order to have an IDA
with desirable sensitivity for analyte sensing applications, the indicator dye should possess a
sufficiently high binding affinity for the host, which is nearly comparable to the binding affinity
of the target analyte for the host.”>!#* This helps to achieve a fine balance between a high degree
of indicator dye complexation in the absence of the analyte and a sufficiently large displacement
of the dye in the presence of the analyte.”>!** The target analyte must also have a higher affinity
at a particular concentration to achieve an effective displacement of the indicator dye and
provide a fluorescence signal response.”!#* The affinity here refers to the extent to which the
target analyte is bound to the host relative to the indicator dye and is related to the binding
constants and concentration of the host, guest, and indicator dye in the assay. Several reports
have shown the utility of IDA with synthetic macrocyclic hosts for fluorescence-based detection

and differentiation of diverse analytes, 43153

The use of competitive IDA can be limited in situations when the target analyte exhibits a low
binding affinity for the host and poor aqueous solubility, prohibiting the use of excess analyte
concentrations for the dye displacement. A new competitive binding assay, the guest
displacement assay (GDA, Figure 1.12¢), was recently introduced, which is advantageous in
such situations. In a GDA, the spectroscopically silent and potentially insoluble guest (analyte)
was initially complexed by the host to form the host-guest complex, where encapsulation of the
guest in the host cavity results in a solubility enhancement.!>* The subsequent addition of the
indicator dye results in the competitive displacement of the guest and the formation of the
host-dye complex accompanied by a fluorescence signal change relative to the distinct
spectroscopic properties of the free and host-bound indicator dye. As the complementary

approach to IDA, the GDA method is superior for insoluble and weakly binding guests.'>*

The competitive binding assays, IDA and GDA, offer many advantages over traditional direct-
sensing assays.!!>!% First, as the indicator dye is reversibly bound to the receptor host molecule
via non-covalent interactions, the synthetic efforts to covalently attach the dye to the host
molecule are avoided. Second, the reversible non-covalent interactions offer the flexibility of
using different indicators with the same receptor, thereby tuning the sensitivity and selectivity
of the sensing assay. Third, the technique can be easily adapted for different receptors to
perform a quick analysis of the desired analyte.!!>144145 However, in contrast to the direct signal
generation approach, both IDA and GDA format does not provide analyte-specific
spectroscopic fingerprints, as the displacement of the indicator dye from the host by an analyte

yield always the same type of signal response, e.g., a fluorescence enhancement or quenching
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of the dye emission.”” Hence, the distinction of analytes with a single host is only possible if
they have sufficiently different binding constants (which is rarely the case for complicated
mixtures). Nevertheless, due to the practicality of the IDA/GDA approach to multiple host
systems and the ability to use different indicators, IDA/GDA sensing arrays can be employed
with different chemosensing ensembles that have distinct affinity differences for the analyte of
interest.'*> Hence analyte identification and differentiation can be achieved by their differential
fluorescence signal response.’>’> Several indicators dyes suitable for IDA or GDA that bind to
macrocyclic hosts have been reported,'**!% such that the preferred spectroscopic response, e.g.,
fluorescence turn-on or off, can be adopted, and the required affinity range can be preselected

depending on the analyte of interest.”?

In selected cases, it is also feasible to establish an associative binding assay (ABA, see Figure
1.12d).7>!136 Suitable receptor host molecules for ABA are capable of simultaneously binding
the dye and the analyte in their cavity.”*!%1 [n an ABA, an indicator dye is first complexed
with the host molecule forming the 1:1 host-dye complex, which then allows for the subsequent
associative binding of an additional aromatic guest (analyte), resulting in a 1:1:1 ternary
complex coupled with a sensitive signal response. The aromatic dye and guest are held in close
spatial proximity inside the host cavity in a face-to-face n-n stacking orientation, thereby giving
rise to electronic coupling phenomena (e.g., an emerging charge transfer band or a change in
the emission spectra).”*13%1%0 Hence, in an ABA sensing format, different analytes can be
identified by clearly distinguishable spectroscopic fingerprints that arise from the
“communication” between the dye and the analyte inside the host cavity. Therefore, the
distinction between analytes based on different binding affinities as required for IDA/GDA is
not necessary for ABA. In essence, the ABA resembles a DBA approach with the added

advantage that the dye component, and thus signal mode, can be readily tuned.

A few examples of representative fluorescent chemosensors for analyte detection via the above-

mentioned fluorescence signal transduction strategies are discussed in Section 1.2.3.

As discussed in section 1.1.2, it is crucial to have knowledge of the binding parameters of
supramolecular host-guest complex formation to evaluate the performance of the chemosensor
and for practical sensing applications with improved properties. Several reports have employed
a DBA, IDA, or GDA approach with fluorescence signal transduction to elucidate the
thermodynamic binding constant of the host-guest association complex.’>!!315%161 [n g DBA, a
chromophoric or emissive guest solution is titrated to a spectroscopically silent host solution or

vice versa, and the experimentally obtained signal titration curve is fitted following the Eq. 1.9
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— Eq. 1.13 to obtain the binding constant (K,). As the DBA is applicable only in the case of
chromophoric/emissive systems, the Eq. 1.9 — Eq. 1.13 is generalized in the case of host-dye
complexes, where KMP denote the binding constant of the host-dye complex. In an IDA or
GDA, the guest solution is titrated to a pre-equilibrated host-dye solution, or the indicator dye
solution is titrated to a pre-equilibrated host-guest solution, respectively, and the experimentally
obtained signal titration curve is fitted following the Eq. 1.14 — Eq. 1.20 to obtain the binding
constant KHG of the host-guest complex. An IDA or GDA curve fitting requires a prior

determination of the K!'P value, e.g., through DBA.

H+D 2 HD Eq. 1.9
HD

al = [h][g] Eq. 1.10
PBA [H], = [HD] + [H] Fq 111
[D]o = [HD] + [D] Eq. 1.12
I, =1°+ 1P - [HD] + IP - [D] Eq. 1.13
HD + G 2 HG + D (IDA) or HG+DaHD+G(GDA) Eq. 1.14
H+D=2HD H+G2HG Eq. 1.15

HD HG
IDA Kb = [1[1][1;] K36 = [h]—[(];] Eq. 1.16
N [H]o = [HD] + [H] + [HG] Eq. 1.17
abA [D]o = [HD] + [D] Eq. 1.18
[G]o = [HG] + [G] Eq. 1.19
I, =1°+ [P - [HD] + IP - [D] Eq. 1.20

Parameters for Eq. 1.9 to Eq. 1.20 were assigned as follows: [H] — host concentration at equilibrium, [H], — initial
host concentration, [D] — dye concentration at equilibrium, [D], — initial dye concentration, [G] — guest
concentration at equilibrium, [G], — initial guest concentration, [HD] — hostedye (HD) concentration at
equilibrium, [HG] — hosteguest (HG) concentration at equilibrium, K'P — binding constant of the hostedye (HD)
complex, K6 — binding constant of the host-guest (HG) complex, I°— background signal, I"® — signal from
hostedye (HD) complex, IP — signal from free dye (D), I, — observable signal as a function of concentration.

In addition to the thermodynamic parameters, the kinetic parameters of host-guest interactions
are important to obtain a full picture of the supramolecular system.*>*%162163 However, kinetic
investigations of host-guest systems are lacking in the literature and are available only in a few
cases for inherently chormophoric or emissive systems.*>'931% Hence new methods to
elucidate the kinetic parameters of host-guest interactions for spectroscopically silent hosts and

guests need to be developed (see Chapter 4 for more details).
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1.2.3. Representative fluorescent chemosensors for detection of biorelevant
molecules

A few examples of representative fluorescent chemosensors based on macrocyclic or acyclic

concave receptor host molecules are discussed in this section.

In recent years, the IDA-based technique with synthetic receptors has gained significant
attention and has been successfully employed for the detection of various biologically relevant
analytes. 7>!13144145 For instance, Nau and coworkers developed a series of IDAs for the
detection of amine-containing molecules, such as biogenic amines, peptides, neurotransmitters,
etc., in aqueous buffered solutions.’128:146:167.168° Apyineg are protonated at physiological pH,
and the resulted ammonium cations can form strong inclusion complexes with macrocyclic
hosts, such as calix[n]arenes and cucurbit[n]urils (Figure 1.13a)./0128146.167.168 15 order to
construct an IDA-based chemosensor, several fluorescent indicator dyes (Figure 1.13b) were
evaluated that bind to the macrocyclic host with considerable alteration of their fluorescence
behavior upon confinement in the host cavity.!?%!* Specifically, in the case of cucurbit[x]urils,
the fluorescence of the encapsulated dye is usually enhanced due to relocation into a more
hydrophobic, solvent-protected environment.'?®!3* While for the electron-rich substituted
calix[n]arenes, a charge-transfer induced quenching of the complexed fluorescent dyes
generally applies. %3 As a result, the displacement of the dye from the host cavity in the
presence of competitive binding analytes results in a fluorescence decrease in the case of CBn
complexes and a fluorescence increase in the case of CXn complexes (Figure 1.13c). Hence,
these systems were adopted for the fluorescence-based detection of diverse amine-containing
analytes and to track their real-time changes in concentrations as they occur in enzymatic
reactions or during membrane transport.’%128:146.167.168 For example, an IDA-based approach
was adopted to monitor the products of amino acid decarboxylase catalyzed reactions.'®” The
macrocyclic hosts cucurbit[ 7]uril (CB7, see Figure 1.13a) and p-sulfonatocalix[4]arene (SCX4,
see Figure 1.13a) that interact with two fluorescent dyes, dapoxyl (DAP, see Figure 1.13b) and
aminomethyl-substituted 2,3-diazabicyclo[2.2.2]oct-2-ene  (DBO, see Figure 1.13b),
respectively, were used as the host-dye reporter pairs in the assay. Both CB7 and SCX4 bind
weakly with the amino acid substrate (e.g., lysine, arginine, histidine, ornithine) but possess a
strong affinity for the corresponding amino acid decarboxylase catalyzed enzymatic product,
the cationic biogenic amines (e.g., cadaverine, agmatine, histamine, putrescine), in 10 mM
ammonium acetate buffer at pH 6.7 The fluorescence of dapoxyl is enhanced 200-fold upon

binding to CB7. The presence of the stronger competitor, the cationic biogenic amines, results
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Figure 1.13: Chemical structure of (a) macrocyclic hosts CB6, CB7, and SCX4 used as synthetic receptors and
(b) suitable fluorescent indicator dyes. (c) IDA for analyte sensing, where the addition of an analyte is signaled by
either a fluorescence decrease or a fluorescence increase due to displacement of the dye from the host. The matrix
representation shows the combination of host and dye complexes suitable as chemosensing ensembles in sensing
assays indicated by a bar. The color coded in yellow and grey represents an enhancement and quenching of the
fluorescence intensity, respectively, upon analyte binding. Reprinted (adapted) with permission from ref.!?8
Copyright 2014 American Chemical Society.

in a displacement of the dye from the host molecule with a decrease in fluorescence (turn-off
response). However, in the case of SCX4+DBO there is an enhancement in fluorescence once
DBO is displaced from the host (turn-on response). The addition of the weaker competitor, the
amino acids, did not interfere with the assay. Based on these IDAs, label-free and real-time
monitoring of amino acid decarboxylase activity was achieved.'®’ Ideally, the fluorescent
indicator dye is selected such that its affinity (related to the binding constant and concentration)

to the host lies in between that of the substrate and the corresponding product.

Similarly, Urbach, Nau and co-workers developed a method for the continuous monitoring of
protease activity on unlabeled peptides in real-time (see Figure 1.14).!4¢ The macrocyclic host

CB7 and the fluorescent dye acridine orange (AO) were used as
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Figure 1.14: Schematic representation of a product selective fluorescence switch-off supramolecular tandem assay
for monitoring the hydrolysis of the Thr-Gly-Ala-Phe-Met-NH, peptide by the endopeptidase thermolysin using
the macrocyclic host CB7 and the fluorescent dye AO as the host-dye reporter pair in an IDA approach. The spectra
show the continuous fluorescence signal intensity monitored with time upon adding thermolysin to the peptide in
the presence of CB7+AO in 10 mM ammonium phosphate buffer, pH 7.2, at 37 °C. Reprinted (adapted) with
permission from ref.!*¢ Copyright 2011 American Chemical Society.

the host-dye reporter pair in the assay (Figure 1.14). The encapsulation of acridine orange in
the CB7 cavity results in an enhancement of the dye fluorescence. CB7 selectively recognizes
the N-terminal phenylalanine residue that is produced during the enzymatic cleavage of
enkephalin-type peptide by the metalloendopeptidase thermolysin. The affinity of the indicator
dye for CB7 lies between that of the peptidic substrate, Thr-Gly-Ala-Phe-Met-NH», and of the
produced dipeptide, Phe-Met-NHa, in 10 mM ammonium phosphate buffer at pH 7.2.'% Thus,
during the enzymatic reaction, the indicator dye is displaced from the CB7 cavity by the
stronger binding dipeptide, Phe-Met-NH> produced during the reaction, resulting in a turn-off
fluorescence response and the process can be monitored conveniently by fluorescence
spectroscopy in real-time (Figure 1.14). In another work, Nau and coworkers showed a
real-time fluorescence monitoring of analyte transport through the lipid bilayer by the selective
co-encapsulation of a macrocycle and a fluorescent dye inside liposomes.”® SCX4 or CB7 ( see
Figure 1.13a) in combination with fluorescent indicator dyes, lucigenin (LCG, see Figure 1.13b)
and berberine (BC, see Figure 1.13b), respectively, was utilized as the host-dye reporter pair in
the assay. Once the competitive analyte passes through the membrane, the dye is displaced from
the host cavity resulting in a fluorescence signal change. The new method allowed to observe

the direct rapid translocation of protamine, an antimicrobial peptide, through the bacterial

transmembrane protein OmpF.”°

A fluorescence-based IDA was adopted inside living cells for the uptake of several bioorganic

analytes such as acetylcholine, choline, and protamine .!*” The macrocyclic host SCX4 that
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Figure 1.15: (a) Schematic representation showing an IDA inside live cells preloaded with a host-dye complex. It
is used in monitoring the cellular uptake of cationic amine analytes in live V79 and CHO cells resulting in a turn-
on fluorescence response. The chemical structure of the host, SCX4, dye, LCG, and the analytes tested are shown
below. (b) Fluorescence imaging of V79 cells (left) and CHO cells (right) incubated with LCG (50 uM) and CX4
(250-300 uM), followed by the addition of a cationic amine. Reprinted (adapted) with permission from ref.!4’
Copyright 2015 John Wiley and Sons.

bind the fluorescent indicator dye, lucigenin (LCG), resulting in a quenching of the dye
fluorescence was utilized as the host-dye reporter pair in the assay (Figure 1.15a). Spontaneous
uptake of the SCX4+LCG complex was observed upon its incubation with live fibroblast cells
(V79) and Chinese hamster ovary cells (CHO). The SCX4+LCG host—dye complex displayed
an initial low fluorescence emission intensity. But subsequent addition of choline,
acetylcholine, or protamine, which have a high affinity for SCX4, resulted in the displacement
of the dye from the host cavity after entering the live cells, giving a fluorescence turn-on

response (Figure 1.15).!4

Apart from amine-containing molecules, Biedermann, Nau, and co-workers developed
fluorescent chemosensors for the detection of steroids and drugs using macrocyclic CBn hosts

in combination with fluorescent indicator dyes in an IDA format.”

CB8 is a general steroid
binder with micro- to nanomolar affinities in aqueous media.”® The smaller host homolog, CB7,
preferentially binds the small steroid nandrolone. In contrast, larger analytes such as
testosterone bind (much) more weakly to CB7.”> To construct a fluorescent chemosensor,
berberine (BC)'®° and a perylene bis(diimide) derivative (PDI-OH)'3” were used as suitable
indicator dyes for CB8 which forms a 1:2 and 1:1 CB8+dye complex, respectively, with an
enhancement of the dye emission. For CB7, berberine (BC)'”° and methylene blue (MB)!"!

were used as indicator dyes resulting in 1:1 complexes also with an enhancement in dye
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emission. Hence, the presence of the stronger binding steroids resulted in the displacement of
the dye accompanied by a fluorescence turn-off response in aqueous media. An IDA-based
distinction of a set of steroids with a single CBn host was possible only if they exhibited
sufficiently different binding constants, which was rarely the case for the structurally similar
steroids studied.” Hence, an IDA sensing array using four different chemosensing ensembles,
CB7-BC, CB7-MB, CBS8¢PDI, and CBS8¢(BC),, was adopted to achieve significant
improvement in analyte identification through the differential fluorescence response in a
microplate format.”> Multivariate data analysis routines such as principal component analysis
(PCA) or linear discriminant analysis (LDA) were employed to classify analytes by their
multiple responses towards the receptors.'’”> As steroids/drugs generally exhibit poor solubility
in aqueous media, a GDA based sensing approach is more beneficial in such systems as the
pre-complexation of the steroid/drug by CB7 or CBS results in solubility enhancement upon
complexation in the host cavity, enabling appropriate determination of their binding properties

with minimal errors.'>*

Improved analyte differentiation was realized when using a set of inherently chromophoric
macrocyclic and acyclic CBn derivatives. Isaacs, Anzenbacher Jr., and coworkers developed a
fluorescent CB6 and acyclic CBn derivative featuring wall-integrated fluorescent naphthalene
units (see Figure 1.16a and 1.16b), whose fluorescence is partly quenched by Eu®*ions
coordinated to C=0 moieties.” This is due to the energy transfer from the naphthalene moieties
to the Eu®" ions. Both the fluorescent CBn derivatives show strong binding affinities (10° —
10°M™!) in aqueous media for several hydrophobic/positively charged drugs, such as
acetaminophen, pseudoephedrine, doxylamine, and histamine (see Figure 1.16b), which are
found as mixtures in over-the-counter (OTC) cold remedies.” Hence, in the presence of the
stronger binding analytes, the spectral properties of the host—Eu*" complex is modulated upon
the formation of the host—analyte complex. Whether the analytes induce quenching or intensity
amplification of the chemosensor fluorescence depends on the interplay between the structure,
binding mode, and analyte—receptor affinity.” Multivariate analysis methods with array-based
sensing using cyclic and acyclic cucurbit[n]urils derivatives allowed for detection and
distinction of different addictive OTC drugs at UM concentrations even within binary and
ternary mixtures in water (pH 3.0 or pH 5.0). The analyte binding selectivity was higher for the
cyclic CB6-chemosensor than for the acyclic variant (pre-organization and lock-and-key
effect). Remarkably, drug identification and quantification were possible even in human urine
of properly hydrated volunteers that ingested the manufacturer-recommended amount of cold

medication.”” This showcases the promising real practical utility of supramolecular IDA.
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Figure 1.16: Chemical structure and 3D rendering of the (a) cyclic cucurbit[#]uril chemosensor and (b) acyclic
cucurbit[z]uril chemosensors with naphthalene fluorophores used for the micromolar detection of addictive
over-the-counter (OTC) drugs in water. Both probes are shown as complexes with histamine in the 3D rendering.
(c) Chemical structure of the analytes tested in the study which are associated with over-the-counter cold remedies
such as NyQuil. Reprinted (adapted) with permission from ref.” Copyright 2013 American Chemical Society.

Nevertheless, for measurements in biofluids, one must take care to avoid false-positive results
in the presence of other substances excreted in the urine, e.g., drugs or food components, due

to the generally low binding selectivity of CBn-based chemosensors.

Bojtar and co-workers recently reported a carboxylated pillar[6]arene-based fluorescent
indicator displacement assay for the recognition of monoamine neurotransmitters (Figure
1.17).1°" AQ stilbazolium dye (il) and a naphthalimide derivative with positively charged
‘anchor’ groups (i2) were utilized as the fluorescent indicator dyes, (see Figure 1.17b).
Complexation of il by the carboxylated pillar[6]arene (WP6, see Figure 1.17a) resulted in a
strong enhancement of the dye fluorescence, arising from the confinement and restricted motion
of the dye on encapsulation in the host cavity.!>! In contrast, complexation of i2 by WP6
resulted in a strong quenching of the dye fluorescence as the proximity of the negative charges
on the carboxylato groups shields the positively charged tetramethylammonium anchor groups,
leading to a recovery of the photoinduced electron transfer (PET) from the amino to the
naphthalimide group.'! The systems WP6¢i1 and WP6¢i2 were tested in indicator displacement
assays for the sensing of monoamine neurotransmitters, e.g., choline, acetylcholine, histamine,
dopamine, serotonin, epinephrine, and norepinephrine as the analytes (see Figure 1.17¢) in
HEPES buffer at pH 7.4. It was shown that both the tested sensing systems WP6¢11 and WP6+12
display opposite fluorescence responses and high selectivity for histamine over other analytes
in the neurotransmitter category. The addition of histamine resulted in the displacement of the
indicator dye with a fluorescence turn-off response in case of and a WP6¢il and a fluorescence

turn-on response in case of and a WP6¢i2 (Figure 1.17d).'!
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Figure 1.17: Chemical structure of (a) carboxylated pillar[6]arene (WP6) macrocyclic host, (b) suitable
fluorescent indicators dyes, and (c) numerous monoamine neurotransmitters as analytes evaluated in the study.
(d) A schematic representation of the fluorescence-based IDA for histamine analyte. WP6¢il and WP6+i2 display
opposite fluorescence responses and high selectivity for histamine over other analytes in the neurotransmitter
category when studied in HEPES buffer at pH 7.4 Reprinted (adapted) with permission from ref.!*! Copyright
2019 Royal Society of Chemistry.

Fluorescence-based associative binding assays has been employed with CB8edye-based
chemosensors for the detection of several aromatic analytes using the unique ability of CBS8
hosts to form 1:1:1 hereto-ternary complexes.!>615%160173.174 Eor instance, Scherman and
coworkers showed that self-assembled 1:1 complexes of CB8 (Figure 1.18a) with perylene
bisdiimide indicator dye (PDI, see Figure 1.18b) are promising fluorescent chemosensors for
neurotransmitters in water and low salt buffers.!”* The encapsulation of PDI in CB8 cavity
results in a simultaneous and dramatic enhancement of the dye fluorescence as a result of the
breaking of the PDI & —stacks. In general, the binding of a second guest to the CB8+PDI binary
complex quenches the fluorescence emission of the encapsulated PDI (Figure 1.18d). Among
the studied neurotransmitters, dopamine, norepinephrine, and epinephrine (see Figure 1.18c),
CB8+PDI shows high selectivity towards the ethylamine moiety of the dopamine as catechol
unit alone does not show binding with CB8+PDI. The difference in the binding behavior of

dopamine compared to norepinephrine or epinephrine also indicated that the alkyl components

of these molecules play a major role in binding.!”* The presence of hydroxyl group on the alkyl
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arm of the norepinephrine appears to hinder binding, which could result from steric hindrance
and/or unfavorable interactions of the hydroxyl group with the electronegative carbonyl portals.
The method allowed for the sensitive and selective detection of dopamine in aqueous media,
with detection limits below 2 x 10° M!, even in the presence of known interferents including
ascorbic acid and the catecholamines epinephrine and norepinepherine.!’* Biedermann, Nau
and coworkers have later utilized a 1:1 self-assembled complex of CB8 with methylated
diazaperoperylenium (MDPP)"*%!73 dye that shows high binding affinities for several
phenylalanine- and tryptophan-containing species with useful spectroscopic responses
(emission, absorbance, CD).!*%!7 For instance, the amino acid phenylalanine (Phe) and derived
peptides could be spectroscopically distinguished from tryptophan (Trp) containing analytes
with the CB8*MDPP chemosensor by the corresponding distinct UV/Vis and fluorescence
spectra. In comparison, an IDA-type chemosensor would have given the same signal type, e.g.,
change in the emission intensity, for both classes of peptides. The CB8-based ABA
chemosensors were also employed with chiral analytes with even better analyte differentiation
capabilities via the inducted circular dichroism (ICD) signal generation strategy'’® (see details

in Section 1.3.3).
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Figure 1.18: Chemical structure of (a) macrocyclic host CBS8, (b) indicator dye PDI, and (c) monoamine
neurotransmitters as analytes evaluated in the study. (d) Schematic representation of the fluorescence-based ABA
using PDI*CB8 with selectivity towards dopamine in the presence of other catecholamine neurotransmitters, i.e.,
epinephrine and norepinephrine, accompanied by a fluorescence quenching when studied in water. Reprinted
(adapted) with permission from ref.!”* Copyright 2013 Taylor & Francis.
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A large number of fluorescence-based sensing assays for the detection of various biologically-
relevant analytes have become available in the past years, with excellent functionalities in
aqueous and low salt buffers.!:7>!13:144.145 However, only a few have been available for practical
diagnostic applications in biofluids, such as urine, blood, and saliva.!"”*!52 Both affinity and
selectivity of the chemosensor for the target analyte are often the main practical limitation for
their use in complex biofluids. For instance, the macrocyclic cucurbit[n]urils exhibit high
binding affinities in water for many hydrophobic and/or positively charged guests.”®!7
However, CBn and other reported negatively charged receptor host molecules interact

SH176-178 which occur in millimolar

competitively with metal cations such as Na" and K*
concentrations in biofluids, leading in most cases to greatly reduced actual binding affinities
between the host and biorelevant target analytes in saline biofluids.!” Hence, the design of
chemosensors with high binding affinity and selectivity for the analyte of interest is crucial for
their performance in complex biofluids containing high millimolar salt concentrations and other
potential interferents. In the present thesis, a new fluorescent chemosensor self-assembled from
sulfonated pillar[n]arene host and dicationic indicator dye is introduced for the sensitive and
selective detection of polyamines in biofluids. The strategies employed to achieve stability of

the self-assembled chemosensor in biofluids and selectivity for the target analyte are discussed

in chapter 5.

1.3.  Chirality sensing systems

1.3.1. Importance of molecular chirality

Chirality is ubiquitous in nature. By definition, chirality (handedness) is the property of any
object that is non-superimposable with its mirror image. Our right and left hands represent a
familiar and convenient example of chirality. The right hand is a mirror image of the left one,
and they cannot be superimposed no matter how the two hands are oriented.'®’ In the case of
molecules, chirality is a special form of stereoisomerism (molecules having identical chemical

).181 If the stereoisomers are two non-

formulas but different spatial configurations
superimposable mirror images of each other, the molecule is chiral, and the two stereoisomers
are called enantiomers (see Figure 1.19a). The source of chirality in molecules can originate
from different types of configurations of their atoms. The most common one is the chiral center,
usually generated by an asymmetric carbon atom (sp°) attached to four different substituents.
Other types of chirality elements include chiral axis, chiral plane, and helix. Figure 1.19b-¢

shows examples of all four different kinds of chiral classes. The two enantiomers are generally
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Figure 1.19: (a) Representation of (R)-and (S)-enantiomers that are non-superimposable mirror images of each
other. The dashed line represents an imaginary mirror in the middle. The designation of the enantiomers as (R) and
(S) is based on the Cahn-Ingold-Prelog (CIP)'32!% nomenclature. The substituents are numbered according to their
atomic number in descending order. (b-e¢) Examples of different types of molecular chirality: (b) Chiral center:
C-atom with 4 different substituents; ¢) Chiral plane: ferrocene, cyclophane derivative; c¢) Chiral axis: allenes,
biphenyls; d) Helical chirality: helicenes.

designated to have an (R)- or (S)- configuration, which indicates the clockwise and anti-
clockwise turning sense, respectively, of substituents around the chiral center, axis, or plane in
order of priority following the Cahn-Ingold-Prelog (CIP) convention (see Figure 1.19a).!8%183
In case of helicity, the enantiomers (P) or A designate a right-handed helix, whereas (M) or A
designate a left-handed helix. '®* For amino acids and sugar, it is still common to use the older
Fischer-Rosanoff convention,'®* where the enantiomers can be distinguished by the D- or L-
configuration relative to the configuration of D- or L-glyceraldehyde, respectively, which is

used as reference.

Molecular chirality is of profound importance in many areas of biology and chemistry. Most
biomolecules, such as amino acids, proteins, sugars, and nucleic acids, are chiral in nature.
Notably, the building blocks of life, i.e., amino acids (those form proteins), are almost
exclusively present in the chiral L form, and sugars (that constitute DNA) are present in the D
form.!85 This natural selection of L-amino acids and D-sugars in life formation points out that
different chiral compounds must have different biological effects on the life process and, hence,
underlines many fundamental biomolecular processes such as biological recognition and
catalysis. As an outcome, chirality also plays a vital role in drug-biomolecule interaction.'®
The two enantiomers of a chiral compound can exhibit significantly different pharmacological
and toxicological effects. This is particularly important for medicinal chemistry. For example,
in the case of the drug ethambutol, the (S,S)-enantiomer can be used to treat tuberculosis,

whereas the (R,R)-enantiomer causes blindness.'®” Even if the enantiomer of a given drug is not
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dangerous but simply not effective, a patient has to take a double dose of medicine if the drug
exists as a racemate (a mixture of an equal amount of both enantiomers). Hence the need for
enantiomerically pure drugs has become imperative. In fact, more than 50% of commercially
available drugs consist of compounds of single enantiomers. The significance of chiral
compounds makes chirality sensing and analysis critically important. A sensitive and rapid

detection and differentiation of enantiomers in small quantities present a growing demand.

1.3.2. Chiroptical methods: Electronic Circular Dichroism

Chiroptical spectroscopies are efficient optical methods used in chirality sensing and
analysis.!®3"! Electronic circular dichroism (ECD) is one of the most popular chiroptical
methods and measures the difference in the absorption of left- and right-circularly polarized
light by a molecule containing on or more chiral chromophores in the UV—visible spectral range
(see Figure 1.20a)."°%!"! Because circularly polarized light is chiral, it interacts differentially
with opposing enantiomers and induces dissymmetric electronic transitions.!®? Thus, left and
right circularly polarized light is absorbed differentially by an enantiomerically enriched chiral
chromophore or a chromophore in an enantiomerically enriched chiral environment.!'®?.

Accordingly, the electronic circular dichroism is defined as:

ECD = A}, — AR Eq. 1.21
where A;, and Ay are the absorption of left and right circularly polarized light, respectively.
In analogy to the Beer-Lambert law, one can define a molar quantity as:

_ ECD
~ (ex])

Ae = g, — &g Eq. 1.22

which is a concentration-independent quantify, where and ¢ and 1 are the sample concentration

expressed in mol L' and path length expressed in cm, respectively.
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Figure 1.20: (a) The differential absorption of left-handed (green) and right-handed (red) circularly polarized light
by the chiral species resulting in an ECD signal. (b) The resulting elliptical polarized light (blue) is composed of
unequal contributions of right (red) and left (green) circularly polarized light. The degree of ellipticity is defined
as the tangent of the ratio of the minor to major elliptical axis. Er and Er are the magnitudes of the electric field
vectors of the right-circularly and left-circularly polarized light, respectively.
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As per Eq. 1.21, ECD is measured in correspondence to absorption bands, and a dichroic peak
is also called a Cotton effect or Cotton band. As & maybe smaller or larger than e (and
consequently A; and Ag), ECD is a signed quantity, and the spectra of two enantiomers are

always exactly opposite.'°

ECD is measured using commercial CD spectrometers operating in the UV—visible spectral
region. In most commercial CD instruments and in literature reports, the ECD measurements
are expressed in terms of ellipticity 0 (in mdeg). The degree of ellipticity can be described in
the following way. After the circularly polarized light passes through an optically active chiral
sample, the left and right components will no longer have equal magnitudes of the counter-
rotating electric field components. Hence, the direction of the electric field vector (E) no longer
traces a circle; instead, it traces an ellipse (which means the light is elliptically polarized). The

degree of ellipticity is defined as the tangent of the ratio of the minor to major elliptical axis

(see Figure 1.20b).!2
The ellipticity, 8 (in mdeg), is related to ECD through:

0 = 32980 x ECD Eq. 1.23

Hence, the experimentally recorded ellipticity values (6 in mDeg) can be converted to molar

circular dichroism values (Ae in M~! em™) according to Eq. 1.24.

_ 6 Eq. 1.24
~ (32980 x1x ¢)

As

A brief theoretical basis of circular dichroism is provided here based on the light-molecule
interactions. For each electronic transition, one can define an electric and a magnetic transition
dipole related to the electron cloud redistribution during the transition. A linear charge
displacement leads to a non-vanishing electric transition dipole jz,; # 0 whereas a rotation of
electrons brings about a magnetic transition dipole m,; # 0.1 In traditional absorption
spectroscopy, both these situations can lead to the absorption of radiation, and the intensity of

the absorption band is directly related to the oscillator strength, f;;, as per Eq.1 25.190

— — Eq. 1.25
fEdUocfi]. ~ |“l]|2+ |m11|2 1

Very often, the electric dipole term is much larger than the magnetic dipole.'”® And hence one
generally makes a distinction between (electric-dipole) allowed and forbidden transitions based
on whether i, # 0 or i;; = 0, respectively."® Contrary, in chiroptical spectroscopy, both

transition dipole moments play a crucial role. In the simplest case, a chiral electronic
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displacement that gives rise to an ECD signal is along a helical path. This implies a
simultaneous translation and rotation of charge, i.e., a transition with ;TU) #0 or WU # 0 (and
the two vectors are not orthogonal).!”® In analogy to Eq. 1.25, the integral of an ECD band is

directly proportional to the scalar product, R;; defined as rotational strength (see Eq. 1.26),

which is a signed quantity.'*

N Eq. 1.26
fsduocRijz Wiy "My, e
Most of the non-empirical interpretations of ECD spectra and configurational assignments are

based on the evaluation of R;; and its sign.!”® This is not discussed here, and the reader can refer

to books and reviews available on the topic for details.'**!?

In the case of chiral molecules containing a single, isolated chromophore, the interpretation of
ECD spectra can be straightforward. However, this is not the case for chiral molecules that are
complex entities containing several light-absorbing groups in the UV-visible wavelength range.
In such cases, the interchromophoric interactions are important and provide the most significant
contributions to the ECD spectra.'®®!°2> When two (or more) chromophores are located in space
and have a proper (chiral) mutual orientation due to the influence of neighboring chiral groups,
considerable rotational strengths can result from the interactions between their transition
dipoles. Among various possibilities of mixing between electric- and magnetic-dipole allowed
transitions, the most significant case arises when two (or more) chromophores with strong
electric-dipole allowed transitions couple to each other. This is known as exciton coupling.!®*!
Due to the coupling between two equal chromophores, the two otherwise degenerate excited

states split into two levels separated by a quantity 2V, (Eq.1.27), called Davydov splitting (see
Figure 1.21a).!%°

I’l'll'l'z — — —_— — — —> E . 1.27
Vip = 3 le7-e; —3(er-erz)(ez " e12)] 1
12

U1, U and 7y, are the intensities and mutual distance of the two transition dipoles, and e, are

the corresponding unit vectors.

The excited state splitting reflects in a split or broadened absorption band, centered around the
wavelength transition of the isolated chromophore (Ao). A bisignate ECD couplet is generated
around Ap and associated with two opposite non-vanishing rotational strengths as defined in

Eq. 1.28 (see Figure 1.21¢ and 1.21d).1931%*
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Figure 1.21: (a) Splitting of the excited states of two degenerate exciton-coupled chromophores linked by a chiral
spacer. (b) The orientation of the two chromophores and depiction of the geometrical parameters necessary for
predicting ECD sign and intensity through Eq. 1.29. Expected (c) ECD and (d) absorption spectra in case of exciton
splitting as shown in (a): the blue and red lines represent the spectra of chromophore 1 and 2 individually, and the
violet line represents the spectra of the complex after exciton coupling. The distance between the peak and the
trough of the split CD curve is called amplitude or A. Reprinted (adapted) with permission from ref.!** Copyright
2007 Royal Society of Chemistry.

Taking the band-shapes and the mutual cancellation between the two oppositely signed bands

into account, the resulting ECD couplet is determined by the expression given in Eq. 1.28.!°
uius
Ae(A) o +T(A, AIVip 77+ T X 15 & +T (A, A0) —5= Q(a, B,¥) Eq. 1.29
T2

The factor I accounts for the dispersive couplet shape. The three angles, «, 5,y are depicted in
Figure 1.21b. The ECD depends on the quadruple product V;, 7y, * 1 X f, which can be
factorized into a module and a geometric term €.'°° This shows that the intensity of the ECD
couplet is directly proportional to the fourth power of the dipole strength and inversely
proportional to the square of the interchromophoric distance. Most often we have two different
chromophores in the systesm. In the case of non-degenerate coupling between two different
chromophores, R is also inversely proportional to the transition frequency separation.'*® Hence,
in essence, strongly absorbing chromophores situated near in space and close in energy are
expected to give rise to very intense ECD couplets.!®*!** The sign of the couplet (defined by
the sign of its longer wavelength component) is also related to the orientation expressed by (1,

which again depends on the molecular configuration and conformation.'’
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Apart from absorbance-based ECD, fluorescence-based chiroptical methods have promising
potential for sensitive and selective detection of chiral biomolecules.'*® For e.g., fluorescence-
detected circular dichroism (FDCD) measures the differential fluorescence intensity that results
from excitation with left-handed and right-handed circularly polarized light by probing the
differences in the excitation spectrum.!**!® In essence, the information derived is essentially
the ECD of the ground state of the fluorophore. However, fluorescence detection leads to
several advantages over conventional ECD. Given the high specificity and sensitivity of
fluorescence, FDCD can be more sensitive and selective than ECD by probing only the
fluorescent chromophores in a macromolecule or a solution mixture at concentrations much
lower than those required for ECD.!*%'? Even though FDCD was introduced, many years ago,
the application of FDCD (and other chiroptical techniques based on fluorescence) in chirality
sensing studies are still lacking in the literature and not so frequently employed compared to
the widely used ECD.!>. However, given the interest for sensitive and selective detection of
biologically relevant analytes for practical sensing applications in complex media such as

biofluids, FDCD may find future applications in the field (refer to Chapter 3 for details).

1.3.3. Molecular recognition-based chirality sensing

Most biologically relevant analytes of interest lack a strong chromophoric group. Hence, they
do not produce ECD signals in the practically preferable near UV or visible wavelength region
or are even completely ECD silent.?°%?°! Thus, ECD spectroscopy is of limited use for the
detection and identification of small biomolecules such as metabolites, hormones, and peptides.
Many classic chirality analysis methods are based on the chemical derivatization of the chiral
analyte by introducing one or two chromophoric groups that engage in exciton coupling and
produce ECD signals in the preferred near UV or visible range.!?%!°%2922%4 I order to avoid
additional synthesis and isolation, molecular recognition based approaches were introduced in
the past years for the chirality sensing of small molecules by ECD spectroscopy.!!3200:205.206
Thus, chromophoric probes and chemosensors were developed which engage in covalent or
non-covalent interactions with the chiral analyte giving rise to induced chiroptical signals in the

relevant near UV or visible wavelength range.”®!73207-21 Typically, metal coordination?-*!!-

213 or dynamic covalent bonds?!42!7

were harnessed to bind the analyte to the sensor and achieve
chirality transfer. Even though these methods were quite successful in the determination of
absolute configuration and ee values, they also suffer from several limitations. For instance,
chiral analytes should contain reactive functional groups to engage in coordination or covalent
bonds, and the chiral center should be in close proximity to the functional group.?%

Additionally, long reaction times are usually required to reach equilibrium, making real-time
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analyte detection and reaction monitoring difficult.?®® Artificial chemosensor based on non-
covalent host-guest interactions has attracted a lot of attention in the past few years for
chiroptical sensing.?®® They often exhibit fast equilibrium kinetics and are not sensitive to
functional groups of guests.”®!”3 Importantly, water-soluble macrocyclic and acyclic concave
hosts are particularly attractive to achieve chirality-sensors operational in aqueous media and

for their application potential in Life Sciences and diagnostics.

In order to generate induced ECD signals, the host molecule should possess one or more
chromophores, and effective chirality transfer should occur between the chiral analyte and the
host upon binding.?’*?!8 The host involved can be either inherently chromophoric or
self-assembled hosts in combination with indicator dyes. Exciton coupling is one of the most
common mechanisms for generating induced ECD signals.!*>?® The influence of the chiral
group of the guest on the orientation of the chromophores of the host is vital for effective
chirality transfer. The possible mechanisms for chirality transfer from the chiral analyte to the

achiral host are shown in Figure 1.22 and further described below.
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Figure 1.22: Schematic representation of the different possible mechanisms for chirality transfer between chiral
analytes (the two enantiomers are shown) and achiral chromophoric host. (a) The complexation of a chiral
chromophoric analyte by an achiral chromophoric host can rise to exciton coupling, generating induced ECD
signals. (b) The chiral (non)chromophoric analyte has a binding preference for one of the two enantiomers of the
racemic chromophoric host and hence induce one predominant enantiomer giving rise to ECD signals. (¢) The
complexation of a chiral (non)chromophoric analyte by an achiral chromophoric host can induce a chiral
conformation of the host, giving rise to induced ECD signals.
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When both the host and the guest possess a chromophoric group, host-guest complexation will
bring the two chromophores in close proximity, and the chiral group of the guest forces the two
chromophores to be arranged in a chiral orientation (see Figure 1.22a).!”® This ensures exciton
coupling, generating induced ECD signals with split ECD bands. As a result, analyte-specific
spectroscopic signals are usually obtained, which can be used to differentiate different analytes.
However, this approach requires the analyte to possess at least one chromophoric group, thereby
limiting the range of substrates that can be detected. The detection of non-chromophoric
analytes can be achieved with host molecules that possess two or more chromophoric groups,
for instance the aromatic side walls defining the binding cavity of the host (Figure 1.22b and
1.22c). Close contact between the chiral groups of the analyte and the chromophoric groups of
the host upon host-guest binding can result in effective chirality transfer with induced ECD
signals via the following mechanisms. In one case, if the host is racemic and exists as two
interconvertible enantiomers, the chiral analyte may have a binding preference for one of the
two enantiomers through a conformational selection mechanism (Figure 1.22b).200219-220 A5
result, in the presence of the chiral analyte, the balance between the two enantiomers may be
broken, and one predominant enantiomer is induced by binding the chiral guest.?%??!?22 The
underlying mechanism and the magnitude of the ECD signals thus depend on the differential
binding affinity of the two host enantiomers to the same chiral guest. In another case, the
binding of the chiral guest can induce a chiral conformation of the relatively rigid host, which
is not detectable in the free state, through an induced-fit mechanism,??? thereby giving rise to
induced ECD signals (Figure 1.22¢).2°%?2* In the latter two cases, the induced ECD signals are
located in the same wavelength range for different analytes, and analyte-specific spectroscopic
fingerprints are absent. Thereby they are more of a general approach for detecting a diverse
range of analytes. Nevertheless, if the analytes carry a chormophoric group, exciton coupling

between the host and guest chromophores may still occur, giving rise to analyte—specific

fingerprints together with the induced ECD signals from the chromophores of the host alone.

A few examples of molecular recognition-based chirality sensing utilizing macrocyclic concave
hosts in water are described below. Biedermann, Nau, and coworkers realized chiroptical
sensing utilizing the self-assembled CB8+dye receptor that forms ternary complexes with chiral
aromatic analytes in water (see Figure 1.23).!”> A constrained face-to-face arrangement of the
analyte and reporter dye in the rigid CB8 cavity results in a constructive orbital overlap, which
ensures exciton coupling and a conformationally confined interaction geometry.!”?

Consequently, analyte indicative induced ECD signals were observed for a diverse range of
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Figure 1.23: Chemical structure of (a) macrocyclic host CBS, (b) indicator dyes, and (c) a few representative chiral
analytes tested in the study. (d) Schematic representation of the complexation of chiral analyte by the
self-assembled, achiral CB8edye receptor leading to induced ECD signal generation via electronic—coupling
between chromophoric receptor and analyte. Reprinted (adapted) with permission from ref.!”> Copyright 2014
John Wiley and Sons.

analytes tested, including amino acids, peptides, proteins (human insulin and somatostatin), and
drug molecules. By using the ECD spectral fingerprints generated upon chiral analyte binding
to CB8*MDAP and CB8*MDPP chemosensors (see Figure 1.23a and 1.23b), it was possible to
distinguish Phe-containing from Trp-containing analytes. Furthermore, N-terminal Phe
containing dipeptides can be distinguished from the C-terminal Phe variants. Also, penicillin-

type antibiotics and the protein insulin are detected in low salinity buffers.

Wang and coworkers recently showed that the chirality sensing of amino acid esters were
achieved using a chromophoric water-soluble carboxylated pillar[5]arene host (WP5, see
Figure 1.24a).22!222 Pillar[n]arene hosts exhibit peculiar dynamically racemic planar chirality
(pR or pS) in solution, where pR and pS enantiomers of pillar[n]arene are interconvertible by
rotation of the repeating hydroquinone units (see Figure 1.24a). 2*!> Hence, the two
enantiomers may show different binding affinities for the same chiral guest and can therefore
be utilized as chirality sensors. Interestingly, only L-arginine ethyl ester induces the pR
conformation of WPS5, whereas 18 other L-amino acid esters induce the pS conformation
(Figure 1.24), resulting in strong ECD bands in the positive and negative direction, respectively.
The binding preference can be attributed to the different binding modes. It was demonstrated
that the competition between the a-positioned side-chain moiety or ethyl ester moiety of amino
acids to bind the cavity of the WP5 host induces the pR or pS conformation of the dynamically
racemic WPS5. Furthermore, D-alanine ethyl ester and D-arginine ethyl ester induce the pR and
pS conformation, respectively (Figure 3), which is opposite to that observed for their “L”

enantiomers.
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Figure 1.24: Chemical structure of (a) WP5 host and the dynamically planar chirality of WP5 (R and pS
enantiomers), and (b) a few representative chiral analytes tested in the study. (c) Competitive conformation
chirality of WP5 induced in the presence of chiral amino acid alkyl ester hydrochloride. Reprinted (adapted) with
permission from ref.??! Copyright 2020 American Chemical Society.

Jiang and co-workers employed the endo-functionalized amide naphthotubes for the chirality
sensing of a wide range of organic molecules, including common products in asymmetric
catalysis, natural products, drug molecules, and biological building blocks in water (see Figure
1.25).7224 The amide naphthotubes are relatively rigid hosts with only limited flexibility in the
bisnaphthalene cleft. The binding of a chiral guest induces a chiral conformation of the host
resulting in induced ECD signals being generated. Figure 1.25¢ shows the DFT calculated
structures of the complexes of amide naphthotubes with 1-phenylethanol. It can be seen that the
two enantiomers of the guest induce an opposite helical arrangement of the naphthalenes, which
is responsible for the mirror-imaged ECD spectra of the two complexes.’>* The amide
naphthotubes have a rather wide substrate scope in terms of chiroptical sensing. They are not
limited to common functional groups addressed by other chemosensor assays, and chiral

molecules with epoxide, ester, ether, acetal, or sulfinamide can also be detected.
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Figure 1.25: Chemical structures of (a) amide naphthotubes (la and 1b), and (b) a few representative chiral
analytes tested in the study, (c) DFT calculated structures of la in the presence of (R)-1-phenylethanol or (S)-1-
phenylethanol. The red arrows indicate the twist directions of the bis-naphthalene clefts. d) Schematic
representation of chiroptical sensing of chiral organic molecules through biomimetic recognition of the amide
naphthotubes in water. Reprinted (adapted) with permission from ref.??* Copyright 2020 John Wiley and Sons.

Despite the wide range of synthetic receptors reported for the recognition of biologically
relevant analytes, only a few chirality-based chemosensors are available to date for the detection
of compounds in aqueous media. Hence, in the present thesis, new chirality sensors have been
explored with functionality in aqueous media. Chapter 2 discusses the chiroptical sensing
applications utilizing the chromophoric acyclic concave hosts for the detection of a diverse

range of chiral analytes in water and the different binding models to achieve chirality transfer.

Further research towards the development of synthetic chirality sensors with improved practical
utility, enantioselective recognition ability, and enhanced chiroptical response during chiral

induction can help realize the future real-world applications of chiroptical sensing.
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Aim of the Thesis

Artificial chemosensors based on supramolecular host-guest systems have gained increasing
popularity in the past years. Chemosensors used in combination with innovative assay protocols
for optical signal transduction have promising application potential in molecular diagnostics
and biochemical/medical research. As a result, significant progress has been made in the
development of synthetic receptor host molecules that can serve as recognition elements in the
chemosensor, and their guest binding properties have been extensively investigated. They have
been employed in several optical fluorescence-based or ECD-based sensing assays, and an
evaluation of their practical applicability for analyte detection and chirality sensing has been
explored. However, developing chemosensors that fully meet the requirements for practical
applications is still challenging. Consequently, the real-world sensing applications of optical
chemosensors have not yet been fully realized. The main goal of my thesis was to achieve
chemosensors operational in aqueous media and complex biofluids, such as urine, saliva, or
blood, with a sensitive and selective signal response towards the presence of the target analyte,

thereby selectively detecting it from a pool of other interferents in the media.

In this present work, several aspects in the advancement of artificial chemosensors have been

addressed to realize their practical diagnostic applications.

e In chapter 2, electronic circular dichroism detected chirality sensing is investigated with
acyclic cucubit[n]urils and molecular tweezer as achiral chromophoric hosts for chiral (non)-
chromophoric small molecule guests, such as chiral hydrocarbons, terpenes, amino acids and
their derivatives, steroids, and drugs in aqueous media. The binding mechanism for chirality
transfer and the potential utility of the chemosensor for chirality sensing, analyte
identification, and reaction monitoring applications are evaluated. The promising results of
the ECD-based chemosensor can hence enhance the library of available chirality sensors
operational in water, where, to date, only a few systems are available.

e For practical application in real biological media, where the analytes are mostly present in
the low micromolar to nanomolar concentration regime, the widely utilized ECD, an
absorbance-based chiroptical method, suffers from low sensitivity impeding the
investigation of biological analytes at their clinically relevant concentration levels.
Furthermore, real biological media that contain a range of chromophoric chiral substances
gives rise to strong signal backgrounds in the ECD spectra, making the analysis practicality
difficult In chapter 3, fluorescence-detected circular dichroism (FDCD) spectroscopy is

explored for the first time for the chiroptical analysis of supramolecular host-guest and host-
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protein systems in an effort to improve the sensitivity and selectivity of chiroptical
supramolecular assays. FDCD combines the advantages of both chiroptical and fluorescence
techniques and possesses additional merit for sensing applications in complex biofluids as
only compounds that are both chiral and fluorescent are expected to give rise to an FDCD
signal. The sensitivity of FDCD over ECD measurements for chiral analyte detection at
clinically relevant concentrations is assessed. In addition, the combined use of FDCD and
ECD is evaluated to obtain additional valuable information about the system, such as analyte
identification and hidden supramolecular processes. The work also looks into FDCD
measurements for label-free reaction monitoring, both in an endpoint assay version and for
continuous reaction monitoring even in the presence of other chromophoric compounds, as
found in biofluids such as human blood serum.

A detailed understanding of the supramolecular host-guest recognition interaction is vital for
designing chemosensors based on host-guest systems with improved properties. Both
thermodynamic and kinetic insights can provide a proper analysis of the association and
dissociation processes of host-guest interactions. However, kinetic investigations of
supramolecular systems are scarce in the literature, often due to a lack of suitable
experimental protocols. In Chapter 4, novel approaches to unravel the kinetic features of
supramolecular host-guest complexes through fluorescence-based assays are explored.
Three competitive time-resolved methods for the kinetic description of host-guest systems
were designed and applied for the determination of kinetic rate constants of spectroscopically
silent guests with macrocyclic cucurbit[z]uril and human serum albumin as representative
hosts. A correlation between the available kinetic and thermodynamic data is made to get
detailed insights into the host-guest binding event. In addition, a new kinetic method to
achieve selective analyte sensing, even in situations of poor thermodynamic selectivity
caused by similar binding affinities of the host for different bioorganic analytes, is assessed
to further demonstrate the importance of kinetic investigation in supramolecule sensing
assays.

Chapter 5 involves the design and development of a novel fluorescent chemosensor for the
detection of polyamines in biofluids. Polyamines are an interesting group of biomarkers that
serve as health indicators in the human body. Thus, the development of robust, low-cost, and
fast-responding sensors for polyamines that are applicable in biofluids (urine, blood, and
saliva) could aid early disease detection and personalized medicine strategies. A self-
assembled host-dye fluorescent chemosensor is investigated using a sulfonated

pillar[n]arene host, in combination with dicationic diazapyrenium-based indicator dyes. The

52



photophysical and host-dye binding properties of the new fluorescent chemosensors have
been explored in detail, and their stability is evaluated in saline buffers and biologically
relevant media. Following this, an in-depth analysis of the binding characteristics (affinities
and selectivity) of the pillar[n]arene-based fluorescent chemosensors with biogenic
polyamines is carried out in saline buffers and biologically relevant media through
fluorescence-based thermodynamic assays. Based on the results obtained, a general design
concept for pillar[n]arene-based fluorescent chemosensors for the selective monitoring of
individual polyamines and combined polyamine levels in biofluids is adopted through
indicator dye modifications in the chemosensor and tuning the chemosensor selectivity.
Ultimately, the practical applicability of the new chemosensor is evaluated in human urine

and saliva samples at practically relevant polyamine levels.
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Chapter 2

2 Chirality sensing of bioactive analytes in aqueous media with
acyclic concave hosts

The results described in this chapter have been published as “Chirality sensing of terpenes,
steroids, amino acids, peptides, and drugs with acyclic cucurbit/n]urils and molecular
tweezers” in Chemical Communications, 2020.°"! The experimental data collection and
analysis were carried out by me under the supervision of Dr. F. Biedermann. The manuscript
was organized and written by me under the guidance of Dr. F Biedermann. The co-authors
contributed by synthesizing materials for analysis (C1, C2: D. Bauer;, CLROI1: P. Rebmann;
(R/S)-trinorbornane: L. Delarue Bizzini), providing valuable discussions and reviewing the
article drafi. Sections in this chapter have been reproduced from the published work?”! with
permission from the Royal Society of Chemistry.

2.1. Introduction

Chirality is an intrinsic property of many compounds of biological origin, including amino
acids, peptides, and proteins, but also widely present in synthetic molecules such as drugs.?"!
Electronic Circular Dichroism (ECD) spectroscopy, which measures the difference in the
absorption of left and right circularly polarized light, has been extensively used to study chiral,
light-absorbing molecules.!?%191:210225-227 However, most bioactive small molecules lack a
strong chromophoric group and hence, absorb outside the practical, convenient near UV and
visible wavelength region or are even entirely ECD silent. This has prompted several groups to
develop supramolecular chromophoric probes and chemosensors that interact with the chiral
analyte via covalent or non-covalent interactions, thereby giving rise to spectroscopic responses
in the near UV or visible region.?®173:207.209.210228-230 [y the simplest case, the complexation of a
chiral analyte by an achiral chromophoric host can give rise to induced chiroptical signals, as
the chromophore is then situated in a chiral environment.?!® Essentially, suitably strong
emerging ECD signals are usually obtained if an electronic-coupling between the chromophoric
host and the chiral analyte occurs (see Figure 2.1a).173-2°72% In favorable cases, analyte-specific

induced circular dichroism (ICD) bands occur, which can be utilized for analyte identification

173,201,231 232-234

and differentiation. The systems frequently use hydrogen bonding, metal

209,211-213 214-217

coordination, or dynamic covalent bonds as directional bonding motifs, leading

to well-defined binding conformations.?** However, for detecting compounds in aqueous

96,173,235-237 as the

media, only a few chirality-based chemosensors are available to date,
directional, polar non-covalent interactions are screened by the solvent. Furthermore, the
hydrophobic effect as the most important driving force for binding in water,’>?*® lacks

directionality and thus generally leads to ensembles of supramolecular complex conformations
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with overall low ECD signals. This severely limits their biological applications, which requires
the systems to be functional in water and hence the range of biorelevant molecules that can be
detected. To achieve chirality sensing in water, concave hosts can be adopted that provide both
strong hydrophobic binding forces and restrict the number of host-guest conformations.>* For
instance, the noncovalent chemosensing ensembles composed of the macrocycle cucurbit[8]uril
(CBS8) and dicationic reporter dyes respond with induced, analyte-indicative ECD signals in

water to the presence of biorelevant chiral aromatic metabolites.'”

In my investigations, I extended the concept of “chirality transfer” to a chromophoric achiral
and concave host to acyclic cucurbit[n]urils and molecular tweezers. These acyclic concave
hosts display sizeable binding constants for small bioactive molecules in aqueous media and
engulf their guests inside their concave cavity. Acyclic cucurbit[#]urils bind a broad range of
bioactive molecules, e.g., amino acids, drugs, and hormones.*!?1% Molecular tweezers are
more selective binders, for instance, for lysine, arginine, and their derivatives.!%-!* They also
selectively recognize peptides and proteins with sterically accessible lysine and arginine
residues.'®? This chapter focuses on systematic investigations into ECD-detected chirality
sensing with acyclic cucurbit[#z]urils or molecular tweezers as hosts for chiral analytes in water.
Figure 2.1 and Figure 2.2 shows the different binding mechanisms in ECD signal generation

and the chemical structures of the hosts and analytes tested in the study, respectively.

a) Induced Circular Dichroism (ICD) electronic
coupling

achiral host chiral guest chiral host-guest complex

deformation of host into a chiral conformation

- Jd—dy

achiral host chiral guest chiral host-guest complex

Figure 2.1: (a-b) Schematic representation of the two major mechanisms for complexation of chiral guests by
achiral hosts, leading to ECD signal generation via (a) induced circular dichroism (ICD) through electronic-
coupling between chromophoric host and guest, or (b) adoption of a chiral host conformation.
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Figure 2.2: Chemical structures of (a) acyclicCBn hosts and (b) their chiral guests. (c) Chemical structure of the
CB8*MDPP chemosensing ensemble that was used for comparison. Chemical structure of (d) the molecular
tweezer and (e) its chiral guests. All compounds are shown in their native charge state in water.

2.2. Results and Discussion

2.2.1. Chirality sensing with acyclic cucurbit[z]urils

In this investigations, two different acyclic CBn (C1 and C2) (see Figure 2.2a), obtained via a

stepwise oligomerization procedure***°

were utilized as the receptor host molecules. C1 and C2
differ in their charge, i.e., Cl is a dianion and C2 a tetraanion, and the functional groups

appended to their terminal aromatic units. Both C1 and C2 exhibit good water solubility.?*

2.2.1.1. Detection of amino acids and dipeptides

To assess the utility of acyclic CBn for chirality sensing, the chiral aromatic amino acids L-Phe
and L-Trp were added to aqueous solutions of the host C1 and the ECD spectra were recorded
(Figure 2.3). A strong positive ECD band at 292 nm and a weaker one at 326 nm was observed
for the supramolecular complex of C1 with either L-Phe or L-Trp. Their enantiomers D-Phe
and D-Trp gave the expected mirrored ECD spectra upon complexation with host C1 (Figure
2.3). Similar results were obtained upon using several phenylalanine and tryptophan derivatives

as guests (Figure 2.4a - 2.4b).
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Figure 2.3: ECD spectra in water of host C1 (100 pM) and C1 (100 pM) in the presence of (a) L-Phe (100 uM),
D-Phe (100 pM), and a racemic mixture composed of L-Phe and D-Phe (each at 100 pM), and (b) L-Trp (100 pM)
and D-Trp (100 uM). The insets show the ECD spectra of the guests alone in water; the phenylalanine analytes do
not show any ECD signals. The tryptophan analytes show weak ECD signals in the region examined when
compared to the signals observed in the presence of C1.

In order to gain better insights into the “chirality transfer” recognition mechanism, the ECD
signals arising on the addition of the chiral analytes to achiral acyclic C1 were compared to that
of achiral CB8sMDPP'7(see Figure 2.2c) receptor. The complexation of phenylalanine and
tryptophan derivatives by the CB8*MDPP chemosensing ensemble resulted in a completely
different type of ECD spectra than observed for Phe- or Trp-species bound by the host C1
(Figure 2.4). In the case of acyclic CBneguest complexes, the ECD band position and shapes
(e.g., a stronger band at 292 nm and a weaker one at 326 nm) coincide with the absorbance
band maxima of the free host (Figure 2.4a — 2.4b and see Figure 2.13a in Section 2.5 -
Additional Information for C1 absorbance spectrum). Furthermore, the ECD spectra of C1
complexes with different chiral guests did not give rise to unique ECD spectral bands but rather
differed only in the signal magnitude. On the contrary, the ECD spectra of the CB§*MDPP
chemosensing ensemble displayed analyte indicative spectral fingerprints for different
phenylalanine and tryptophan derivatives (Figure 2.4c — 2.4d). In addition, the band shape in
the ECD spectrum clearly differed from that in the absorbance spectrum of the CB8*MDPP
chemosensing ensemble (Figure 2.4c — 2.4d and see Figure 2.13d in Section 2.5 - Additional
Information for CB8*MDPP absorbance spectrum).

Two different mechanisms may therefore be at work: i) In the case of acyclicCBneguest
complexes, the host deforms into a chiral conformation upon binding the chiral analyte (Figure
2.1b). Different chiral analytes can result in a different degree of host deformation and are thus
characterized by different signal magnitudes in the ECD spectra. Indeed, reported crystal
structures of acyclicCBn and acyclicCBreguest complexes show substantial conformational

deformations upon guest binding.*!® However, there is no substantial contribution of a
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Figure 2.4: ECD spectra in water of host Cl1 (100 uM) in the presence of (a) L-Phe-L-Ala, L-Phe-Gly,
L-Phe-L-Val, and L-Ala-L-Phe (each at 100 pM) and (b) L-Trp-OMe, D-Trp-OMe and L-Trp-NH> (each at
100 uM). ECD spectra in water of host CB8*MDPP (20 uM) in the presence of (c) L-Phe-L-Ala, L-Phe-Gly,
L-Phe-L-Val, and L-Ala-L-Phe (each at 50 uM) and (d) L-Trp-OMe, D-Trp-OMe and L-Trp-NH; (each at 50 uM).
In each case, the dashed black line represents the ECD signals from the receptor host molecule alone.

transition dipole coupling between the naphthol-type chromophores of the host and any
chromophoric unit of the chiral guest. Therefore, the ECD spectrum of acyclicCBneguest
complexes closely resembles the absorbance spectrum of the host. ii) For complexes of aromatic
chiral guests with CB8*MDPP, there is a significant contribution of a transition dipole coupling
between the dicationic MDPP chromophore and the aryl moiety of the guest, leading to guest-
indicative induced circular dichroism (ICD) bands. Similarly, upon changing the chromophore
to MDAP, ! completely new ICD bands and trends were observed for the same series of chiral
guests (see Figure 2.14 in Section 2.5 - Additional Information), as is expected for an ICD
effect. Because both CB8 and MDPP (or MDAP) are relatively rigid,” there is likely no

significant contribution of chiral deformation of the host upon analyte binding.

The different ECD signal generation mechanisms in the case of C1 and CB8*MDPP hosts upon
binding chiral analytes can be used complementarily in specific sensing assays. For instance,
host C1 can be used to distinguish the dipeptides L-Phe-Gly, L-Phe-L-Ala, L-Phe-L-Val, and
L-Ala-L-Phe from each other by ECD spectroscopy (Figure 2.4a). At the same time, with the
CB8*MDPP chemosensing ensemble, only L-Ala-L-Phe can be differentiated from the other
dipeptides (Figure 2.4c¢).
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Figure 2.5: (a) ECD spectra in water of host C1 (100 uM) in the presence of L-Phe-Gly (50 uM), L-Phe-L-Val
(50 uM), and a 1:1 mixture of L-Phe-Gly and L-Phe-L-Val (each at 50 uM). The inset shows the magnified
spectrum between 315-340 nm. (b) ECD spectra in water of host CB8*MDPP (20 uM) in the presence of
L-Trp-OMe (50 uM), L-Phe-L-Val (50 uM), and a 1:1 mixture of L-Trp-OMe and L-Phe-L-Val (each at 50 uM).
The inset shows the magnified spectrum between 375-460 nm.

In addition, simple mixtures of peptides, e.g., L-Phe-Gly and L-Phe-L-Val can be deconvoluted
by using the emerging ECD signals in the presence of host C1 (see Figure 2.5a). While the
CB8+*MDPP chemosensing ensemble is particularly useful for analyzing mixtures of Phe- and

Trp-species (Figure 2.5b).

The molar ellipticity and molar circular dichroism values for C1 and CB8*MDPP complexes
with the studied chiral analytes are shown in Table 2.2 and Table 2.3 in Section 2.5 - Additional

Information.

2.2.1.2. Racemization reaction monitoring of amino acids and dipeptides

In addition to chirality sensing, the emerging ECD signals in C1 in the presence of amino acids
can be utilized for monitoring their racemization reaction. Under alkaline conditions, several
neutral free amino acids such as L-Phe undergo serious racemization and decomposition in
polar organic solvents such as DMF and ethylene glycol. At the same time, this phenomenon is
largely decreased in water under the same alkaline conditions.?** However, in order to monitor
the racemization event, reported studies adopt a rather lengthy derivatization procedure before
the samples were analyzed by HPLC.?** In my investigation, I monitored the base-catalyzed
racemization of L-Phe and the peptide L-Phe-Gly in organic solvents (DMF, ethylene glycol)
and water by ECD spectroscopy. L-Phe and L-Phe-Gly were heated in separate reaction vials
in the presence of 1.2 eq. of K»CO3 in DMF, ethylene glycol, and water at 130°C for 2 h. A
control reaction was carried out at 25°C in DMF under the same conditions for 24 h. Aliquots
of the reaction mixture were added before and at the end of the reaction to the aqueous C1 host
solution at 25°C. The resulting racemization was evaluated by monitoring the emerging ECD

signal intensities.
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Figure 2.6: Monitoring the racemization of (a) L-Phe and (b) L-Phe-Gly in the presence of C1 before and after
completion of the reaction in DMF, ethylene glycol and water using single wavelength ECD measurements (Aobs =
292 nm, Data Pitch = 10 s, D.I.T = 16 S, fmeasure = 6 min). The ECD signals were monitored in water at a
concentration of C1 of 100 uM in the presence of an excess of L-Phe and L-Phe-Gly (=200 uM) from the reaction
mixture. The DMF (control) shows the control reaction in DMF when the reaction mixture was kept at room
temperature instead of heating to 130 °C.

In accordance with the literature,>*° I found that water suppressed racemization that is occurring
in DMF at increased temperature, which was characterized by the diminished ECD signals
(Figure 2.6). This chemosensor-based monitoring approach is faster than the established

chromatography-based method,?*° and thus allows for screening of reaction conditions.
2.2.1.3. Detection of water-insoluble terpenes

As acyclic CBn binds a wide range of hydrophobic molecules, and because no ICD signal
generation is required for acyclic CBn, these hosts can be used for chirality sensing of analyte
classes beyond the scope of previously reported chemosensing ensembles. For instance, the
water-insoluble terpenes, limonene, and fenchol do not show ECD signals above 250 nm
(Figure 2.7a). However, the addition of both (R)-limonene and (1R)-endo-(+)-fenchol to an
aqueous solution of host C1 enhances their solubility on host-guest complexation and clearly
displayed bands in the ECD spectrum up to 340 nm (Figure 2.7a). The ECD signals can be
attributed to the chiral induction upon supramolecular complex formation. Similarly, the
complexation of the chiral bridged-alkane trinorbornane?*!**> by host C2 gave rise to clear ECD

signals despite the completely non-chromophoric nature of the hydrocarbon guest (Figure 2.7b).
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Figure 2.7: ECD spectra of C1 (100 uM) in the presence of (R)-limonene (100 pM) and (1R)-endo-fenchol
(100 pM) in water (with <5 vol% ethanol). The dashed red and green line represents the ECD spectra of the guests
alone. (b) ECD spectra of C2 (100 uM) in the presence of the enantiomers, (R)- or (S)-trinorbornane (99 M), and
excess of the analyte (197 uM) in water (with < 1.2 vol% ACN). In each case, the dashed black line represents the
ECD signals from the receptor host molecule alone.

2.2.1.4. Detection of water-insoluble and partially soluble drugs

The acyclic CBn type molecular containers are known to bind and enhance the solubility and
bioactivity of a wide range of poorly soluble pharmaceuticals.* Hence, the utility of acyclic
CBn for ECD-based detection of chiral drugs was evaluated. The steroidal drugs vecuronium,
nandrolone, and prednisolone were added to aqueous solutions of the host C1 and C2, and the
resulting ECD signals were monitored. In presence of host C1 and C2, vecuronium show
emerging ECD signals in the 250 - 350 nm region upon complex formation, while the steroid
alone does not show any ECD signals in this region (Figure 2.8a — 2.8b). The chromophoric
steroids, nandrolone, and prednisolone possess ECD signals on their own but binding to C1 or
C2 caused characteristic shifts and increase in the signal intensities in the ECD spectra (Figure
2.8a—2.8b). Besides, the different host variants C1 and C2 gave rise to different induced ECD
spectra with these steroids, which may be useful for pattern-recognition-based’® steroid
identification. In principle, it was also possible to deconvolute steroid mixtures using the
host-guest binding induced circular dichroism signals (Figure 2.8c — 2.8d). The addition of C1

to a mixture of nandrolone and vecuronium showed ECD bands characteristic of both guests.

Likewise, strong ECD signals were observed when the water-insoluble chiral chromophoric
drugs, testosterone, camptothecin, and clopidogrel were solubilized in water through binding
with acyclic CBn,?, i.e., by both C1 and C2 (Figure 2.9). The hostedrug complex for the
measurement was obtained by stirring solutions containing a known concentration of C1 or C2
with an excess of the solid drug in water at room temperature for 12 hrs. The excess insoluble
drug was removed by centrifugation, and the supernatant containing the complex collected for

the measurement. All the three steroids tested solubilized in water upon complexation by C1
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Figure 2.8: ECD spectra in water of the steroids nandrolone, vecuronium, and prednisolone (each at 100 uM) in
the absence and presence of host (a) C1 (100 uM) and (b) C2 (100 uM). (¢) ECD spectra in water of C1 (100 uM)
in the presence of nandrolone (50 pM), vecuronium (50 uM), and a 1:1 mixture of nandrolone and vecuronium
(each at 50 pM). The dashed red and green line represents the ECD spectra of the guests alone. (d) ECD spectra
of C1 (100 uM) in the presence of varying ratios of nandrolone and vecuronium in the mixture (C1: nandrolone:

vecuronium).

or C2 and showed distinct induced ECD signals (Figure 2.9). Figure 2.9a inset shows the control
experiment for the ECD spectra of the drugs alone measured in ethanol. Again, the binding of

the chiral chromophoric guests by the achiral chromophoric host caused characteristic changes
in the ECD spectrum.
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Figure 2.9: ECD spectra in water of host (a) C1 (100 uM) and (b) C2 (100 uM) in the presence of excess of
testosterone, clopidogrel and camptothecin. The inset in (a) shows the ECD spectra of testosterone, clopidogrel,

and camptothecin (each at 100 uM) in ethanol.
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2.2.2. Chirality sensing with molecular tweezer

In this investigations a water-soluble molecular tweezer, CLROI (see Figure 2.2d) with a

phosphate group on either side of the tweezer’s central benzene bridge was utilized.

2.2.2.1. Detection of lysine and arginine based amino acids and peptides

The molecular tweezer, CLRO1 (see Figure 2.2d), selectively complex lysine and arginine
derivatives and reject all other amino acids. Unlike the previously used acyclic CBn molecular
tweezer, CLROI is a rigid host!°>!% Thus, it is unlikely that a substantial chiral twist of the
host structure occurs upon the inclusion of a chiral guest. Nevertheless, the addition of chiral
amino acids, Arg, Lys, and their derivatives to an aqueous solution of the host CLR01 showed
distinguishable analyte-specific ECD fingerprints in their recorded spectra upon complexation
by CLRO1 (Figure 2.10 and Figure 2.11). This ICD effect can be explained through the coupling
of the transition dipole of the host with that of the chromophores of the Lys/Arg derivatives

(e.g., the amide groups).

a) b) -

34 H Cl NH;
\  -----CLROT N  =m--- CLRO1 HoN_ N N0
24 === LArg N - L-Lys \'J,/HQV\/\!?
. . + L-Arg
(o)) (o))
o 1 [} .
-g -E HoN. H o o}
a 04 a -l \n/ M\)\g
< Q NH,
+ D-Arg
1 -0.5
N
N ——CLRO1 +L-Arg 4] —CLRO1 +L-Lys . e
CLRO1 + D-Arg HN” ™
220 240 260 280 300 220 240 260 280 300
A (nm) A (nm)

Figure 2.10: ECD spectra in water of host CLRO1 (20 pM) in the presence of (a) L-Arg (200 uM) and D-Arg
(200 uM) and (b) L-Lys (200 uM). The dashed lines represent the ECD spectra of the guests and host alone.

The amino acids and their derivatives possess ECD signals on their own below 250 nm;
however, complexation with CLRO1 resulted in induced ECD signals up to 310 nm. In addition
to amino acids, even peptides containing lysine units gave clearly distinguishable ECD bands
in the presence of host CLRO1 (Figure 2.11c). In analogy to the aforementioned examples, an
ECD-based sensing protocol can, in principle, be established with host CLRO1 to deconvolute
mixtures of Lys- and Arg-derivatives. The addition of CLRO1 to a 1:1 mixture of L-Arg and
L-Lys in water showed ICD bands characteristic of both guests in the spectra (Figure 2.12).
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Figure 2.12: ECD spectra in water of host CLRO1 (20 uM) in the presence of (a) L-Arg (70 uM), (b) L-Lys
(70 uM), and a 1:1 mixture of L-Arg and L-Lys (each at 70 uM). The dashed red and green line represents the

ECD spectra of the guests alone.

Surprisingly, the ICD for arginine is much larger than that for lysine (Figure 2.12), although

CLRO1 binds Lys tighter.'® Possibly of more practical relevance, this may be used to

differentiate the tweezer binding motif in structurally complex, simultaneously Lys- and Arg-

containing peptides and proteins. To date, structural information about the preferred tweezer

binding sites on peptides and proteins must be derived from 2D/3D NMR spectra and crystal

structures.”*
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2.3. Conclusion

In conclusion, acyclic concave hosts, namely a molecular tweezer CLRO1 and acyclic
cucurbit[n]uril derivatives, C1 and C2, were successfully utilized for the Electronic Circular
Dichroism-detected chirality sensing of small bioactive molecules in aqueous media. The
formation of the chiral supramolecular host-guest complex self-assembled from the achiral,
chromophoric host and chiral (non-)chromophoric small molecule guest gave information-rich
ECD spectra with potential utility for chirality sensing, analyte identification, and reaction
monitoring applications. The findings suggest two tentative host design principles for chirality
sensing: 1) if a host should provide analyte-indicative induced circular dichroism fingerprints,
then the use of rigid host structures is recommended. 2) General binders for chiral guests should
possess a flexible and adaptable host structure that adopts a chiral, twisted conformation upon
binding the chiral analyte. Such hosts are then also applicable for chirality sensing of non-
chromophoric guests. These supramolecular chirality sensing systems show promising potential
due to their advantages for high-throughput and fast chirality detection. They may find routine

applications in the laboratory praxis in the near future.

2.4. Experimental details

2.4.1. Materials

All solvents were used as received from Aldrich or Fluka without further purification. All
chemicals were purchased and used as received unless stated otherwise. The acyclic CBn
molecular container C1?*° and C22*° were synthesized according to the literature procedures.
Daniel Bauer from the research group of Prof. Stefan Kubik carried out the synthesis of C1 and
C2. The molecular tweezer CLRO1 were synthesized according to the literature procedures.!®
Philipp Rebmann from the research group of Prof. Thomas Schrader carried out the synthesis
of CLRO1. The chiral tetracyclic hydrocarbon analytes, (R)-trinorbornane and (S)-trinorbornane
were synthesized according to the literature procedures.?*"?*? Lorenzo Delarue Bizzini from the
research group of Prof. Marcel Mayor carried out the synthesis of (R)-trinorbornane and
(S)-trinorbornane. CB8 was synthesized according to literature procedures®** but was also

purchased from Strem or Sigma. MDPP*%

was synthesized from 1,3,8,10 tetrahydro-2,9-
dimethyl-2,9-diazadibenzoperylene, according to literature procedures.?*> Likewise, MDAP'>
was synthesized from 1,3,6,8-tetrahydro-2,7-dimethyl-2,7-diazapyrene, according to the
literature procedure.?**?*’ Dr. Laura Grimm from the research group of Dr. Frank Biedermann

carried out the synthesis of MDAP.
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2.4.2. Instrumentation

Absorption spectra were measured on a Jasco V-730 double-beam UV—VIS spectrophotometer
and baseline corrected. ECD spectra were recorded on a Jasco J-1500 CD spectrometer
equipped with a Peltier-thermostated cell holder and an emission optical kit, including a
collecting lens and a filter holder. The spectrometer contains two PMT detectors: a standard
detector (for ECD) and a dedicated FDCD detector. The HT Voltage applied to the PMT of the
ECD detector was kept in auto mode. The second FDCD detector was not utilized here for the
measurements. All ECD spectra reported were baseline corrected for the appropriate solvent
system used. All the spectral measurements were conducted at 25°C unless stated otherwise.
For measurements conducted in water, deionized water was used in all cases. Blank
measurements of water or buffer provided no induced ECD effects in the regions examined.
For spectroscopy analysis in quartz cuvettes, suprasil (type 111-QS) emission cuvettes with a

light path of 10 mm and dimensions of 10x10 mm from Hellma-Analytics were utilized.

2.4.3. Sample Preparation

The stock solutions of water-soluble molecules were prepared in water and kept in the fridge at
+8 °C for storage, except for CLRO1, Ac-L-Lys-OMe, and H-Lys-Leu-Val-Phe-Phe-OH, which
were stored in the freezer at —20°C. For water-insoluble molecules such as (R)-limonene,
(1R)-endo-(+)-fenchol, clopidogrel, testosterone, and camptothecin, the stock solutions were
prepared in ethanol and then diluted in the host-containing water solution for the ECD
measurements. For the water-insoluble chiral bridged-alkane trinorbornanes studied, the stock
solutions were prepared in acetonitrile and then diluted in the host-containing water solution
for the ECD measurements. All the stock solutions prepared in ethanol and acetonitrile were
stored in the freezer at -20°C. Nandrolone and prednisolone have a solubility of 810 pM”> and

483 pM”, respectively, in water. Hence, their stock solutions were prepared in water.

The concentration of the dyes and the analyte stock solutions were determined by UV-Vis
absorption titration measurements unless stated otherwise. The molar extinction coefficients of
the samples used to determine the concentration of their stock solutions by UV-Vis absorption

titration are given in Table 2.1.
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Table 2.1: Absorption maxima (Amax) and molar extinction coefficients (exmax) of the dyes and analytes used for
the determination of the concentration of their stock solutions by UV-Vis absorption titration measurements.

Sample Ao Sjmax »
(nm) M'cm™)
C1 290 12161
C2 290 8610
CLRO1 285 8425
MDPP 413 26000
MDAP 393 7800
CB8-MDPP 443 55000
CB8*MDAP 419 7600
D-Phe 257.6 1952248
L-Phe 257.6 195248
L-Trp 278 5579248
D-Trp 278 5579248
L-Trp-NH, 278 557948
L-Trp-OMe 278 557948
D-Trp-OMe 278 557948
L-Phe-L-Ala 257.6 195248
L-Phe-Gly 257.6 195248
L-Phe-L-Val 257.6 195248
L-Ala-L-Phe 257.6 195248

For samples whose molar extinction coefficient could not be found in the literature, the stock
solutions were prepared by appropriately weighing in the required amount of the pure sample
to attain the desired concentration for the determination of the molar extinction coefficient. The
concentration of the stock solution of the host CB8 was determined by fluorescence titration
against the high-affinity MPCP dye!? by exciting the sample at 368 nm and collecting the

emission intensity at 531 nm.
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2.5. Additional Information
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Figure 2.13: Absorbance spectra in water of (a) C1 (100 pM), (b) C2 (100 pM) and (c) CLRO1 (20 uM).
Absorbance spectra in water of the chemosensing ensemble (d) CB§*MDPP (20 uM) used for comparison.
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Figure 2.14: ECD spectra in water of host CB8*MDAP (100 uM) in the presence of (a) L-Phe-L-Ala (400 uM),
L-Phe-Gly (350 uM), L-Phe-L-Val (350 uM), and L-Ala-L-Phe (1800 pM) and (d) L-Trp (176 uM), L-Trp-OMe
(200uM) and L-Trp-NH> (176 uM).
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Experimentally recorded ellipticity values (6 in mDeg) were converted into molar ellipticity
([6]) values according to [0] = 6/(10*L*C), with the pathlength L in cm and the concentration

C of the receptor in mol/L. The molar circular dichroism (A¢) was obtained via Ae = [0] /3298.

Table 2.2: Molar ellipticity and molar circular dichroism data for complexes of C1 (100 uM) with chiral analytes
in water at 25 °C.

Chiral analyte Amax (Nm) [0] x 10° (deg M m™) Ae M em™)
L-Phe 292 5.80 1.76
326 -1.09 -0.33
D-Phe 292 —5.22 —1.58
326 1.08 0.33
L-Phe-L-Ala 292 7.98 2.42
326 -1.09 -0.33
L-Phe-Gly 292 —7.99 —2.42
326 1.26 0.38
L-Phe-L-Val 292 13.39 4.06
326 —2.02 —0.61
L-Ala-Phe 292 4.43 1.34
326 —0.60 —0.18
L-Trp 293 12.79 3.88
326 —1.38 -0.41
D-Trp 293 —12.86 —3.40
326 1.59 0.48
L-Trp-OMe 293 19.88 6.03
326 —2.47 —-0.75
D-Trp-OMe 293 —24.18 —7.33
326 2.85 0.86
L-Trp-NH; 293 19.10 5.79
326 —2.06 —0.62
vecuronium 296 —8.75 —2.65
328 3.94 1.19
(R)-limonene!® 291 ~1.03 -0.31
326 0.23 0.07
((1R)-endo-(+)-fenchol® 291 -0.79 —-0.24
324 0.15 0.05
(R)-trinorbornane!™ 291 1.34 0.40
291 -1.30 —-0.39

(S)-trinorbornane!

[a] with < 5 vol% ethanol in DI-water
[b] with < 1.2 vol% ACN in DI-water
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Table 2.3: Molar ellipticity and molar circular dichroism data for complexes of CB8*MDPP (20 uM) with chiral
analytes in water at 25 °C.

Chiral analyte Amax (nm) [0] x 103 (deg M m™) Ae M em™)
L-Phe 280 -10.91 -3.31
330 8.02 2.43
D-Phe 280 11.48 3.41
330 =7.89 -2.39
L-Phe-L-Ala 276 —8.86 —2.69
322 16.29 4.94
L-Phe-Gly 276 —8.53 —2.55
322 15.55 4.72
L-Phe-L-Val 276 =7.69 —2.33
322 14.90 4.52
L-Ala-Phe 286 3.27 0.99
326 -0.95 -0.29
L-Trp 293 —2.19 —0.66
439 -2.50 -0.76
D-Trp 293 2.30 0.70
439 2.42 0.73
L-Trp-OMe 287 —1.88 —0.57
418 -3.20 -0.97
D-Trp-OMe 287 1.52 0.46
418 3.04 0.92
L-Trp-NH, 375 6.68 2.03
435 =5.16 -1.56
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Chapter 3

3 Fluorescence detected circular dichroism (FDCD) for
supramolecular host-guest complexes: Improved signal generation
strategies

The results described in this chapter have been published as “Fluorescence detected circular
dichroism (FDCD) for supramolecular host—guest complexes” in Chemical Science, 2021.>%
The experimental design, investigation, and data analysis were carried out by me under the
supervision of Dr. S. Sinn and Dr. F. Biedermann. The manuscript was organized and written
by me under the guidance of Dr. F Biedermann. The co-authors contributed by synthesizing
materials for analysis ((Sp)- and (R,)-MPCP: Dr. E. Spuling; (S,)-MVCP: Y. Wang,; MT: L. P.
Yang), providing additional supporting data (LD, LB, FDLD, and fluorescence anisotropy
measurements and analysis: C. Spies, P. Albertini; DOSY NMR measurements for MT
aggregation study: L. P. Yang) along with valuable discussions and reviewing the article draft.
Sections in this chapter have been reproduced from the published work’* with permission from
the Royal Society of Chemistry.

3.1. Introduction

Investigations into the chirality of biological and synthetic compounds and monitoring of chiral
transformations have always been of prime importance. Such investigations provide valuable
lessons for the design of drugs and functional materials and enrich the general understanding
of molecular recognition principles.??!?9>259251 Among the chirality detection methods,
supramolecular chemosensors and probes based on molecular recognition have made
significant progress in the recent years for the optical chirality sensing of small bioactive and
synthetic molecules by ECD spectroscopy.2!209-210.228-230 The complexation of a chiral analyte
(guest) by an achiral chromophoric host can give rise to induced ECD signals (Figure
3.1).173:297.208 The induction of chirality can occur either by an electronic-coupling between the
chromophoric host and the chiral guest in case of rigid host molecules or by the deformation of
the host into a chiral conformation upon guest binding in case of flexible host molecules.?’!
Such supramolecular ECD-based chemosensors and probes have been used by Berova,?’’!!
Wolf 213215231 Borhan 222 Anslyn, 25257 Biedermann,'>®! Canary,5™2% Jiang® and
others?6%-262 for the analysis of chiral compounds in organic or aqueous media. Chirality-sensors
that operate in aqueous media are of the widest practical relevance.’®!”3?3¢ For instance, endo-
functionalized molecular tube MT, see Figure 3.2a, shows strong induced ECD signals above
300 nm upon binding to chiral epoxides in water (concentration of host and guest >100 uM),
while the chiral guests alone do not absorb in this wavelength region.”® For chemosensors that
were modularly assembled of the large macrocycle cucurbit[8]uril (CBS, see Figure 3.2a) and

dicationic reporter dyes, these induced ECD signals were present in the wavelength region up
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to 600 nm, allowing for the facile distinction of structurally similar tryptophan-containing
peptides and biorelevant chiral aromatic metabolites at concentrations as low as 20 uM.!”
However, the concentration range where ECD measurements can be applied is relatively
narrow, as it depends on the intensity of dichroic absorption.?¢*2% Thus, the ECD detection
limit is set by the molar extinction coefficient of the chromophoric host (or guest), which rarely
reaches 10> M ! cm™!. As aresult, receptor and analyte concentrations >10 pM, oftentimes even
>100 pM, are required in most cases for generating meaningful ECD signals.”®!">??8 This can
be challenging for sensing in real biological media, where many diagnostically relevant analytes
are only present in the low micromolar-to-nanomolar concentration regime and thus escape
ECD-based detection protocols. Moreover, most biomolecules and artificial supramolecular
systems are prone to aggregate in aqueous environments and need to be measured at low

concentrations.

An attempt to improve the sensitivity of chiroptical supramolecular assays is the use of a
fluorescence-based instead of an absorbance-based chiroptical method. Both fluorescence-
detected circular dichroism (FDCD) spectroscopy'*®1%>2% and circularly polarized

luminescence (CPL) spectroscopy?*®-2%

are promising techniques, with the latter receiving a
revival in recent years.?°¢2% In principle, CPL measures the circularly polarized emission from
a chiral emitter,”’® while FDCD is probing differences in the excitation spectrum when the
sample is irradiated with circularly polarized light, see Figure 3.1.1°%!%7 In addition to a

sensitivity enhancement, FDCD and CPL possess additional merit for sensing applications in

achiral chromophoric host chiral guest
a g
u W e N /7
chiral chromophoric < |
circularly host-guest complex differentially F -F A-A
polarized (CP) light absorbed CP light LR LR
.) ECD Y
signal g|F*Fe 9 A+ A
& <
@ ©
S 2
= 2
differentially absorbed = <
and re-emitted CP light §

FDCD signal

Figure 3.1: Complexation of a chiral guest by an achiral chromophoric and emissive host can give rise to induced
ECD and FDCD signals. The ECD signal measures the difference in absorption of left-handed and right-handed
circularly polarized light by the chiral species, whereas the FDCD (or AF) signal measures the differential
fluorescence intensity that results from excitation with left-handed and right-handed circularly polarized light.
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(complex) biofluids by reducing the chiroptical background of non-fluorescent matrix
components, as only compounds that are both chiral and fluorescent give rise to an emission-
based chiroptical signal.?’!2”® Practicably, FDCD has an edge over CPL for the chirality sensing
of analytes and differentiation by spectroscopic fingerprints. Firstly, in excitation, a variety of
electronic transitions (So — S,, 7 > 1) can be observed, giving rise to well-structured spectra
(= spectroscopic fingerprints), while molecular luminescence generally occurs only from the
lowest excited state (S1— So or Ti — So, following Kasha’s rule), and are typically
featureless.?’*?"> Secondly, FDCD measurements can be readily obtained, even simultaneously
to ECD, by upgrading commercial ECD spectrometers with an FDCD set-up,'°>*”> while CPL
measurements are often difficult to carry out as they require the purchase of a high-cost stand-
alone CPL equipment or specialized expertise to construct home-build CPL

accessories, ?>?76277 thereby restricting their use mainly to a few expert groups.

Despite these above-stated potential advantages, only very few studies have focused on the use
of FDCD for chiroptical applications and were mostly performed on chiral chromophores,?’%?"
protein-ligand®®%-2%2 and nucleobase systems.?3?%* For instance, a review of the available
literature revealed that less than 70 studies had mentioned the term ‘fluorescence-detected
circular dichroism’ in the abstract, while more than 2,600 studies have referred to the term
‘electronic circular dichroism’ and more than 60,000 have mentioned ‘circular dichroism’,
which is often used as a synonym for ECD.?® One of the first reports on FDCD dates back to
1974, when the chiral fluorophore tryptophan was selectively detected in a mixture containing
the chiral non-fluorescent chromophore cysteine.!”*!% Later on, exciton coupled FDCD
measurements were performed to detect structural changes in the tertiary structure of proteins,
which the exciton-coupled ECD measurement could not.?*> Moreover, the selectivity advantage
of FDCD measurements was exploited for investigating DNA bichromophore assemblies.?%

Exciton-coupled FDCD has also been utilized for the stereochemical analysis of steroids

covalently tethered to a porphyrin center.!”

In this contribution, fluorescence-detected circular dichroism (FDCD) spectroscopy has been
applied for the first time to (synthetic) supramolecular complexes for the chirality sensing of
analytes in aqueous media. The chapter focuses on systematic investigations into FDCD
measurements for representative supramolecular host-guest systems, provides generalizable
recommendations for the set-up of experiments, and presents a case study for the combined use

of FDCD and ECD spectroscopy for characterizing fluorescent supramolecular chiral systems.
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3.2. Results and Discussion

In this study, self-assembled CB8*MDPP chemosensor and endo-functionalized molecular tube
(MT) were utilized as achiral chromophoric and emissive hosts, and CB8 was used as a non-
chromophoric achiral host for comparison (see Figure 3.2a-b for the chemical structures).
Planar-chiral paracyclophane dyes, (Rp)-MPCP, (S,)-MPCP, and (Sp)-MVCP (see Figure 3.2b),
were introduced as chiral indicators. A wide range of biorelevant chiral compounds, shown in
Figure 3.2c was used as guests, including amino acids (e.g., Phe, Trp), amino acid derivatives,
peptides, and synthetic intermediates (chiral epoxides). The protein insulin that binds to the host

CB8<MDPP was also investigated.
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Figure 3.2: Chemical structure of (a) host, (b) dye molecules, and (c) investigated chiral analytes and the achiral
drug memantine utilized in this study. Their protonation state represents their occurrence under the measurement
conditions.

3.2.1. General protocol for FDCD measurements

In contrast to ECD spectroscopy, FDCD has not yet been widely used, possibly because FDCD
is less known. As a result, measurement protocols for FDCD measurements on supramolecular
systems were lacking prior to this work, which was particularly hindering because FDCD can
be more complex and artifact-prone than ECD measurements.'”® Hence as a first step, I
optimized the measurement parameters for FDCD (procedures, parameters, conditions),
providing a general and transferable FDCD measurement protocol, which will be of utility even
beyond supramolecular systems (see below and FDCD characteristics in

Section 3.5 - Additional Information for further details).
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It is widely known that ECD measurements should be conducted on samples with an absorbance
value between 0.4. to 1 (theoretically, a value of 0.87 is optimal for ECD measurements).?6%264
In general, ECD measurements are taken at a fixed direct current (DC) voltage and by
automatically varying the high tension (HT) voltage on the photomultiplier (PM) tube of the
ECD detector. The ECD signal thus obtained is proportional to the concentration of the chiral
analyte. As the measurements are conducted at a fixed DC voltage, a direct comparison of the

different measured spectra is possible.

FDCD measurements can be performed simultaneously along with ECD on a CD spectrometer
that is equipped with an FDCD accessory, where a long-pass filter (LP-Filter) and lenses are
installed at 90-degree geometry to the excitation light source, directing the fluorescence light
towards an additional detector, e.g., a PM tube.?’> Appropriate long-pass filters should be used
in FDCD measurements to avoid the scattered light from excitation wavelength, which could
contaminate the observed emission, and to maximize the emitted light signal. Contrary to ECD,
FDCD measurements are taken at a varying DC voltage by fixing the HT Voltage on the PM
tube of the FDCD detector. In practical terms, the HT Voltage should be set at a value giving
proper intensity (2 — 3 V) of the fluorescence signal and avoiding any signal saturation. Hence,
two different fluorescence-based chiroptical parameters can be obtained from FDCD
spectroscopy. (i) Under the set conditions, the instrument initially outputs the “differential
circularly polarized fluorescence excitation” (often termed as (AF)), defined as the fluorescence
intensity difference resulting from excitation with left (F},) and right (FR) circularly polarized
light, see Eq. 3.1. The AF value is dependent on the concentration of the chiral analyte and the
applied HT Voltage, and can be considered as the analogue to the ECD value (also known as
the ellipticity, #), even though both quantities have different units. (ii) The AF value is then
normalized by the total fluorescence of the sample (F;, + Fg), which is measured as the DC
component, to arrive at a concentration-independent quantity, see Eq. 3.2. This parameter is
typically referred to as the FDCD value. Although the derivation is mathematically more
complex, the FDCD value can be considered the fluorescence-based chiroptical analogue of the
concentration-independent molar circular dichroism (Ag). See also FDCD characteristics in

Section 3.5 - Additional Information for further details.

AF  F— Fy
FDCD = — = ——— Eq.3.2
DC  F+ Fr a
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In a typical FDCD measurement set-up, both the AF signal and the DC voltage (= total
fluorescence) should be collected in two separate channels, and these measurements should be
performed for both the sample and the solvent (“blank’) used. The FDCD spectra can then be
obtained by first subtracting the blank-solvent spectra from the sample spectra, arriving at
baseline-corrected AF' and DC spectra. Subsequently, dividing the baseline-corrected AF
spectra by the corrected DC voltage results in the normalized FDCD spectra.

Unlike in ECD measurements, recording AF in FDCD measurements offers the user additional
variability in choosing the measurement parameters. For instance, the HT Voltage and the
bandwidth (BW) can be tuned independently, through which the signal intensity can be
adjusted, and thereby a wider measurement range can be accessed than available for ECD
measurements — examples are shown in the following sections. Few studies have also focused
on the use of AF component of the FDCD data directly for sensing applications.'*>?” Therefore,
the measurement parameters for the AF' signal were optimized with respect to the bandwidth
and the HT Voltage. The recommended measurement options and empirical correlation curves
between signal intensity, HT Voltage, and bandwidth are discussed under FDCD

characteristics in Section 3.5 - Additional Information.

In principle, FDCD spectra provide analyte-concentration-independent and HT-voltage
independent spectra that are particularly useful for comparing different spectroscopic
fingerprints between different samples of possibly very different emission quantum yields.
Moreover, FDCD data is useful when comparing systems that were measured at different HT
Voltages or on different spectrometers. The AF data is preferred when comparing systems
measured at the same HT Voltage on the same spectrometer and for sensing studies where a
change in the fluorescence (or concentration) of the system needs to be monitored. In general,
both AF and FDCD spectra should be considered for data analysis and interpretation. A step-
by-step user guide formulated for FDCD measurements can be found under FDCD

characteristics in Section 3.5 - Additional Information.

3.2.2. Comparison of sensitivity for FDCD and ECD measurements

As a fluorescence-based chiroptical method, FDCD may therefore be, in principle, more
sensitive than absorbance-based ECD.!?%1972% To assess the sensitivity of FDCD
measurements over ECD for supramolecular systems, a simple 1:1 host-dye complex of a chiral
chromophoric dye with an achiral non-chromophoric host was initially investigated (see Figure
3.3a). CBS (see Figure 3.2a) was used as the achiral non-chromophoric host and enantiomers

of the paracyclophane-derived dye MPCP, i.e., (Sp)- and (Rp)-MPCP (see Figure 3.2b), were
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utilized as chiral chromophoric indicator dyes. On account of their rigid planar-chiral structure,
both (Sp)- and (Rp)-MPCP displayed strong ECD bands (Figure 3.3b). Recent reports from our
group have shown that the racemic dye MPCP forms a highly stable inclusion complex with
CBS in water, with K, = 3.89 (£0.99) x 10'2M!.!52 The rather high binding constant associated
with the host-guest complex formation rendered the CB8*MPCP inclusion complex fully intact
even upon dilution to the nanomolar (10 M) concentration regime, which was verified by
fluorescence titration experiments.!>? The CB§*MPCP supramolecular system, extended here
with chiral MPCP dyes, therefore provided an ideal starting point to verify if the fluorescence-

based quantity AF can also be under practical conditions more sensitive than ECD.

At micromolar concentrations, both (Sp)- and (Rp)-MPCP displayed clearly defined signals in
the ECD and AF spectra with signal maxima at 264 nm and 333 nm in water (Figure 3.3b and
3.3c). Addition of CB8 to the dye solutions resulted in a bathochromic shift in both the ECD
and AF signals upon host-dye complex formation with the maxima at 275 nm and 340 nm for
the bound dye (Figure 3.3b and 3.3c). This was further accompanied by a strong enhancement
in the dye fluorescence on CBS8 binding, which was also reflected in the AF spectra (Figure 3.3¢
and 3.3d). Both the ECD and AF spectra of the enantiomers are mirror images of each other,
exhibiting opposite signs, as theoretically predicted for enantiomeric complexes.'*® It has to be
noted that strong signal differences were observed in the AF than in ECD between the CB-
bound and free MPCP, indicating that host-guest binding commonly leads to more pronounced
changes in the emission than in the absorbance spectra. As a result, one can generally expect to
find larger signal differences in AF than in ECD. This feature can be particularly advantageous
for sensing applications that rely on signal differences, for e.g., the AF-based quantification of

the drug memantine using the CB8*MPCP reporter pair in blood serum, see further below.

Analysis of the AF component of the FDCD value of the CB8*MPCP system is more practical
for the sensitivity assessment studies described below, as the FDCD component normalizes the
signal against the total fluorescence. However, to compare the spectra obtained at different
concentrations and measurement settings, the conversion of the AF spectra into the
concentration-independent FDCD spectra is useful; see Figure 3.3e. The FDCD spectra hence
obtained can be related to the measured ECD spectra by converting them into their molar
circular dichroism (Ae) values (see Eq. 3.5 and Eq. 3.7 under FDCD characteristics in
Section 3.5 - Additional Information). Clearly, the FDCD and ECD data conversion for the
CB8*MPCP reporter pair yielded very similar Ae-spectra (Figure 3.4), as is theoretically

expected. 196,197,199
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Figure 3.3: (a) Schematic representation of a 1 : 1 host-dye complex formation between the chiral chromophoric
MPCP dye and the non-chromophoric host CB8. (b) ECD and (c) AF spectra of the MPCP dye enantiomers
(Rp)-MPCP (45 uM) and (Sp)-MPCP (45 uM) in the absence and presence of CBS8 (45 uM) in water. Parameters
used: HT = 650 V, BW =4 nm, Acc = 20, LP-Filter = 420 nm. (d) Enhancement in the fluorescence intensity of
(Rp)-MPCP (45 uM) and (Sp)-MPCP (45 uM) upon addition of CB8 (45 uM) in water, Aexc = 350 nm. (d) FDCD
spectra of (R,)-MPCP (45 uM) and (S,)-MPCP (45 uM) in the absence and presence of CB8 (45 pM) in water.
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Figure 3.4: (a) Acecp and (b) Aerpcp spectra of the MPCP dye enantiomers (R,)-MPCP (45 pM) and (Sp)-MPCP
(45 uM) in the absence and presence of CB8 (45 uM) in water calculated from ECD and FDCD ellipticity values

using Eq. 3.5 and Eq. 3.7.
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To assess the sensitivity of FDCD over ECD measurements, the ECD and AF spectra of the
enantiomers (Sp)- and (Rp)-MPCP in the presence of CB8 were measured by diluting the
samples down to 100 nM. The comparison of the resulting AF and ECD spectra at the
submicromolar concentration range was striking. It was not possible to detect clear ECD signals
for the CB8*MPCP complex at low concentrations (<1 puM, although complex formation is
ensured with logK, = 12.6). Conversely, the AF signals are clearly measurable even at 100 nM
(Figure 3.5), indicating at least an order of magnitude higher sensitivity of FDCD over ECD
measurements. The AF and FDCD spectra of the CB§*MPCP complex showed a more “noisy”
character than ECD spectra, which also holds true for the other systems investigated in this
work and reported in the literature.'*>!®° This obstacle was overcome by either increasing the
number of accumulations in the measurement or using single-wavelength time course AF
measurements instead of measuring the whole spectrum. The ECD and AF signals for the
CB8+(Sp)-MPCP complex measured at 20 and 100 accumulations (Figure 3.27 in
Section 3.5 - Additional Information) showed that the spectrum is reproducible and the signal
to noise ratio improves with increasing accumulations, at the cost of longer measurement times.
Faster experiments can be performed through single wavelength measurements. For e.g., the
single-wavelength AF’ measurements of the CB8+(Sp)-MPCP and CB8+(Rp)-MPCP complexes
upon dilution to 50 nM provided AF values that were reproducible and consistent with the ones
obtained from the whole spectral recording. The FDCD values obtained in all cases show —
within error — the concentration independence of this value, as is expected, ruling out
photophysical or other artefacts. Conversely, no meaningful ECD signal was reproducibly

obtained in the nanomolar concentration range (see Table 3.1).

at nanomolar concentrations
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Figure 3.5: (a) ECD and (b) AF spectra of MPCP dye enantiomers (Rp)-MPCP (100 nM) and (S;)-MPCP (100 nM)
in the absence and presence of CB8 (100 nM) in water. Parameters used: HT = 800 V, BW =4 nm, Acc =20, LP-
Filter = 420 nm.
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Table 3.1: Single-wavelength ECD and AF measurements of CB8+(R,)-MPCP and CB8+(S;)-MPCP complex at
low concentrations of 100 nM and 50 nM. The parameters are kept constant for each individual set of
measurements.

Samplel ECD AF™! FDCD!

(mdeg) %) (mdeg)
CBS8+(R,)-MPCP 100 nM -0.11 -1.34 -36.3
CBS8+(R,)-MPCP 50 nM -0.01 -0.82 -40.0
CB8+(S,)-MPCP 100 nM 0.09 1.13 29.9
CBS8+(S,)-MPCP 50 nM -0.05 0.55 29.0

[a] Measured at Aobs = 335 nm, BW =4 nm, Data Pitch =30 s, D.I.T =30 s, fmeasure = 10 min. [b] HT = 800 V, LP-
Filter = 420 nm. [c] Obtained by dividing the AF value with the DC voltage (total fluorescence).

The difference in the AF and FDCD values (not exact mirror images) for the enantiomeric
CB8e¢(Rp)-MPCP and CB8+(Sp)-MPCP complexes in Table 3.1 maybe caused by the higher %ee
for (Rp)-MPCP dye compared to (Sp)-MPCP (refer to synthetic details in publishedwork?*).

The sensitivity of FDCD over ECD measurements was also assessed for the self-assembled
CB8+*MDPP chemosensor (see Figure 3.2a and 3.2b), which bind chiral aromatic analytes, such
as Phe containing amino acids and peptides (see section below for measurement details).!”® The

results obtained further confirmed the higher sensitivity of FDCD over ECD measurements.

3.2.3. Combined use of FDCD and ECD for detection of chiral analytes and
label-free endpoint and continuous reaction monitoring

The combination of FDCD and ECD measurements is potentially more informative and can
provide additional, and useful chiroptical information about the analyte present than when using
the individual methods on their own. This was evaluated for the achiral chemosensing ensemble
composed of the macrocyclic CB8 and the dicationic racemic dye MDPP (see Figure 3.2a and
3.2b), which are known to subsequently bind chiral aromatic analytes such as amino acids,
peptides, and proteins, resulting in 1:1:1 hetero-ternary complexes (Figure 3.6a).!”*> Hence, the
ECD and FDCD signals arising on the addition of achiral CB8*MDPP chemosensor to aqueous

solutions with chiral Phe- and Trp-containing species were monitored, see Figure 3.6.

173 an analyte-indicative induced

In ECD measurements, as observed in previous reports,
chiroptical signal was observed for all the chiral analytes studied (Figure 3.6b). At the same
time, FDCD was far more selective, where only the combination of CB8*MDPP with Phe but
not with Trp species gave rise to induced chiroptical FDCD effects (Figure 3.6c and 3.6e). This

can be explained by the strong quenching in the fluorescence intensity of CB8*MDPP
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Figure 3.6: (a) Schematic representation ofa 1:1: 1 ternary complex formation between the achiral chromophoric
CB8<MDPP receptor and the chiral analyte. (b) ECD and (c) AF spectra of CB8*MDPP receptor (20 uM) in the
absence (dashed lines) and presence (solid lines) of several amino acids, amino acid derivatives, and dipeptides
(50 uM) in water. Parameters used: HT = 520 V and 510 V (for dipeptides), BW =4 nm, Acc = 20, LP-Filter =
515 nm. (d) Enhancement in the fluorescence of CB8*MDPP receptor (20 uM) upon addition of L-Phe and
D-Phe (50 uM) and quenching in the fluorescence of CB§*MDPP receptor (20 uM) upon addition of L-Trp-NH»
and L-Trp-OMe (50 uM) in water, Aexc =450 nm. (e) FDCD spectra of CB8*MDPP (20 uM) in the absence and
presence of several amino acids and dipeptides (50 uM) in water.

chemosensor by Trp-species, while Phe binding leads to a slight bathochromic shift and
emission increase (Figure 3.6d). Moreover, the N-terminal Phe containing dipeptides were
distinguished from C-terminal Phe variants by both FDCD and ECD, see Figure 3.6. However,
different Phe—X dipeptides remained indistinguishable by both techniques utilizing
CB8+*MDPP as the host. In these examples, both the FDCD and the AF signals were informative
and useful. However, when using the AF spectra, signal artefacts arising from the CB§*MDPP
receptor alone (see Figure 3.6¢) must be considered and corrected (see Photoselection artefacts
in FDCD and Correction of signal artefacts in FDCD in Section 3.5 - Additional Information
for further details). FDCD values can only be presented for systems with a measurable AF
spectrum (and thus, for instance, not in the case of the CB8*MDPP complexes with Trp-
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species). The combined information obtained from both the FDCD and ECD measurements for
this system was, for instance, useful for verifying that the CB8*MDPP receptor targets
phenylalanine and not the multiple tyrosine residues present in the protein insulin (see Figure
3.2¢ for the amino acid sequence), because binding to tyrosine would have resulted in no FDCD
signals due to emission quenching,'>® see further below. This finding agrees well with the

binding geometry concluded from the crystal structure of the host CB7 with insulin.®!

The sensitivity of FDCD versus ECD measurements was also assessed for this supramolecular
system by monitoring the single-wavelength AF' and ECD signals for CB8*MDPP receptor at
varying analyte concentrations. Table 3.2 depicts the data for the CB8*MDPP receptor complex
with the peptidic guest L-Phe-L-Ala. For this concentration-dependent study, an excess of the
chiral guest over the host was used to ensure a sufficient degree of complexation of the
chromophoric and emissive host (the ratio of CB8*MDPP receptor to analyte was always kept
at 1:2.5). Again, the results evidenced a remarkably higher sensitivity of AF over ECD. No
reliable ECD signals was obtained at the low micromolar concentration regime (<5 uM of the
analyte), while AF signals were still present even at a concentration of 0.50 uM of analyte
(Table 3.2). Because the binding constant of the complex (K, = 9.80 (£0.98) x-10° M™1)!73 is
limiting the concentration range where the complex remains stable; it was not feasible to dilute
the solution further. The ECD and AF values obtained were consistent in the concentration
range studied. The standard deviation for the measurements was calculated in each case from
three independent measurements by varying the measurement parameters in each set (Table
3.3). In AF measurements, it is convenient to increase the HT Voltage on the FDCD detector to
increase the signal intensity when measuring at low concentrations; in fact, this option is not
available for ECD measurements. However, a direct comparison between the measured AF
values is not possible for measurements conducted at different HT Voltages! Instead, a
correction function was developed that relates the HT Voltage and the measured AF signal,
which can be used to obtain the value of HT Voltage-corrected AF signal (AFcorr), see Table 3.2
and also FDCD characteristics in Section 3.5 - Additional Information for details. The FDCD
values calculated again show the concentration independence of this value (Table 3.2). The
sensitivity assessments were also conducted for the dipeptides, L-Phe-Gly, and L-Phe-L-Val,
as guests with CB8*MDPP receptor, further demonstrating at least an order of magnitude higher
sensitivity of AF over ECD (see Table 3.5 and Table 3.6 in Section 3.5-Additional Information).

One factor limiting the sensitivity of supramolecular assays is the degree of complexation,
which is a function of the binding affinity and the receptor and analyte concentrations. A
common strategy to enhance the degree of complexation in spectroscopic assays is to increase
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Table 3.2: Single-wavelength ECD and AF measurements of CB8*MDPP receptor in the presence of varying
concentrations of L-Phe-L-Ala analyte. The parameters were kept constant for each individual set of
measurements.

AF HT"  AFer! FDCDH  ECD
V) ™) (V) (mdeg) (mdeg)
CB8-MDPP 20 pM + L-Phe-L-Ala 50 pM 6.29 520 17445 345 3.27

Samplel®!

CB8-MDPP 10 uM + L-Phe-L-Ala 25 pM 4.64 540 95.17 3.75 1.53
CB8MDPP 2 uM + L-Phe-L-Ala 5 pM 2.80 620 18.30 3.52 0.35
CB8°MDPP 0.4 uM + L-Phe-L-Ala 1 uM 2.18 760 3.51 391 0.03

CB8-MDPP 0.2 pM + L-Phe-L-Ala 0.5 pM 1.02 800 1.02 3.00 0.01

[a] Measured at BW =4 nm, Ass = 333 nm, Data Pitch =30 s, D.I.T = 30 s, #measure = 10 min, LP-Filter = 515 nm;
[b] HT Voltage applied to the PMT of the FDCD detector. Hence this is only influencing the AF value, not the
ECD value (different detectors); [c] Corrected AF value at HT = 800 V; [d] Obtained by dividing the AF value
with the DC voltage (total fluorescence).

Table 3.3: Standard deviation for the single-wavelength ECD and AF measurements of CB§*MDPP receptor in
the presence of varying concentrations of L-Phe-L-Ala analyte. The standard deviation was obtained from three
measurements by varying the measurement parameters in each individual set.

Sample AF S.DM ECD S.DM

P ) ) (ndeg)  (mdeg)
CB8*MDPP 20 uM + L-Phe-L-Ala 50 uM 6.29 0.29 3.27 0.04
CB8*MDPP 10 uM + L-Phe-L-Ala 25 uM 4.64 0.20 1.53 0.02
CB8*MDPP 2 uM + L-Phe-L-Ala 5 uM 2.80 0.15 0.35 0.04
CB8-MDPP 0.4 pM + L-Phe-L-Ala 1 pM 2.18 0.52 0.03 0.005

[a] Standard deviation obtained from three measurements by varying the measurement parameters in each
individual set.

the concentration of the spectroscopically silent component, mostly the analyte. However, this
strategy is flawed in some cases, for e.g., if the spectroscopically silent component shows
solubility limitations” or undesirable aggregation tendencies (see below), is expensive or is
present in very low concentrations in the analytical sample.!>*?! In ECD and FDCD analysis,
the degree of analyte complexation can be enhanced by using an excess of the achiral
chromophoric/emissive host, as they do not contribute to the chiroptical signals. For e.g., see
the ECD and AF signals monitored on titration of CB§*MDPP receptor to L-Phe-Gly analyte
in water (Figure 3.7). An enhancement in the ECD and AF signals was observed upon
increasing the receptor concentration until the degree of complexation reached unity, beyond
which the ECD and AF signals saturated. This desirable behavior is a consequence of the
chiroptical response that only originates from the host-guest complex. On the other hand, in

conventional absorbance- or emission-based assays, such an approach is generally infeasible as
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Figure 3.7: Variation in the (a) ECD, (b) AF, and (c) total fluorescence (FL) (or DC voltage) signal on titration of
CB8+*MDPP receptor to a solution containing L-Phe-Gly (5uM) in water when monitored at 333 nm by single-
wavelength measurements. Parameters used: HT = 640 V, BW = 4 nm, Aops = 333 nm, Data Pitch=30s, D.I.T =
30 S, fmeasure = 10 min, LP-Filter = 515 nm.

it causes an undesirable signal increase proportional to the concentration of the unbound
emissive host. For e.g., the fluorescence intensity showed a steady increase on titrating
CB8+*MDPP receptor to L-Phe-Gly (Figure 3.7¢). Thus, ECD and FDCD measurements can be

a convenient choice for studying the interaction of chromophoric receptors with biomolecules

or proteins at low analyte concentrations.

In addition to the chirality sensing of analytes, the combination of FDCD and ECD
measurements can be practically useful for a sensitive and selective endpoint and label-free
continuous reaction monitoring of (bio)chemical and (bio)physical processes in real-time.

Examples for both purposes, utilizing synthetic supramolecular receptors, for e.g.,

167,288,289 96,290

cucurbit[x]urils, molecular  tubes, calix[n]arenes'¢”1®®  and  CB8edye

chemosensors!>%!73

, reported so far are based on absorbance, emission or ECD spectroscopy
for analyte reaction monitoring. In this chapter, the utility of FDCD measurements in
combination with supramolecular hosts has been demonstrated for (i) endpoint and (ii)

continuous reaction monitoring of chiral analytes with representative examples.

(1) The racemization of amino acids is an important obstacle under synthetic conditions in
organic solvents.>** A common strategy to monitor amino acid racemization is the use of chiral
HPLC, which requires time-consuming sample extraction, amino acid derivatization, and
HPLC measurements, leading to several hours of assaying time.?*" In the previous chapter, the
base-catalyzed racemization of both L-Phe and L-Phe-Gly in water, DMF and ethylene glycol
at elevated temperatures were monitored using acyclic CBn supramolecular receptor via ECD
spectroscopy (see Figure 2.6). Herein, the induced AF and ECD signals in the CB§*MDPP
reporter pair to the presence of L-Phe and L-Phe-Gly were utilized for the endpoint monitoring
of racemisation of these amino acids. In practice, L-Phe and L-Phe-Gly were heated in the

presence of 1.2eq. of KoCOs3 at 130 °C for 2 h in DMF, ethylene glycol and water and the
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resulting racemization was evaluated by measuring the induced AF and ECD signals at 338 nm
(for L-Phe) and 333 nm (for L-Phe—Gly) arising on adding aliquots of the reaction mixture to
an aqueous solution of the CB§*MDPP chemosensor, before and after the chemical reaction
(Figure 3.8 and Figure 3.9). Pleasingly, both the AF and ECD signals monitored provided
information on the influence of the reaction conditions on the racemization of amino acids,
which were in full agreement with the more cumbersome HPLC-based literature procedure.?*’
For reactions conducted in DMF and ethylene glycol, a reduction in both the AF and ECD
signals were observed after the completion of the reaction. In contrast, reactions conducted in
water showed no significant signal changes before and after the reaction, indicating water
suppresses the racemization of L-Phe and L-Phe—Gly. In contrast, DMF and ethylene glycol as
solvents lead to a fast loss of chirality (Figure 3.8 and Figure 3.9). Both AF and ECD signals
were equally suitable for the analysis under the conditions tested. However, AF has the

additional advantage of its higher sensitivity for detection at lower concentration ranges.

(i) A real-time monitoring of chemical reactions can be achieved using supramolecular
chemosensors by adding them directly to the reaction mixture and recording a continuous signal
readout, provided the chemosensors are compatible with the reaction conditions (solvent, pH,
additives, temperature, etc.). This has been demonstrated here using the CB8*MDPP
chemosensor for the real-time monitoring of hydrolysis of chiral epoxides using ECD and
FDCD spectroscopy. Chiral epoxides can be converted into many functional groups and are
important intermediates in chemistry?*!?**? and biology.?>®> The CB8*MDPP receptor showed
induced ECD and AF signals upon binding aromatic chiral epoxides, e.g., (1R,2R)-1-
phenylpropylene oxide ((1R,2R)-PPO) in water (Figure 3.10a and 3.10b). The hydrolysis of
chiral epoxides under different reaction conditions was monitored in situ by adding 20 uM of
CB8+*MDPP receptor to 100 uM (1R,2R)-PPO in deionized water (pH 7), 50 mM acetate buffer
(pH 4.5), and 50 mM carbonate buffer (pH 10) and recording the ECD and AF signals at 350 nm
(Figure 3.10c and 3.10d). Both time course AF and ECD spectral measurements revealed that
complete hydrolysis and racemization occurred in an acidic environment after 4 h and under
neutral conditions after 12 h. At the same time, the epoxide did not hydrolyze under basic
conditions, see Figure 3.10c and 3.10d. This observation was in agreement with expectations
for secondary-carbon containing epoxides that likely follow an H'-catalyzed Sn1 type reaction

mechanism (see Figure 3.10¢).294%%

The chemosensing ensemble CB8*MDPP also showed useful induced ECD and AF signals in
the presence of phenyl-B-D-galactopyranoside (Figure 3.28a and 3.28b in
Section 3.5 - Additional Information). Phenyl-B-D-galactopyranoside is used as a substrate for
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detecting P-galactosidase enzymatic activity.?*®*7 The hydrolysis of phenyl-B-D-
galactopyranoside by B-galactosidase was monitored with the help of CB8*MDPP receptor by
AF and ECD recordings. The reaction was monitored at 25°C in 10 mM phosphate buffer at pH
5 at 50 uM concentration of phenyl-f-D-galactopyranoside in the presence of 10 uM of

CB8+*MDPP receptor. The enzyme B-galactosidase was present at a concentration of 43 pg/ml

in the assay.
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Figure 3.8: Monitoring the racemization of L-Phe in the presence of CB8*MDPP before and after the reaction in
DMEF, ethylene glycol, and water using single-wavelength (a) ECD and (b) AF measurements. Parameters used:
HT =520 V, BW =4 nm, Aobs = 338 nm, Data Pitch =30 s, D.I.T = 30 s, fmeasure = 10 min, LP-Filter = 515 nm. The
signals are monitored in water at a CB8*MDPP concentration of 20 uM in the presence of an excess of L-Phe
(=100 uM) from the reaction mixture. The DMF (control) shows the control reaction in DMF when the reaction
mixture was kept at room temperature instead of heating to 130 °C.
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Figure 3.9: Monitoring the racemization of L-Phe-Gly in the presence of CB8*MDPP before and after the reaction
in DMF, ethylene glycol, and water using single-wavelength (a) ECD and (b) AF measurements. Parameters used:
HT =520 V, BW =4 nm, Aobs = 333 nm, Data Pitch =30 s, D.I.T =30 s, fmeasure = 10 min, LP-Filter =515 nm. The
signals are monitored in water at a CB§*MDPP concentration of 20 uM in the presence of an excess of L-Phe-Gly
(=100 uM) from the reaction mixture. The DMF (control) shows the control reaction in DMF when the reaction
mixture was kept at room temperature instead of heating to 130 °C.
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Figure 3.10: (a) ECD and (b) AF spectra of CB8*MDPP (20 uM) in the presence of the chiral epoxide,
(1R,2R)-1-phenylpropylene-oxide (100 pM) (red line) in water and the spectra after hydrolysis of the epoxide
measured after 12 hrs (green line). Single-wavelength time course (c) ECD, and (d) AF measurements of
CB8<MDPP (20 uM) in the presence of (1R,2R)-1-phenylpropylene oxide (100 uM) in different solvent systems:
50 mM acetate buffer at pH 4.75 (black), water at pH 7 (red) and 50 mM carbonate buffer at pH 10 (blue).
Parameters used: HT = 520 V, BW =4 nm, Acc = 20, LP-Filter = 515 nm, Aobs = 350 nm, Data Pitch=5s, D.I.T
= 8S, fmeasure = 14 h. () Schematic representation of the hydrolysis of secondary carbon-containing epoxide
((1R,2R)-PPO) following an Sn1 type reaction mechanism. Note that racemization can occur in the carbocation
intermediate through rotation along the C-C bond of the opened epoxide.

The time course AF and ECD measurements showed a gradual decrease in the intensity of both
induced AF' and ECD signals upon the addition of B-galactosidase, allowing real-time
monitoring of the enzymatic conversion (Figure 3.28c and 3.28d in Section 3.5 - Additional

Information).

The representative examples depicted here demonstrate that combining FDCD and ECD
measurements clearly provides additional useful chiroptical information about the analyte

present and, in addition, is practical for sensitive, fast, and label-free reaction monitoring.

3.2.4. Uncovering of hidden aggregation phenomena by FDCD

The combined information gathered from FDCD and ECD measurements could provide a
detailed description and understanding of complex supramolecular host-guest systems. This has
been evaluated here when studying the host-guest binding interactions of the achiral emissive
endo-functionalized molecular tube, MT (see Figure 3.2a), with chiral analytes. The MT

receptor is known to selectively bind polar guests with hydrogen-bond accepting capacities,
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such as dioxane, esters, and epoxides in aqueous media with K, up to 10° M1.°592% For
instance, the chiral aromatic epoxides, (1R,2R)-1-phenylpropylene oxide ((1R,2R)-PPO) and its
enantiomer (15,2S5)-1-phenylpropylene oxide ((15,2S)-PPO), are strongly complexed by MT in
water with K, = 8.97 (£0.9) x 10* M ! resulting in a 1:1 host-guest complex (see Figure 3.11a).”
This interaction is reported to give rise to a strong induced ECD signal, e.g., approx. £89 mdeg
at 254 nm when monitored at 100 uM and 500 uM of the host and guest concentrations,
respectively.’® In my investigation, I employed FDCD measurements to the system, which gave
rise to an induced negative AF and FDCD signal on the addition of (1R,2R)-PPO and a positive
signal on the addition of (15,25)-PPO to an aqueous solution of MT receptor (Figure 3.11c and
3.11e). The binding was also accompanied by an enhancement in the fluorescence intensity of

MT receptor (Figure 3.11d). However, compared to the induced ECD signals, the FDCD signals
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Figure 3.11: (a) Schematic representation of the complex formation between the achiral chromophoric host MT
and the chiral epoxide guest. (b) ECD and (c) AF spectra of freshly prepared MT receptor (100 uM) in the absence
(dashed lines) and presence (solid lines) of (1R,2R)-PPO (500 uM) and (1S,25)-PPO (500 uM) in water.
Parameters used: HT = 630 V, BW =4 nm, Acc = 20, LP-Filter = 380 nm. (d) Enhancement in the fluorescence
intensity of freshly prepared MT receptor (100 pM) upon addition of (1R,2R)-PPO (500 uM) and (15,25)-PPO
(500 uM) in water, Aexc = 340 nm. (e) FDCD spectra of freshly prepared MT receptor (100 pM) in the absence
(dashed lines) and presence (solid lines) of (1R,2R)-PPO (500 uM) and (15,2S5)-PPO (500 uM) in water.
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were markedly weaker, approx. £10 mdeg at 254 nm at the same concentrations studied.
Moreover, the AF and FDCD spectra showed pronounced signals in the excitation peak region
for the achiral MT receptor alone (see Figure 3.11c and 3.11e), which — of course — do not
reflect chiroptical properties, but must arise from anisotropic excitation, also known as
photoselection, and from instrument-related artefacts.!®*?%>3% Essentially, the larger the
emissive compound, e.g., the macrocyclic host, and the higher the viscosity of the medium, the
larger photoselection artefacts will be observed due to restricted rotation of the emitter!*®-*!
(for further details and suggested artefact-subtraction procedures, refer to Photoselection

artefacts in FDCD and Correction of signal artefacts in FDCD in Section 3.5 - Additional

Information).

Striking changes to the FDCD and ECD spectra were observed upon dilution of the system. On
probing lower analyte concentrations, the ECD spectra showed a strong reduction in the signal
intensity corresponding to the decrease in host-guest concentration, while a completely
unexpected inversion in the direction of AF and FDCD signal (positive FDCD signal on the
addition of (1R,2R)-PPO and negative FDCD signal on the addition of (15,25)-PPO) was
observed in the recorded spectra (Figure 3.12). An excess of the epoxide to the receptor was
present in all the cases studied, and the degree of complexation of the MT receptor at
MT : epoxide concentrations of 100 : 500 uM, 2.5 : 10 uM, and 1.25 : 5 uM varied from 97.3%
to 44.4% and 29.4%, respectively upon dilution. However, even though the amount of MT
receptor complexed decreased upon dilution, an inversion in the AF and FDCD signal direction
was still not expected. Moreover, the FDCD signal should be concentration-independent, which
holds true for the spectra measured at lower concentrations (MT : epoxide concentrations of
2.5: 10 uM and 1.25 : 5 uM), while the inversion in the FDCD signal direction at higher

concentrations indicates the influence of other effects.

In order to evaluate the influence of photoselection artefacts or anisotropy of the system in the
measured ECD and FDCD spectra at higher concentrations, the linear polarization components,
i.e., linear dichroism (LD)****®and linear birefringence (LB)’*-% in case of ECD, and
fluorescence-detected linear dichroism (FDLD)!%**% in case of FDCD, were investigated for
the achiral MT receptor and MTeepoxide complex at receptor and analyte concentrations of
100 uM and 500 uM, respectively (Figure 3.13a — 3.13c). In the absence of photoselection
artefacts both LD and FDLD spectra should not give any signal. For the LB measurements,
simulations conducted by the instrument manufacturer indicated that artefacts induced in the

ECD spectra from the LB components have an intensity ratio of 1/100 with respect to the
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Figure 3.12: Concentration-dependent ECD and FDCD spectra of freshly prepared MT receptor in the presence
of (a-b) (1R,2R)-PPO and (c-d) (15,25)-PPO in water. The inset in the ECD spectra shows the zoomed-in signals
in the 240 nm to 310 nm region. Parameters used: HT = 630 V (MT : epoxide = 100 : 500 puM), 800V
(MT : epoxide = 2.5 : 10 pM and 1.25 : 5 pM), BW =4 nm, Acc = 20, LP-Filter = 380 nm. The parameters were
kept constant for each individual set of measurements. An inversion in the direction of the FDCD signal was

observed at lower concentrations.

measured LB values (thus, a signal strength of 200 mdeg measured on the LB spectra
corresponds to an artefact of 1 mdeg in the ECD spectra). Furthermore, the fluorescence
excitation anisotropy of the system was measured to obtain supplementary information about
the sample’s properties (Figure 3.13d). As shown in Figures 3.13a and 3.13b, the measured LD
and LB values were only modest in magnitude, indicating that the observed induced ECD
signals in the system reflect a direct measure of its chiroptical properties. The LD and LB
signals observed below 250 nm were due to the high sample absorbance in the lower
wavelength region and did not seem to coincide with the ECD signal peak. In contrast, the
measured FDLD spectra showed strong signals in the region where the FDCD bands were
observed from the achiral MT receptor (Figure 3.13c), indicating a strong influence of
fluorescence anisotropy. Hence, the observed induced FDCD signals in this system should be
considered as apparent values, which do not directly report on chiroptical properties but also

contain other contributions indicative of fluorophore orientation. Additionally, the measured
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excitation fluorescence anisotropy spectra also revealed the presence of strong fluorescence
anisotropy in the system (Figure 3.13d). Thus, the FDCD and ECD measurements for the
MT+(1R,2R)-PPO complex were also conducted on an artefact-free FDCD spectrometer set-up

utilizing an ellipsoidal mirror (measured at JASCO, Japan),’%

at receptor and analyte
concentration of 100 uM and 500 uM, respectively (Figure 3.14). The FDCD spectrum obtained
in this case at high micromolar concentrations of the receptor and the analyte resembled the
spectrum collected at lower concentrations on the standard ECD spectrometer with the FDCD
setup utilized in this study (see Figure 3.14 and Figure 3.12a-3.12b). Hence, it was concluded
that something unusual occurs at higher receptor and analyte concentrations, that was

previously undetected by ECD, absorbance, fluorescence, and NMR measurements.”®

Based on the available data, I hypothesized that the MT and MT+PPO complexes form
supramolecular self-aggregating structures at higher micromolar concentrations (see Figure
3.15), which resulted in an enhanced ECD signal and sizeable FDLD contributions in the
measured FDCD signal.
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Figure 3.13: (a) LD and (b) LB, and (c) FDLD spectra of MT receptor (100 pM) in the absence and presence of
(1R,2R)-PPO (500 uM) in water. Parameters used: HT = 570 V, BW =4 nm, Acc = 20, LP-Filter = 380 nm. The
LB spectra were measured on a JASCO J-1500 CD spectrometer at a JASCO facility in Pfungstadt by placing a
Glan-Taylor polarizer behind the sample at 45° into the beam path. (d) Fluorescence excitation anisotropy spectra
of MT receptor (100 pM) in the absence and presence of (1R,2R)-PPO (500 uM) in water, Aems = 450 nm.
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Figure 3.15: Schematic representation showing the complex formation between the achiral chromophoric MT host
and the chiral epoxides in their non-aggregated state at low concentrations and upon aggregation at higher
concentrations and lower temperature.

Additional experiments were conducted to support the aggregation hypothesis. For instance,
the aggregation properties of the achiral MT receptor were evaluated by monitoring the FDCD
spectrum at longer time intervals (Figure 3.16a). In practice, a 1 mM stock solution of the MT
receptor in water was freshly prepared, and the FDCD spectrum of a 100 pM solution prepared
by diluting this freshly prepared stock solution was measured at 25°C. The 1 mM stock solution
was then kept aside in a sealed vial and stored in the refrigerator for 1 day. Following this, the
FDCD spectrum of a 100 uM solution prepared from the one-day-old 1.0 mM stock solution
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was also measured at 25°C. The spectra collected showed an “aging phenomenon” of the achiral
MT receptor with an emerging FDCD band at 300 nm and 360 nm with time (Figure 3.16a).
This indicated the receptor is undergoing aggregation over time in the 1.0 mM stock solution,
which is still present at a concentration of 100 uM, resulting in strong photoselection artefacts
in the measured FDCD spectra. Subsequently, the temperature effects on the FDCD signal at
300 nm for the aged solution of MT receptor at 100 uM were monitored by increasing the
temperature from 5°C to 60°C followed by cooling the solution back from 60°C to 5°C. This
showed a strong decrease in the FDCD signal with increasing temperature (Figure 3.16b),
implying the MT receptor aggregates dissociated when going to higher temperatures. The
aggregation/deaggregation process was reversible, as seen by the enhancement in the FDCD
signal and returning to the initial value when cooling the solution back from 60°C to 5°C (Figure
3.16b). It should be noted that the photoselection artefacts/fluorescence anisotropy also
decreases with an increase in temperature, as the viscosity of the media decreases with an
increase in temperature and vice versa. >*’ This effect was also seen here in the temperature-

dependent graph (Figure 3.16b).
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Figure 3.16: (a) FDCD spectra of a 100 uM MT receptor solution prepared from a freshly prepared 1.0 mM stock
solution in water (red line) and after keeping the 1.0 mM stock solution for 24 h (green line). (b) FDCD signal at
300 nm of the MT receptor (100 uM) in water on increasing the temperature from 5°C to 60°C (red line) and on
cooling the solution back from 60°C to 5°C (green line). Parameters used: HT = 630 V, BW =4 nm, Acc = 20,
LP-Filter = 380 nm.

In addition, the possibility of aggregation at higher concentrations was also evaluated by
collecting the emission intensity of the MT receptor at 404 nm on increasing the receptor
concentration from 1.56 uM to 100 uM (Figure 3.17a). The excitation wavelength was chosen
accordingly such that the absorbance of the 100 uM MT solution is less than 0.1 at the exciting
wavelength, thereby excluding any inner filter effects.!'” According to theory, under these
conditions tested, the fluorescence intensity should display a straight line with increasing
concentration of the fluorophore, provided it remains in its fully dissolved, non-aggregated

state.''” However, a deviation from linearity was observed for the MT receptor at higher
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concentrations, which further suggested the formation of aggregates at higher concentrations
(Figure 3.17a). Moreover, concentration-dependent DOSY NMR spectra (which is more
sensitive to aggregation properties than 'H NMR) of the MT receptor in D0, displayed a slower
diffusion rate of MT at higher concentrations, which also supported the aggregation hypothesis
(Figure 3.18). Dynamic Light Scattering (DLS)**® experiments were performed to characterize
the size of the aggregates. An MT receptor solution at 100 uM in water was filtered using a
polyethersulfone membrane with a pore size of 0.43 pm prior to the measurement. Figure 3.17b

displays the acquired data as intensity size distribution, which showed a prominent peak with
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Figure 3.17: (a) Emission intensity collected at 403 nm upon increasing the concentration of MT receptor from
1.56 uM to 100 uM in water, Aexc = 383 nm. The vertical error bars for the fluorescence intensity values are
depicted in blue in the graph. (b) DLS measurements showing the intensity distribution versus particle diameter
of MT receptor solution (100 pM) in water. Parameters used: material RI = 1.45, dispersant RI = 1.330, viscosity
= (0.8872 cP, measurement position = 4.65 mm, attenuator = 11.
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Figure 3.18: DOSY NMR spectrum of MT receptor at 2 mM, 10 mM, and 20 mM in D,0O
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a hydrodynamic diameter of ~60 nm and a minor peak with a hydrodynamic diameter of
1752 nm corresponding to some bigger aggregates. The peak at ~60 nm has a polydispersity
index (PDI)*® of 0.165. Given that the size of MT receptor is on the order of 1 nm, it is clear
that the peak at ~60 nm corresponds to aggregates. On comparing the DLS results to the DOSY
NMR measurements, it appeared that higher concentrations are needed to influence the DOSY
signal. This can be because NMR operates on a different time scale and generally yields an
averaged diffusion coefficient among the fast exchanging aggregates of different sizes.*!°
Hence, it may well be that the aggregates formed at ~100 uM of MT receptor are still fleeting
in nature and diffuse relatively freely. At the same time, optically-probed properties (e.g., ECD,
FDCD, fluorescence) and DLS provide the instant snapshot and hence display several distinct

species according to the aggregate size.>!°

This study clearly demonstrates that FDCD-based investigations can uncover interesting
supramolecular phenomena that were invisible to ECD and other spectroscopic techniques

alone.

3.2.5. FDCD measurements for background reduction in complex systems and
chromophoric biofluids

The FDCD technique, being sensitive to only chiral and fluorescent molecules, can provide
background-reduced signals compared to ECD and standard absorbance or fluorescence
measurements. This is particularly important when a chiral analyte should be detected in the
presence of other chiral (and chromophoric) substances, e.g., proteins, DNA, etc., or in complex
media such as biofluids that exhibit strong ECD, absorbance, and emission signals. Hence, |

investigated two supramolecular host-guest systems in this work as representative examples.

(1) The CB8*MDPP chemosensing ensemble is known to bind the protein insulin resulting in
strong induced ECD signals in the 250-350 nm region upon complex formation.!”
Nevertheless, one finds a substantial contribution from the ECD signal of the insulin backbone
at <310 nm in the measured ECD spectrum (see Figure 3.19a). FDCD measurements were
applied to this system, where strong induced FDCD signals were observed on the addition of
CB8+*MDPP receptor to insulin in 10 mM phosphate buffer at pH 2.7. However, in FDCD, a
chiroptical signal contribution from the protein insulin was completely absent upon utilizing a
515 nm long-pass filter (Figure 3.19b). The FDCD spectrum selectively showed the induced
FDCD signal from the CB8*MDPP complex bound to and located in the chiral protein

environment (see Figure 3.19c).
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Figure 3.19: (a) ECD, (b) FDCD spectra of CB§*MDPP (20 uM) in the presence of insulin (50 uM) (red line) in
10 mM phosphate buffer at pH 2.7. The red dashed line represents the ECD signals arising from insulin (50 uM)
alone. No AF signals were observed from insulin alone. Parameters used: HT =510 V, BW =4 nm, Acc =20, LP-
Filter = 515 nm. (c) Representative diagram showing CB8*MDPP complex bound to the N-terminal phenylalanine
(Phe) residue of insulin.

(i1) The advantage of FDCD-based detection schemes was also portrayed for selective analyte
detection in human blood serum (HS), a strongly chromophoric and autoemissive biofluid
containing many chiral components. An emission-based supramolecular assay for detecting
Alzheimer’s drug memantine in human blood serum was recently developed by our group using
the CB8*MPCP chemosensor.!>? However, variations in the total fluorescence background
signal due to sample to sample differences can complicate the assay analysis in the
fluorescence-based assay. To obtain background-reduced signals in the sensing assay, the
FDCD technique, which selectively reports only on chiral and emissive species, was adopted
to detect memantine in human blood serum using CB8*MPCP chemosensor with chiral MPCP
enantiomers as indicator dyes. As shown in the previous section, the chiral MPCP dye
enantiomers, (R,)-MPCP and (S,)-MPCP, showed strong ECD and AF' signals in water (see
Figure 3.3). The addition of CBS to the dye solution resulted in a strong enhancement in the AF’
signal, accompanied by a bathochromic shift in both ECD and AF signal upon host-dye complex
formation (Figure 3.3). Hence, in the sensing assay, the presence of stronger binding analyte
memantine in HS will result in the displacement of chiral emissive MPCP from the CBS cavity
and is expected to give rise to strong signal changes in the AF spectra (see Figure 3.20a).
Experimental investigations were conducted to evaluate the performance of the assay. The HS
sample was filtered using a polyethersulfone membrane with a pore size of 0.22 um prior to the
measurements. The spectrum of HS alone showed a strong positive ECD and AF background
signal (Figure 3.20b — 3.20e). The addition of 20 uM CB8¢(Rp)-MPCP or CB8+(Sp)-MPCP
host-dye reporter pair to the HS sample resulted in changes in both the ECD and AF spectra.
The ECD and AF signal became more negative in the case of CB8¢(Rp)-MPCP and more
positive in the case of CB8+(S,)-MPCP) (Figure 3.20b — 3.20e).
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Figure 3.20: (a) Schematic representation depicting the formation of a 1 : 1 CB§*MPCP complex, followed by the
displacement of MPCP from the host cavity upon addition of a higher binding analyte, e.g., memantine. ECD and
AF spectra of (b-c) CB8¢(R,)-MPCP (20 uM) and (d-e) CB8+(S,)-MPCP (20 uM) in human blood serum before
and after addition of memantine (20 pM). Parameters used: HT =800 V, BW =4 nm, Acc = 20, LP-filter =515 nm.
The insets show the ECD and AF signal variation at 340 nm on the stepwise addition of memantine.

Following this, the achiral drug memantine was added stepwise to the chemosensor sample in
HS with a 15 minutes of equilibration time between each addition. The variation in both the
ECD and AF signal was monitored at 340 nm with the help of single-wavelength ECD and AF’
measurements (Figure 3.20b — 3.20e, insets). As shown in Figure 3.20b — 3.20e, the background
was expectedly much lower in FDCD than for conventional emission or ECD spectroscopy. As
a matter of fact, only by AF and not by ECD was it possible to quantitatively detect memantine

in human blood serum in the low micromolar concentration range. For instance, the addition of

15 uM of memantine to a solution of CB8¢(Rp)-MPCP or CB8+(Sy)-MPCP (reporter pair at
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20 uM) in HS led to a AF signal change by +16 V or —15 V, respectively. In contrast, the ECD
signals did not show any significant change (Figure 3.20b — 3.20d, insets). Notably, using the
enantiomeric indicator dyes (R,)-MPCP and (Sp)-MPCP in the sensing assay, the behavior was
similar but not identical (see the ECD and AF spectra and titration curves in Figure 3.20b —
3.20e). These differences may be originating from the diastereomeric interaction of the chiral
indicator dye with the chiral components in HS, e.g., human serum albumin and other chiral
proteins with large binding pockets. Hence, while developing practical assays in biofluids
containing chiral compounds, it is advisable to access both enantiomers of the dye or host, as
the combined chiroptical information obtained by using both chiral forms can enrich the

understanding of the system and help to identify artefacts.

The ECD and AF signals of the CB8¢(Rp)-MPCP and CB8¢(S,)-MPCP complex lie in the same
region as the background ECD and AF signals arising from HS alone and are hence not ideally
suited for sensing applications in HS. Therefore, a new chiral paracyclophane dye ((Sp)-MVCP)
was prepared by the Brise group with a longer excitation wavelength. The obtained (S,)-MVCP
dye, see Figure 3.2b for its chemical structure, showed absorption bands in the 350 -450 nm
region, which is by 46 nm red-shifted compared to the MPCP dye (Figure 3.21a and 3.21b).
Similar to MPCP, at micromolar concentrations, (Sp)-MVCP displayed clearly defined signals
in the ECD and AF spectra with signal maxima at 285 nm and 363 nm in water (Figure 3.21a
and 3.21b). The addition of CBS8 to the dye solutions resulted in an enhancement in the AF
signal accompanied by a bathochromic shift in both ECD and AF signals with maxima at 299
nm and 386 nm for the bound dye (Figure 3.21a and 3.21Db).
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Figure 3.21: (a) ECD and (b) AF spectra of (Sp)-MVCP (45 uM) in the absence and presence of CBS8 (45 uM) in
water. Parameters used: HT = 800 V, BW =4 nm, Acc = 20, LP-Filter = 480 nm. (c) ECD and (d) AF spectra of
CB8+(Sp)-MVCP (20 uM) in human blood serum before and after addition of memantine (20 uM). Graph (e) shows
the zoomed-in AF signal in the 380 — 440 nm region. Parameters used: HT = 800 V, BW = 4 nm, Acc = 20,
LP-filter = 515 nm. The insets show the variation in ECD and AF signal at 407 nm on stepwise addition of
memantine.
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Figure 3.22: (a) ECD and (b) AF spectra of CB8+(S,)-MVCP (20 uM) in human blood serum before and after
addition of memantine (20 uM). Graph (c) shows the zoomed-in AF signal in the 380 — 440 nm region. Parameters
used: HT =800 V, BW =4 nm, Acc = 20, LPfilter = 515 nm. The insets show the variation in ECD and AF signal
at 407 nm on stepwise addition of memantine.

The CB8+(Sp)-MVCP reporter pair is therefore an interesting candidate for sensing studies in
human blood serum. The addition of 20 uM CB8e(S,)-MVCP to HS resulted in changes in both
the ECD and AF spectra of HS, with positive signals arising in the 380 — 440 nm region, which
appeared slightly sifted from the main HS background ECD and AF signals (Figure 3.22a and
3.22b). Subsequently, the addition of the achiral drug memantine to the solution of
CB8¢(Sp)-MVCP in HS resulted in a AF signal change by —4 V at 407 nm monitoring
wavelength (Figure 3.22a and 3.22b). Interestingly, upon using CB8+(S,)-MVCP instead of
CB8<MPCP reporter pair, ECD-based detection of memantine was also feasible with a signal
change of —0.9 mdeg at 407 nm, see Figure 3.22a and 3.22b (however, stronger signal

differences were observed when using the AF measurements).

These examples demonstrate that AF measurements can be superior to ECD recordings for

sensing applications in complex systems and chromophoric biofluids.

3.3. Conclusion

In conclusion, FDCD measurements were applied for the first time on (synthetic)
supramolecular complexes in aqueous media and is shown to be a promising chiroptical
technique for sensing applications. It was demonstrated that at least an order of magnitude
higher sensitivity can be achieved with FDCD compared to ECD measurements, and even the
nanomolar sensitivity can be reached by FDCD in favorable circumstances, which is beyond
the scope of most other techniques used for characterization of supramolecular systems. The
high sensitivity of FDCD will be advantageous for sensing applications in real biological media,

where the analytes mainly occur in the low micromolar to nanomolar concentration regime.
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In addition to a sensitivity enhancement, the combined use of FDCD and ECD was
demonstrated to provide a detailed description and understanding of (complex) supramolecular
host-guest systems. For instance, the hidden aggregation phenomenon was uncovered by
comparing FDCD to ECD spectra, which were not identified by the single-handed use of other
spectroscopic tools alone. Moreover, FDCD and ECD provided complementary information
that was useful for distinguishing chiral analytes from each other, through which the target
binding sites of the host were identified, e.g., Phe- from Trp residues in proteins. FDCD spectra
can be informative, but it is crucial to monitor the influence of anisotropic
excitation/photoselection and instrument-related artefacts in the measured spectra that can
produce apparent FDCD signals unless a dedicated artefact-free FDCD setup is utilized. This
chapter also established FDCD measurements for label-free reaction monitoring, both in an
endpoint assay version and continuous reaction monitoring, which can provide faster and more
facile analysis of chemical or enzymatic transformations compared to other established methods

such as HPLC-MS.

FDCD was also shown to be a highly selective spectroscopic method that is ideally suited for
the selective monitoring of a target analyte that forms a host-guest complex in the presence of
other chromophoric compounds. In ECD, strong influences from the matrix components can
often complicate the picture, while no FDCD signal is generated from most biorelevant chiral
molecules (e.g., drugs, metabolites) because they are non- or only weakly emissive. For
instance, FDCD measurements were carried out for the first time in the complex chromophoric
biofluid, human blood serum, to detect the Alzheimer’s drug memantine using a supramolecular
indicator displacement assay. In addition, specific approaches were exploited to improve the
performance of chiroptical assays, i.e., both ECD and FDCD in biofluids through the design of
novel chiral indicator dyes, e.g., MVCP, with large Stokes shift and red-shifted absorbance
spectra. Likewise, the design of protein- and analyte-binding emissive hosts with improved
photophysical properties will increase the scope of FDCD-based supramolecular applications

in biorelevant media.

To conclude, my investigations not only established the use of FDCD (and ECD) for a wide
range of host-guest and host-protein complexes, but also provides a comprehensive user guide
and recommendation for the most effective and general use of FDCD spectroscopy. I believe

that the combined use of FDCD and ECD will become the new standard in chiroptical research.
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3.4. [Experimental details

3.4.1. Materials

All solvents were used as received from Aldrich or Fluka without further purification. All
chemicals were purchased and used as received unless stated otherwise. CB8 was synthesized
according to literature procedures’** and was also purchased from Strem or Sigma. The
molecular tube MT was synthesized according to literature procedures.” Liu-Pan Yang from
the research group of Prof. Wei Jiang carried out the synthesis of the molecular tube, MT. The
MPCP dye enantiomers, (Rp)-MPCP and (S,)-MPCP, and the (S,)-MVCP dye were prepared
according to the synthetic route shown in Scheme 3.1 and Scheme 3.2 in Section 3.5-Additional
Information.?*® Dr. Eduard Spuling and Yichuan Wang from the research group of Prof. Stefan
Brise, carried out the synthesis of the MPCP dye enantiomers, (Rp)-MPCP and (S,)-MPCP, and
the (Sp)-MVCP dye, respectively. The synthesis details of the chiral paracyclophane type
indicator dyes are available at Chemotion at https://dx.doi.org/10.14272/reaction/SA-FUHFF-
UHFFFADPSC-BAIBHOHKSY-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ.3 and
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-GRWXNDHDQX-
UHFFFADPSC-NUHFF-MABGN-NUHFF-ZZZ. MDPP was synthesized according to
literature procedures from 1,3,8,10-tetrahydro-2,9-dimethyl-2,9-diazadibenzoperylene.?**

3.4.2. Instrumentation

Absorption spectra were measured on a Jasco V-730 double-beam UV-VIS spectrophotometer
and baseline corrected. Steady-state emission spectra were recorded on a Jasco FP-8300
fluorescence spectrometer equipped with a 150 W xenon arc lamp, single-grating excitation,
and emission monochromators. Emission and excitation spectra were corrected for source
intensity (lamp and grating) and the emission spectral response (detector and grating) by
standard correction curves. ECD, LD, FDCD, and FDLD spectra were recorded on a Jasco
J-1500 CD spectrometer equipped with a Peltier-thermostated cell holder and an emission
optical kit including a collecting lens and a filter holder. The spectrometer contains two PMT
detectors: a standard detector and a dedicated FDCD detector, which allows the simultaneous
measurement of ECD/LD and FDCD/FDLD signals. Appropriate long pass filters were used
for the FDCD/FDLD measurements to avoid the scattered light from excitation wavelength,
which could contaminate the observed emission, and to maximize the emitted light signal. The
HT Voltage applied to the PMT of the ECD detector (standard detector) was kept in auto mode
(fixed DC voltage and by automatically varying the HT Voltage), and the HT Voltage applied
to the PMT of the FDCD detector was kept in manual mode (fixed HT Voltage and varying DC
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voltage) and adjusted accordingly so that a fluorescence signal saturation is not reached in each
set of measurements. The applied HT Voltage is reported for all experiments. The ECD/LD and
FDCD/FDLD spectra reported were baseline corrected for the appropriate solvent system used.
As the FDCD measurements were conducted in manual mode (varying DC voltage by fixing
HT Voltage on PMT of FDCD detector), the instrument initially outputs the fluorescence
intensity difference for the two circularly polarized excitations (FL — Fr = AF) which is then
corrected for the total fluorescence (FL + Fr = DC voltage). The FDCD spectrum was hence
obtained by dividing the baseline-corrected AF signal with the baseline-corrected DC voltage
(= total fluorescence collected from the sample) for each measurement. The AF spectra were
corrected for the signal artefacts, arising from the achiral host or dye molecule alone when the
artefacts overlapped with the induced chiroptical bands for the host-guest complexes. Similarly,
for the FDLD measurements conducted in manual mode (varying DC voltage by fixing HT
Voltage on PMT of FDCD detector), the instrument initially outputs the fluorescence intensity
difference for the two linearly polarized excitations (£ — F'1), which was then baseline corrected
and divided by the baseline-corrected DC voltage (= total fluorescence collected from the
sample) to obtain the FDLD spectrum. The LB spectra were measured on a JASCO J-1500 CD
spectrometer at a JASCO facility in Pfungstadt by placing a Glan-Taylor polarizer behind the
sample at 45° into the beam path. The fluorescence anisotropy spectra were recorded on a
JASCO FP-8500 fluorescence spectrometer using FDP-837 automatic excitation and emission
polarizers at the JASCO facility in Pfungstadt. All the spectral measurements were conducted
at 25°C unless stated otherwise. For measurements conducted in water, deionized water was
used in all cases. Blank measurements of water or buffer provided no induced ECD/LD and
FDCD/FDLD effects in the regions examined. For spectroscopy analysis in quartz cuvettes,
suprasil (type 111-QS) emission cuvettes with a light path of 10 mm and dimensions of
10x10 mm from Hellma-Analytics were utilized. Dynamic Light Scattering (DLS) experiments
were carried out on a Malvern Zetasizer Nano ZS in disposable polystyrene cuvettes with a

light path of 10 mm and dimensions of 10x10 mm at 25°C.

The DOSY NMR spectra was recorded on a Bruker Ascend TM 400 NMR spectrometer at
25°C.

3.4.3. Sample Preparation

The stock solutions were prepared in water and kept in the fridge at +8 °C for storage. The
insulin stock solution was prepared in 10 mM phosphate buffer acidified with HCL to pH 2.7
and kept in the freezer at -20°C for storage. The phenyl-f-D-galactopyranoside and
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B-galactosidase stock solutions were prepared in 10 mM phosphate buffer using phosphoric
acid and basified with NaOH to pH 5 and kept in the freezer at —20°C for storage. The
concentration of the stock solutions of the dyes and the analytes were determined by UV- Vis
absorption titration measurements unless stated otherwise. The molar extinction coefficient of
the samples used to determine the concentration of their stock solutions by UV-Vis absorption

titration is given in Table 3.4.

For compounds featuring unreported molar extinction coefficient, the stock solutions were
prepared by weighing in the required amount of the pure sample to attain the desired
concentration. The concentration of the stock solution of the host CB8 was determined by
fluorescence titration against MPCP dye by exciting the sample at 368 nm and collecting the
emission intensity at 531 nm. The concentration of the memantine stock solution was
determined by a fluorescence-based indicator displacement assay using CB8DBC: as the
chemosensor by exciting the sample at 445 nm and collecting the emission intensity at

520 nm.'?

Table 3.4: Absorption maxima (Amax) and molar extinction coefficients (exmax) of the dyes and analytes used for
the determination of the concentration of their stock solutions by UV-Vis absorption titration measurements.

Sample Mex Sjmax »
(nm) M'cm™)
(Ry)-MPCP 335 7,110'32
(Sp)-MPCP 335 7,110'32
(S,)-MVCP 402 11,218
MDPP 413 26,000°%!
CB8-MDPP 443 5500073
MT 340 10830
D-Phe 257.6 19548
L-Phe 257.6 19548
L-Trp-NH; 278 5,580%48
L-Trp-OMe 278 5,580%48
L-Phe-L-Ala 257.6 19548
L-Phe-Gly 257.6 195248
L-Phe-L-Val 257.6 195248
L-Ala-L-Phe 257.6 195248
insulin 276 6,020
rhodamine 6G 529.8 116,000%*8
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The MT receptor and the epoxides, (1R,2R)-1-phenylpropylene oxide and (1S,25)-1-
phenylpropylene oxide stock solutions were freshly prepared each time before the start of the
measurements to avoid any aggregation of the receptor molecule and the hydrolysis of the
epoxides, unless stated otherwise. For the ECD and FDCD measurements, the host and guest
concentrations required to form the host-guest complex were chosen such that a sufficient

degree of complexation of either the host or guest (preferably > 50%) is achieved.

3.5. Additional Information

Synthesis of chiral dyes

e Synthesis of (Sp)-MPCP and (Rp)-MPCP

D w = o = = - -
—_— —_— —_—
> Dt o8 <) > Q
1 (Sp)-1a (Ro)-1b (Sp)-2 (Rp)-2
< =2 o D -
(Rp)-2b (Sp)-3a (Rp)-3b
(Sp)-MPCP (Rp)-MPCP

Scheme 3.1: Synthetic route of (S,)-MPCP.and (R,)-MPCP. (a) Brz, Fecai, DCM, r.t., 3 days, 98%. (b) chiral HPLC.
(c) 4-pyridylboronic acid, Pd(PPhs)s, K3POs, dioxane/H,O (2/1), 110°C, 24 h, 79%. (d) methyl iodide, DCM,
r.t.,3 days, 55%. This synthesis was carried out by Dr. Eduard Spuling from the research group of Prof. Stefan
Briése.

e Synthesis of (Sp)-MVCP

Q @) Q (b) d) ) —
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(Sp)-4a (Sp)-6a
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Scheme 3.2: Synthetic route of (Sp)-MVCP. (a) TiCls, dichloromethoxymethane, DCM, 0°C, 6 h, 94%. (b) R-(+)-
phenylethylamine, toluene, 86°C, 5 h, 27%. (c¢) SiO,, DCM, on-column hydrolysis, 98%. (d) piperidine,
1,4-dimethylpyridinium iodide, MeOH, 65°C, 2 h, 22%. This synthesis was carried out by Yichuan Wang from
the research group of Prof. Stefan Brése.
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FDCD characteristics

e User guide for FDCD measurements

The FDCD measurement of any sample can be conducted by following the steps below:

1.

The samples for FDCD measurements are prepared such that the absorbance value does not
exceed 1 (to avoid signal saturation) and if possible, in a low viscosity solvent to avoid
photoselection artefacts (see section below — Photoselection artefacts in FDCD).

FDCD spectra are inherently chiral excitation spectra. Hence, prior to the measurement,
both the excitation and emission spectra of the sample are collected on a separate
fluorescence spectrometer to choose the appropriate long-pass filter (LP-Filter) for the
measurement. If the excitation and emission spectra do not overlap, the LP-Filter is chosen
at the longer wavelength where the excitation spectra ends. However, in cases where the
scatter of the excitation wavelengths overlapped with the emission range, it was of primary
concern to adjust the LP-Filter to a longer wavelength to eliminate the scattered excitation
light.

After selection of the LP-Filter, the HT Voltage on PMT of the FDCD detector (in manual
mode) can be adjusted for the measurement at a value giving proper intensity of the
fluorescence signal by simultaneously avoiding signal saturation (maximum DC < 3 V).
The HT Voltage on PMT of the ECD detector is kept in auto mode. If possible, all the
measurements corresponding to one host-guest system (host-guest spectra, host alone, guest
alone, baseline, etc.) should be conducted at this fixed HT Voltage. If it is impossible to
select one common HT Voltage, e.g., because of strong differences in emission intensity,
the FDCD spectra obtained can be used for comparison instead of AF spectra, or the HT
Voltage-corrected AF spectra explained in the section below can be applied.

The AF signal and the DC voltage (or total fluorescence) are then collected in two separate
channels along with the ECD spectra for both the sample and the baseline solvent used.
The FDCD spectra are then obtained by subtracting the baseline from the sample signals to
get baseline-corrected AF and DC spectra, and finally dividing the baseline-corrected AF
signal by the DC voltage to get the FDCD result. The FDCD data was only obtained in cases

where a measurable AF signal was present.
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e Comparison of AF signal collected at varying HT Voltage and bandwidth and

correction function for HT Voltage-corrected AF signal

The AF signals were optimized with respect to the HT Voltage applied to the photomultiplier
tube (PMT) of the FDCD detector and bandwidth using ammonium d-10-camphorsulfonic acid
(d-10-ACS) as a reference molecule (see Figure 3.23).

The results depicted in Figure 3.23 showed that it is preferable to fix the HT Voltage (if
possible) and bandwidth in each measurement series and to compare only absolute AF signals

for the same measurement parameters.
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Figure 3.23: Variation of (a) AF and (b) total fluorescence (or DC voltage) with respect to HT Voltage (0-800 V)
applied to the PMT of the FDCD detector in case of ammonium d-10-camphorsulfonic acid (d-10-ACS) as a
reference molecule. The signal is monitored at 294 nm at a fixed bandwidth of 4 nm. Variation of (¢) AF and (d)
total fluorescence (or DC voltage) with respect to bandwidth (0.5-8 nm) in case of ammonium
d-10-camphorsulfonic acid (d-10-ACS) as a reference molecule. The signal is monitored at 294 nm at a fixed HT
Voltage of 600 V applied to the PMT of the FDCD detector.

When measuring an analyte concentration-dependent data or sensing studies where a change in
concentration or fluorescence is monitored, the AF data needs to be used, as the FDCD value is
concentration-independent and normalizes the value against the total fluorescence. However,
when considering the AF signals, a direct comparison between two measurements is possible

only when measured at the same HT Voltage, and the other measurement parameters like
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bandwidth, accumulations, data pitch and D.I.T are kept constant. Herein, a function that
correlates the AF signal and HT Voltage was developed to compare measurements taken at
different HT Voltages. The AF signal and fluorescence intensity increase with HT Voltage and
have a maximum at HT = 800 V (Figure 3.23a and 3.23b). However, when utilizing higher
sample concentrations, it is not possible to measure the AF signal at HT = 800 V (or higher HT
Voltages) due to fluorescence saturation. Hence for each sample measurement, the HT Voltage
needs to be set to a value so that the fluorescence DC voltage does not exceed 4 V. In order to
compare the AF signal obtained at different HT Voltages, a correction function was introduced,
which correlates the HT Voltage and gives us the factor that needs to be multiplied to the
measured AF signal to obtain the value of the HT Voltage-corrected AF signal (AFcor.) when
measured at an HT Voltage of 800 V. The correction function approximated by an exponential
decay function with time constant parameter (see Figure 3.24) and is given below,

y=A, % et + y, Eq. 3.3
where,
y = factor multiplied to the measured AF' signal to obtain the value of the HT Voltage-corrected
AF signal (AFcorr.) at HT =800 V, x = HT Voltage used for the measurement, t; = time constant
=63.49548, y, = offset = 1

Now,
AF.orr =y X measured AF signal Eq.3.4

Model ExpDec1

Equation y =A1*exp(-x/t1) + y0
30 T Plot Factors

y0 1A+0

25 o A1 96326.22321 /:\: 9260.72776
t 63.49548 A+ 0.75431

Reduced Chi-Sqr 0.04864
R-Square (COD) 099977
Adj. R-Square 0.99972

factors
N
o
1

0 T T T T T T T
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Figure 3.24: Plot of the correction function with respect to HT Voltage.

e Conversion of ECD and FDCD ellipticity values to molar circular dichroism values

The experimentally recorded ECD ellipticity values (8 in mDeg) can be converted to molar

circular dichroism values (Ae in M™' em™) according to Eq. 3.5.
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0

As =
£~ (32980 x 1 x 0)

Eq. 3.5
where c is the concentration of the sample in mol L! and 1 is the path length of the cell in cm.

The experimentally recorded FDCD values can be corrected for absorbance and converted to

Aé by following Eq. 3.6.196:197:19

2xSx(1—-1074) F, — Fr
Ae = g, — &g ; = ( )

" (cx1x 104 x In10)’ F, + Fp Eq.3.6

where k is the instrument proportionality constant, 1. and Fr are the fluorescence with left and
right circularly polarized excitation, A is the absorbance of the sample, c is the concentration

of the sample in mol L! and 1 is the path length of the cell in cm.

As the k value is a conversion constant specific for each machine, it was initially determined at
the standard ECD spectrometer with the FDCD setup at INT laboratory using 0.0024 M
ammonium d-10-camphorsulfonic acid (d-10-ACS) as the reference. For a non-viscous solution
of a single chiral and fluorophore molecule such as d-10-ACS, the molar circular dichroism
calculated from both ECD and FDCD ellipticity values should arrive at the same spectra (see
Figure 3.25). Taking this into account, the k value was determined to be 5.934 x 10~. Hence
the Eq. 3.6 can be written as follows:

e (5154 X 107%) x (1 — 1074) x (F, — Fy)
ETATRT (cx1x1074) x (F, + Fg)

Eq. 3.7

The Ae values obtained from ECD and FDCD ellipticity values were termed as Aeecp and
Aerpcep, respectively. Figure 3.25d depicts the Aeecp and Aerpep values obtained from the ECD
and FDCD ellipticity values in the case of 0.0024 M d-10-ACS.
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Figure 3.25: (a) ECD, (b) FDCD and (c) absorbance spectra of 0.0024M d-10-ACS in water. Parameters used: HT
=970V, BW = 4 nm, Acc = 20, LP-Filter = 380 nm. (d) Ae¢gcp (green) and Aerpcp (blue) spectra of 0.0024M
d-10-ACS calculated from ECD and FDCD ellipticity values according to Eq. 3.5 and Eq. 3.7 respectively.
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¢ Photoselection artefacts in FDCD

Care needs to be taken when performing FDCD measurements, especially when the system of
interest exhibits a strongly polarized fluorescence, resulting in photoselection artefacts
occurring from the anisotropic excitation of the emitted light.>**% When the rotatory Brownian
motion is restricted within the fluorescence lifetime of the chromophore used (especially for
larger molecules and in viscous solvents), the electronic dipole transition moments of the
absorption and emission bands may not be parallel or perpendicular to each other. Hence, in the
presence of photoselection, the observed fluorescence will be polarized, i.e., the fluorescence
intensities of the vertical and horizontal components F; and F. differ, and the ratio
Pr=(F) - Fu)/(F) + F1), known as fluorescence polarization, is non-vanishing. Thereby the
observed differential emission upon excitation with a circularly polarized (CP) light source will
not reflect the differential absorption of the CP light in a straightforward manner. From a
practical viewpoint, however, the polarization of emitted light can also arise from unwanted
artefacts in the FDCD instrument. This can introduce additional artefacts in FDCD due to the
linear polarization present in the CP light produced by imperfect optical components in
commercial ECD instruments. If the left-CP/right-CP excitation beams contain some residual
linear polarization, a difference in the fluorescence signal will be detected not arising from the

sample’s optical activity, 99271312313
y

Photoselection artefacts can be eliminated by using an artefact-free FDCD unit (as shown
before in Figure 3.14), which uses a unique design that includes a sandwiched elliptical cylinder
mirror with two plane mirrors so that all fluorescence light emitted in a circumferential direction
from the cell is collected.’***!*The artefact-free FDCD unit not only eliminates artefacts due to
fluorescence polarization, but also increases the signal-to-noise ratio (S/N) by collecting a large
fraction of emitted radiation.>®*!* The artefacts can also be reduced by using a polarizer at 85°

in the emission path, but this decreases the S/N as fewer photons are detected.'”

To check for the presence of photoselection artefacts in FDCD measurements, it is advisable to
measure the fluorescence-detected linear dichroism (FDLD) spectrum that can be obtained in
addition to FDCD and ECD spectra (see Figure 3.13c). In the absence of signal artefacts, the
FDLD spectrum should not give any signal. Furthermore, measurement of the excitation
anisotropy of the system by using either the ECD or a fluorometer equipped with polarizers can
give supplementary information about the sample’s properties and check the influence of

photoselection artefacts in FDCD measurements (see Figure 3.13d). Because photoselection is
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independent of the chirality, it can in general, be also identified by using enantiomeric pairs of

the host or guest.
e Correction of signal artefacts in FDCD

(1) In most of the representative supramolecular host-guest systems, the photoselection
artefacts, if any, present for the achiral receptor molecules, arise mainly near the excitation peak
maxima of the fluorophore and are often clearly distinct from the induced chiroptical peaks that
are observed in the presence of the chiral analyte. Besides, they are independent of the chirality
of the guest or host. Hence the photoselection artefacts do not pose any obstacle for FDCD

sensing applications.

(i1)) However, in cases where the signal artefacts arising from the achiral receptor molecule
alone overlap with the induced chiroptical peaks that are observed in the presence of the chiral
analyte (for e.g., in the case of the AF signals from CB8*MDPP receptor), the signals were
corrected by subtracting the signal artefacts arising from the receptor alone in all the cases. This

is verified in case of the example below.

The racemization reaction between D-Phe and L-Phe in the presence of CB8*MDPP receptor
was studied using both ECD and AF. An addition of a 1:1 equivalent of D-Phe and L-Phe to the
CB8*MDPP receptor results in a racemic mixture and hence should exhibit no ECD and AF
signals. However, the racemic mixture still showed the signal artefacts in the AF spectrum
similar to the spectrum of the receptor alone (Figure 3.26b). Hence the corrected AF spectrum
is obtained by subtracting the signal artefacts arising from the receptor alone (Figure 3.26c¢).
Overall, photoselection artefacts do not strongly interfere with the FDCD signals when

accounted for properly.
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Figure 3.26: (a) ECD and (b) AF spectra (not corrected for the signal artefacts arising from the receptor alone) of
CB8+*MDPP (20 uM) in the presence of D-Phe (50 uM), L-Phe (50 uM) and a 1:1 mixture of D-Phe and L-Phe
(50 uM) in water. The red line represents the AF' signals arising from the CB§*MDPP (20 uM) alone. (c) The
corrected AF spectra obtained after subtracting the signal artefacts arising from the receptor alone. Parameters
used: HT = 520 V, BW =4 nm, Acc = 20, LP-Filter = 515 nm.
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Additional data
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Figure 3.27: (c) ECD and (d) AF spectra of (Sp)-MPCP (100 nM) in the presence of CB8 (100 nM) in Water at 20
accumulations (green line) and at 100 accumulations (dark yellow line). Parameters used: HT = 800 V, BW =
4 nm, LP-Filter = 420 nm.

Table 3.5: Single-wavelength ECD and AF measurements of CB8*MDPP receptor in the presence of varying
concentrations of L-Phe-Gly analyte. The parameters were kept constant for each individual set of measurements.

Samplel®! AF HT! AF orr!! ECD

V) \2) V) (mdeg)
CB8-MDPP 20 uM + L-Phe-Gly 50 pM 6.79 520 188.31 3.17
CB8*MDPP 10 pM + L-Phe-Gly 25 uM 4.95 540 101.53 1.40
CB8-MDPP 2 uM + L-Phe-Gly 5 uM 3.35 620 21.89 0.38
CB8-MDPP 0.4 uM + L-Phe-Gly 1 uM 1.78 760 2.87 -0.05

[a] Measured at BW =4 nm, Aobs = 333 nm, Data Pitch =30 s, D.I.T =30 s, fmeasure = 10 min, LP-Filter = 515 nm;
[b] HT Voltage applied to the PMT of the FDCD detector. Hence this is only influencing the AF value, not the
ECD value (different detectors); [c] Corrected AF value at HT = 800 V

Table 3.6: Single-wavelength ECD and AF measurements of CB§*MDPP receptor in the presence of varying
concentrations of L-Phe-L-Val analyte. The parameters were kept constant for each individual set of
measurements.

Sample'! AF HT™ AF corel! ECD

V) V) V) (mdeg)
CB8*MDPP 20 uM + L-Phe-L-Val 50 uM 5.22 520 144.77 2.62
CB8*MDPP 10 uM + L-Phe-L-Val 25 uM 4.01 540 82.25 1.20
CB8*MDPP 2 uM + L-Phe-L-Val 5 uM 2.22 620 14.51 0.21
CB8-MDPP 0.4 pM + L-Phe-L-Val 1 pyM 1.25 760 2.01 0.02

[a] Measured at BW =4 nm, Aobs = 333 nm, Data Pitch =30s, D.I.T = 30 s, fmeasure = 10 min, LP-Filter = 515 nm;
[b] HT Voltage applied to the PMT of the FDCD detector. Hence this is only influencing the AF value, not the
ECD value (different detectors); [c] Corrected AF value at HT = 800 V
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Figure 3.28: (a) ECD and (b) AF spectra of CB§*MDPP (10 pM) in the presence of phenyl-p-D-galactopyranoside
(50 uM) (red line) in 10 mM phosphate buffer at pHS5 and the spectra after hydrolysis of phenyl--D-
galactopyranoside by -galactosidase (43 pg/ml) (green line). Single-wavelength time course (¢) ECD and (d) AF
measurements of CB8*MDPP (10 uM) in the presence of phenyl-B-D-galactopyranoside (50 pM) in 10 mM
phosphate buffer at pH 5 upon addition of B-galactosidase (43 pg/ml). Parameters used: HT = 550V, BW = 4nm,
Acc = 20, LP-Filter = 515 nm, Aobs = 350 nm, Data Pitch = 5s, D.I.T = 8s, fmeasure = 21 min.

114



Chapter 4

4 Development of new fluorescence-based Kkinetic assays for
detailed insights into host-guest binding dynamics and analyte
identification and quantification

The results described in sections 4.2.1 and 4.2.2 of this chapter have been published as
“Teaching indicators to unravel the kinetic features of host—guest inclusion complexes” in
Chemical Communications, 2020.°"! The experimental design, investigation, and data analysis
were carried out by me under the supervision of Dr. S. Sinn and Dr. F. Biedermann. The
manuscript was organized and written under the guidance of Dr. I’ Biedermann. The co-authors
contributed by providing materials for analysis (MPCP: from the group of Dr. S. Brdse, MDAP:
Dr. L. Grimm), additional supporting data (CB7°AdOH, CB8°AdOG, and CB8+*FeCp>OH
binding constants by ITC: Dr. L. Grimm) along with valuable discussions and reviewing the
article draft. Sections in this chapter have been reproduced from the published work?"! with
permission from the Royal Society of Chemistry.

4.1. Introduction

Supramolecular systems based on dynamic host-guest interactions are of significant interest in
analytical chemistry, sensing, and drug delivery applications.!®3315316 A detailed
understanding of the molecular recognition event of host-guest binding is crucial to advance
their practical applications, such as in sensing assays and stimuli-responsive/self-healing
materials.!#4272317319 Both thermodynamic (e.g., binding affinities) and kinetic (e.g.,
complexation and decomplexation rates) parameters are needed for a proper analysis of the
association and dissociation processes of host-guest interactions and to characterize the
molecular recognition event.!#4%72317-319 However, to date, the binding affinity, K, is often used
as a first characterizer in the physico-chemical description of supramolecular host-guest
complexes and is frequently employed to test and develop binding models and assess the
sensitivity and selectivity requirements of analyte sensing assays. 129326 Binding affinities of
host-guest complexes have been obtained for a wide range of hosts and guests>>7%327328 by
several different techniques, such as through absorbance or NMR titrations and calorimetric

measurements (ITC) in representative direct binding assays,!!3161:32

or competitive-binding
assays such as the indicator displacement assay (IDA)’>!'3 and the lately by our group
introduced guest displacement assay (GDA)!'** (see General Introduction - Section 1.2.2 for the

assay descriptions).

In recent times, it has become clear that knowledge of kinetic parameters is also required to
obtain a complete picture of supramolecular systems.*>*3162.163 For instance, the kinetic rate

constants of supramolecular complexes are critical parameters for understanding catalysis,”
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319,330 331-334

stimuli-responsive materials, protein-ligand binding mechanisms and drug delivery
systems.**3338 In addition, the design of out-of-equilibrium systems also requires knowledge of
both K, values and rate constants.***-**! However, to date, except for CEST-active*® or slowly
equilibrating systems that can be monitored by NMR (e.g., DOSY, EXSY, inversion
recovery),!92342347 kinetic rate constants of supramolecular systems are experimentally mostly
only available for chromophoric or emissive systems.*>!93-1% These experiments are typically
conducted as time-resolved direct host-guest binding titration assays, herein abbreviated as
kinDBA (see Figure 4.1a). However, most water-compatible macrocyclic hosts or analytes
(guests) of interest are spectroscopically silent, and their kinetic parameters cannot be accessed
through a kinDBA. Subsequently, there is a strong mismatch between the number of reported
binding affinities and kinetic parameters for any class of host-guest complexes. For instance,
the macrocyclic cucurbit[n]urils (CBn) (see Figure 4.2a) are a promising class of water-soluble
hosts that bind a wide range of guests, including amino acids, peptides, proteins, steroids, drugs,
dyes, etc., with high binding affinities in aqueous media.'*>’>**34° However, a survey for the
cucurbit[n]uril macrocyclic hosts on the supramolecular repository “SupraBank.org” revealed
that only 3% of all entries for CBn-guest complexes also included kinetic rate constants, in
agreement with the much larger number of K, values versus kinetic parameters tabulated in

reviews. Hence, new methods for the determination of kinetic parameters of host-guest

interactions are needed.

Furthermore, in view of developing practical sensing assays, a thermodynamic analysis of
host-guest systems alone is often insufficient for achieving the desired selectivity requirements
of the assay. As an example, several reports have exhibited the performance of CBns and their
chromophoric CBredye complexes for the detection of analytes, label-free reaction monitoring,
and chirality sensing through absorbance, fluorescence, circular dichroism, and NMR
measurements.’&81:167.173201 However, despite these advancements, it remains challenging to
apply CBn-type chemosensors for selective sensing applications.***%! One major limiting
factor of CBn — and many other macrocyclic hosts — for sensing applications is their
promiscuous binding behavior and similar binding affinities for many bioorganic compounds,
corresponding to a low thermodynamic selectivity (see Figure 4.12a in Section 4.2.3). For
instance, while CB8 has been used for capturing and solubilizing steroids with nanomolar
binding affinities, its immediate utility for sensing applications in complex biofluids appears
very limited because atleast 20 different steroids are bound with somewhat similar binding
affinities, mainly in the range of 10°-10% M!.7°>2 Kinetic insights into the host-guest binding

interactions can help gain additional mechanistic information for the selectivity assessment of
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supramolecular sensing assays.*>*162163 However, thermodynamic values are still emblematic
of the field!!>!3*16! "and reports on kinetic insights to gain selectivity are still lacking in the

literature.

In my investigations, I developed three novel competitive approaches through which the kinetic
rate constants of host-guest complexes, can be accessed for spectroscopically silent hosts and
guests. The chapter firstly focuses on the assay descriptions, followed by the determination of
kinetic rate constants for several host-guest and protein-ligand complexes as representative
examples. Furthermore, a new kinetic method is described for selective analyte sensing even in
situations of poor thermodynamic binding selectivity to enable a selective identification and

quantification of analytes without the need to synthetically modify the parent host.

4.2. Results and Discussion

4.2.1. Novel approaches for unraveling the kinetic features of supramolecular
host-guest systems

Three novel competitive approaches were introduced here for acquiring the kinetic parameters
of spectroscopically silent host-guest complexes through a fluorescence-based assay. A
competitive binding network consists of a host (H), guest (G), and a competitor/indicator dye
(D) (see Figure 4.1b-4.1c) and can be described both by thermodynamic (see General

Introduction - Section 1.2.2)!>*

and by kinetic equations (see Eq.4.6-Eq.4.14). The binding
affinities of the host-dye (HeD) and host-guest (H*G) complex are denoted here as K!'Pand
KHG | respectively. The complexation and decomplexation rate constants of the HeD and H+G

complexes are symbolized by k{10 & k! and k¢ & kHE respectively.

The first competitive method introduced here is the time-resolved guest displacement assay,
kinGDA. In a kinGDA, an indicator dye solution is mixed with a spectroscopically silent pre-
equilibrated host-guest solution, and the direct fluorescence signal change upon displacement
of the guest from the host by the dye is monitored with time (see Figure 4.1b). The mathematical
expression for the background-corrected observable signal intensity, I; at time ¢, is given by Eq.
4.14, assuming that both the host and the guest are spectroscopically silent. The complexation
(kilflc) and decomplexation (k£iG) rate constants of the host-guest complex can be obtained by
fitting the experimentally obtained signal-time curve of the non-equilibrated competitive
binding network following the equations, Eq. 4.6-Eq. 4.14 Note that the kinetic equations imply

an “Sn17-type, i.e., purely dissociative mechanism for the decomplexation step of the H*G and

HeD complexes. The detectable kinetic rates depend on the following factors: (i) the
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concentrations of the host, guest, and indicator dye, (i1) the kinetic rate constants of the dye,
kfP and kfIP which can be determined by a kinetic direct binding assay (kinDBA, see Eq. 4.1-
Eq. 4.5), and (iii) the unknown kinetic rate constants k}.C and kG of the spectroscopically
silent guest, which can be extracted from the time-resolved kinGDA curves through a
mathematical fitting. The thermodynamic and kinetic parameters, i.e., affinity and rate
constants, are coupled to each other through KH6= kHG/ kHC and the goodness of the fit
improves when this is used as an input parameter. Hence, the K¢ values were determined prior
to the measurement, e.g., through competitive binding titrations such as GDA or IDA or direct
binding assays (DBA) (see General Introduction - Section 1.2.2 for the thermodynamic assay

descriptions).

a) kinetic Direct Binding Assay (kinDBA) d) binding kinetics by stopped-flow analysis
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b) kinetic Guest Displacement Assay (kinGDA)
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Figure 4.1: Working principles of supramolecular assays consisting of the host (H), guest(G), and indicator dye
(D) for the determination of complexation (k%) and decomplexation (k!$) rate constants of host-guest (H*G)
complexes. k!IP and k8P indicate the complexation and decomplexation rates of host-dye (HeD) complex (a) The
known kinetic direct binding assay (kinDBA) that is limited to spectroscopically active host or guests. (b) and
(c) Herein introduced competitive kinetic guest displacement assay (kinGDA) and kinetic indicator displacement
assay (kinIDA) that are also applicable to spectroscopically silent guests. (d) A typical stopped-flow setup in
combination with fluorescence measurements used to monitor the kinetic traces, represented here in case of a
kinGDA.
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HD
kin

H+D &2 HD Eq. 4.1
kout
d[HD]
— = Ki? - [H],[D]; — k&R - [HD], Eq. 4.2
kinDBA d[D],
T: _kil;I’D [H ] [D]t+kout [HD]; Eq. 4.3
d[H]
dtt _kil-lllD [ ] [D]t out [HD]t Eq- 4.4
Ip = 1°+ 1" - [HD], +I” - [D], Eq. 4.5
HG+ D 2 HD 4+ G (kinGDA) or HD + G 2 HG + D (kinIDA)  Eq. 4.6
kHG
H+G 2 HG Eq. 4.7
kout
kP
H+D &2 HD Eq. 4.8
kout
d[HD],
kinGDA —— = ki’ - [H1[D]. — kG - [HD], Eq. 4.9
or d[D]
T “= —kfi? - [H][D], + k& - [HD], Eq.4.10
kinIDA
d[HG]
< = kS ]G], — ki [HG], Eq. 4.11
d[G]
= ki [H[G], + K3 - [HG], Eq. 4.12
d[H]
T = KD [HLD], + KR - D] —KfC - HLIG + k5% oy s
- [HG];
I = 1°+ 1" - [HD], + I - [D]; Eq. 4.14

Parameters for Eq. 4.1 to Eq. 4.14 were assigned as follows: [H], — host concentration at time ¢, [D], — dye
concentration at time ¢, [G], — guest concentration at time ¢, [HD], — host-dye concentration at time ¢, [HG]; —
hosteguest concentration at time #, klI° — rate constant for the association of the host-dye (HD) complex
(complexation), k!B — rate constant for the dissociation of the host-dye (HD) complex (decomplexation), kfG —
rate constant for the association of the host-guest (HG) complex (complexation), k}S — rate constant for the
dissociation of the host-guest(HG) complex (decomplexation), I°— background signal, I"'°— constant proportional
to the fluorescence efficiency of host-dye (HD) complex at the monitoring wavelength, I°— constant proportional
to the fluorescence efficiency of free dye (D) at the monitoring wavelength, I, — observable signal as a function of
time.

119



The second competitive kinetic method introduced here is the pseudo-first order kinGDA
(kinGDAP™), which has a close analogy to some literature reports.>**33 In a kinGDAP™, the
kHC values can be obtained without explicit knowledge of the kinetic rate constants of the
indicator dye. Firstly, the host-guest solution is pre-equilibrated, followed by the spiked
addition of an excess of a high-affinity dye. The fluorescence signal change upon guest
displacement from the host by the dye is monitored with time. The use of an excess of the
indicator dye allowed for decoupling the guest and dye rate constants for (de)complexation
through a pseudo-first order approximation (see Eq. 4.15 — Eq. 4.22). The recorded kinetic trace
is then fitted by a simple exponential decay function (Eq. 4.22) to yield the kinetic

kHGvalue is then obtained from kf16=HS x

decomplexation rate constant k:1G of interest. The
KHG. The knowledge of the exact concentrations of the involved partners is not needed in a
kinGDAPTO, thereby making them a more practical choice. However, it is essential to note that
the applicability of kinGDAP is restricted because the condition, k}1¢[G],<« k{IP[D], should
be fulfilled. Ideally, in kinGDAPT©, the recorded traces should overlay upon varying the dye

concentration, excluding any concentration-induced changes in the binding mechanisms.

kiPII1G [G]o < kiI-IIlD [Dlo Eq. 4.15
ki iy
HG+D—>H+G+D - HD+G Eq.4.16
kowt < ki}le [Dlo Eq. 4.17
kgt
HG + D =% HD + G Eq. 4.18
. d[HD] d[HG],
PFO t
kinGDA i = kNG . [HG), Eq. 4.19
d[HG] S amal, |
t t
—kHG - dt = | —kHG - dt Eq. 4.20
[H G] . out j [H G] ¢ out q
[HG]o
In[HG], = In[HG], —kHS -t  [HG], = [HG], e koutt Eq. 4.21
I, = 14 + Ae~kourt Eq. 4.22

Parameters for Eq. 4.15 to Eq. 4.22 were assigned as follows: [D]; — dye concentration at time #, [D], — dye
concentration at time 0 (initial dye concentration), [G]; — guest concentration at time ¢, [G], — guest concentration
at time O (initial guest concentration), [HD], — hostedye concentration at time ¢, [HG]; — hosteguest concentration
at time #, [HG], — hosteguest concentration at time 0 (preequilibrated hosteguest complex), kfIP — rate constant for
the association of the hostedye (HD) complex (complexation), kP — rate constant for the dissociation of the
hostedye (HD) complex (decomplexation), kln —rate constant for the association of the hosteguest (HG) complex
(complexation), k&G — rate constant for the dissociation of the hosteguest(HG) complex (decomplexation), 1°9—

signal offset (at equilibration of HD), A— amplitude, I, — observable signal as a function of time.
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Lastly, a third competitive method, the time-resolved indicator displacement assay (kinIDA), is
introduced, which can be employed to obtain the kinetic rate constants of spectroscopically
silent host-guest complexes. In kinIDA, a pre-equilibrated host-dye solution is mixed with the
guest solution, and the direct fluorescence change upon displacement of the dye by the guest in
the host cavity is monitored (see Figure 4.1c). The kinIDA method can be compared to the
analogous kinGDA method (see below), and the complexation (k{%) and decomplexation
(kHG) rate constants of the host-guest complex can be obtained by fitting the recorded kinetic

trace following the equations, Eq. 4.6-Eq. 4.14.

The three introduced competitive approaches, kinGDA, kinGDA™©, and kinIDA are in the

following section employed to obtain the kinetic parameters of several host-guest pairs.

In general, a stopped-flow setup in combination with fluorescence measurements was used to
monitor the kinetic traces. Stopped-flow is a powerful technique used to study reaction kinetics
on a millisecond to minute timescale.>>**> In a typical stopped-flow setup (see Figure 4.1d),
the two syringes are loaded, for e.g., in a kinGDA, with the indicator dye solution and the pre-
equilibrated host-guest solution, respectively. On initiation of the measurement, both syringes
are automatically and simultaneously engaged to release the same amount (150 pL) of each of
the two different solutions, which then passes through the mixer into an observational cell with
a quartz window. This results in a twofold dilution of the initial stock solutions and rapid
mixing. After an initial period when the mixing is presumed to occur (typically 1-3 ms and
often referred to as the “dead time”), the flow is stopped, and the fluorescence signal is recorded
as a function of time (see Figure 4.1d). Once the signal-time response has been obtained, the
data from the stopped-flow experiment is fitted to the appropriate kinetic assay shown in Figure

4.1 to obtain rate constants for the desired interaction.

4.2.2. Determination of kinetic parameters of several host-guest and protein-
ligand complexes

The three introduced competitive approaches were employed to determine kinetic rate constants
of spectroscopically silent or even insoluble guests with macrocyclic cucurbit[#]uril family and
the protein human serum albumin (HSA) as representative hosts. Cucurbit[#n]urils (CB6, CB7,
and CB8) that bind a wide range of guests’>">
the developed methods. As indicator dyes, DSMI'?%23¢ was utilized in the case of CB6, BC*

and MDAP* in the case of CB7, and MPCP'3? in the case of CBS8. To check if the method can

were ideal hosts to evaluate the applicability of

be extended to protein-ligand systems, the binding interaction of human serum albumin (HSA),

358,359

a biologically important carrier protein , and anti- inflammatory drug phenylbutazone>’
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Figure 4.2: Chemical structures of (a) hosts, (b) fluorescent indicator dyes, and (c) guests utilized in this study.

was evaluated. Warfarin®>*3 that binds HSA was utilized as the indicator dye. The chemical

structures of all the hosts, guests, and dyes used in this study can be found in Figure 4.2.

Prior to conducting the kinetic investigations of host-guest systems through the competitive
approaches, the kinetic rate constants for the indicator dye and host binding interactions were

obtained through a kinDBA approach (see Figure 4.3).
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Figure 4.3: Representative kinDBA curve determined by fluorescence intensity variations of (a) DSMI (0.27 uM)
and CB6 (0.28 uM) (Aexe =450 nm, Aems =575 nm), (b) BC (0.2 uM) and CB7 (0.3 pM) (Rexc =465 nm,
Aems = 525 nm), (¢) BC (1.2 uM) and desalted CB7 (1.0 pM) (Aexe = 430 nm, Aems = 530 nm), (d) MDAP (71 nM),
and CB7 (72 nM) (Aexe =339 nm, Aems =454 nm), (¢) MPCP (0.2 pM) and CB8 (0.1 puM) (Aexe =366 nm,
Aems = 533 nm) and (f) MPCP (0.2 uM) and desalted CB8 (0.21 pM) (Aexe = 366 nm, Aems = 533 nm) in water at

25°C. Acquired data is depicted as gray dots and fitted data following the direct binding model (Eq.4.5) as red
line.
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The obtained k}P and k[P values are given in Table 4.1 and were utilized as input parameters
for fitting the respective kinetic traces obtained via the competitive binding model for different
host-guest systems. The binding affinity KX'P, were taken from the available literature data, orif
not reported were obtained through thermodynamic DBA assays (see Figure 4.18 in

Section 4.5 - Additional Information).

Table 4.1: Kinetic rate constants (k{iP and kHP) for host-dye complexes determined by kinDBA in water.

dye host KD 1al /M1 gt KHD 121/ g1 method logkHP
DSMI CB6 (1.9+0.8) x 10® 24.4+04 kinDBA 6.90"!
BC CB7 (6.0+1.5) x 10° 0.4+0.1 kinDBA 7.230
BC CB74 (2.5+£0.3) x 10° 0.2+0.03 kinDBA 7.03(¢]
MDAP  CB7 (24:05 %100  (9.0+£18)x10°  kinDBA  9.43[
MPCP CBS (1.2+0.6) x 107 3.0+1.6)x10° kinDBA 12.591
MPCP  CB8M  (20+£1.0)x107  (5.1£1.6)x 106  kinDBA  12.5910

If not stated differently, all experiments have been conducted in deionized water at 25 °C. [a] mean and standard
deviation in parenthesis of at least 3 independent measurements. Minor to no differences in dye binding kinetics
have been found for non-desalted and desalted hosts. [b] See Figure 4.18a in Section 4.5 - Additional Information
for binding isotherm. [c] ref.'** [d] desalted CB7/CB8 was used. [e] See Figure 4.18b in Section 4.5 - Additional
Information for binding isotherm. [f] ref.!>2.

4.2.2.1. CBneguest complexes

Based on the number of glycoluril units (n), CB6, CB7, and CBS8 hosts have varying cavity
diameter and portal sizes (see Figure 4.4).'* In addition, the portal diameter is generally smaller
than that of the cavity (see Figure 4.4), which means the portal is a kinetic barrier to guest
ingression and egression.!>>®! The kinetics of CBneguest complexes are hence, primarily
expected to depend on the portal size of the host, the molecular size of the guest, and the
preferred conformation adopted by the guest inside the CBn cavity.!®? For instance, the cavity
of CB6 and its portals is too small to include large/bulky guest molecules.!®> CB6 complexes
generally undergo a slow exchange of the guest. The tight portals of the host regulate access to
the inner cavity and lead to constrictive binding.'®? This means the ingression of the guest into
the cavity requires a substantial activation barrier, which is due to the required widening of the
tight portals of the host for guest inclusion.'®® While, for the larger hosts, CB7 and CBS, the
kinetic rate constants are expected to be much faster than CB6 complexes for similar guests, in
analogy with the CB7 and CB8 portals being more flexible than CB6.!64165:318.362-364 A 4 reqylt,
the thermodynamics of complexation may not be directly related to the kinetics in the intuitively
expected manner. The thermodynamics reports on the stabilization inside the cavity, while the

kinetics reports on steric interactions with the portals during ingression.'®?
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Figure 4.4: (a) Chemical structures and the 3D representation (space-filling model) of CBn. Reprinted with
permission from ref.!3> Copyright 2015 Americal Chemical Society. (b) Structural parameters for the hosts CB6 ,
CB7, and CB8.” Reprinted with permission from ref.!* Copyright 2015 Americal Chemical Society.

There are still many unanswered questions about the binding mechanisms of CBneguest
complexes. Different mechanisms can occur depending on the characteristics of the guest. In
my investigations, I employed the newly introduced time-resolved competitive approaches to
determine the kinetic parameters of several CBneguest complexes. In addition, the available
kinetic and thermodynamic data were correlated to get detailed insights into the host-guest

binding event.

CB7 and CB8 are known to bind several structurally similar steroids with high binding affinities
in water.” Thus, as a first example, the kinetic features of several steroids binding to both CB7

and CBS8 are evaluated.

A kinGDA approach was used to obtain the kinetic rate constants of the steroidal drug
nandrolone binding to host CB7 using BC as the indicator dye. Figure 4.5a shows the kinetic
traces obtained when BC was mixed with a solution of spectroscopically silent CB7+nandrolone
complex in water, resulting in a displacement of nandrolone from the CB7 cavity for the
inclusion of the indicator dye. Comparable results were obtained when a kinIDA approach was
utilized for the same system (see Figure 4.5b). In addition, a kinGDAP'® method was utilized,
where an excess of the indicator dye BC or MDAP was added to the solution of CB7¢nandrolone
complex in water, and the kG values obtained by fitting the kinetic traces to a simple
exponential decay function (see Figure 4.6a and 4.6b). The kinGDAP'® method was applicable

for BC as the indicator dye, and the obtained kinetic parameters were in good agreement with

the kinGDA approach (see Figure 4.6a and Figure 4.5a).
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Figure 4.5: Representative (a) kinGDA and (b) kinIDA curve determined by fluorescence intensity variations
(Aexe = 462 nm, Aem = 540 nm) of BC (2 uM), nandrolone (2 uM) and CB7 (2 uM) in water at 25 °C. Acquired
data are depicted as gray dots and fitted data following the competitive binding model (Eq. 4.14) as red line in
kinGDA and blue line in case of kinIDA.

a) b)

OH

5 08 kinGDA = JO8
s 06 KiS =23x10°Ms? S 08 kinGDA y(/ A
£ Y97 - e 9 HG — 3\l
5 s:, k§G =2.0x10%s? £ 5 k‘" 92X 10°M's nandrolone
= 04 =~ 07 Ko =82 x 1045
kinGDA™® kinGDAP
0.2 k_:':\G =24x10°M's’ 0.6J kS =92 x 103 M s
0 K¢ =2.1x10%s" k:i —~83x10%s"
o 1 2 3 4 5 6 0 1000 2000 3000 4000
time (hours) time (sec)
c) d)

S 091 . 3 %9
s in phosphate buffer s in phosphate buffer
e os kinGDAF g E 081 kinGDA?
= ki =3.0x10°M's' = o KES = 2.5 X 10°Ms”
071 kie =3.7x107s" ' K =3.1x102s"
: 06
0 50 100 150 200 0 50 100 150 200
time (sec) time (sec)

Figure 4.6: Representative kinGDA curve determined by fluorescence intensity variations of (a) BC (50 pM),
nandrolone (2 pM), and CB7 (2 uM) (Aexe = 462 nm, Aems = 540 nm) and (b) MDAP (40 uM), nandrolone (2 uM)
and CB7 (2 uM) (Aexe = 343 nm, Aems = 454 nm) in water at 25 °C. Representative kinGDA curve determined by
fluorescence intensity variations of (c) BC (50 uM), nandrolone (2 pM) and CB7 (2 pM) (Rexc =462 nm,

ems = 550 nm) and (d) MDAP (25 uM), nandrolone (2 uM) and CB7 (2 uM) (Aexe = 343 nm, Aems = 454 nm) in
sodium phosphate buffer (50 mM) at 25 °C. Acquired data is depicted as gray dots and fitted data following the
competitive binding model (Eq. 4.14) as red line and following the pseudo-first order model (Eq. 4.22) as green

line.

However, the high dye concentrations for kinGDAP™ can sometimes cause undesirable
associative-binding contributions to HeG decomplexation mechanism. For example, upon using
MDAP as the indicator dye, at higher concentrations, the dicationic dye may form a (transient)
ternary complex with charge-neutral CB7enandrolone in deionized water, causing an apparent
increase in k2G values (see Figure 4.6b). This scenario is plausible because the decomplexation

rate of CB7enandrolone was strongly increased in phosphate buffer (Figure 4.6¢ and 4.6d),
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which implies the formation of ternary M™ «CB7enandrolone complexes. (see ref.*+3% for the
existence of M""*CBneG complexes). Thus, ternary dye*CB7eguest complexes are likely not
present in buffered or saline aqueous media, and the high dye concentration needed for the

kinGDAPTO method is of no concern (see Figure 4.6 and Table 4.2).

Similarly, kinetic parameters were obtained for several other steroids, such as cholesterol and
estradiol binding to CB7 via kinGDA and kinGDAP'© approaches using BC as the indicator dye
(see Figure 4.7a and 4.7b). The kinetic rate constants obtained from both methods were in good
agreement. Note that the &inGDA method is extendable for determining the decomplexation
rates of insoluble guests such as estradiol” through precomplexation with the water-soluble
host. The applicability of kinGDA to insoluble guests is an asset it shares with the
thermodynamic GDA method.'*

The kinetic parameters obtained for the CB7esteroid complexes studied reveal significant
differences in their kinetic behavior. The ingression of nandrolone into the CB7 cavity shows
the lowest complexation rate constants in water, followed by estradiol and cholesterol (Figure
4.6a and Figure 4.7). This could arise from the different binding geometries adopted by
structurally similar steroids in the CB7 host cavity, which depends on their peculiar size or
shape.” In addition, due to the smaller cavity and portal size of CB7 in comparison with larger
homologs like CB8, the guest molecules are in a more constrained environment in CB7
complexes and hence result in a tight inclusion of the guest in the CB7 cavity.”” As a result,
significant changes in the kinetic parameters can arise even from small structural varaions in
the steroid molecules. In addition, for the eggression of steroids from the CB7 cavity,

cholesterol shows the fastest decomplexation rate constants, followed by estradiol and
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Figure 4.7: Representative kinGDA curve determined by fluorescence intensity variations (Aexc =462 nm,
Aems = 550 nm) of (a) BC (50 uM), cholesterol (2.45 pM), and CB7 (2.22 uM) in water/ethanol (99.9/0.1, v/v)
mixture and (b) BC (50 uM), estradiol (3.9 uM) and CB7 (3.9 uM) in water at 25 °C. Acquired data is depicted as
gray dots and fitted data following the competitive binding model (Eq.4.14) as red line and following the pseudo-
first order model (Eq. 4.22) as green line.
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nandrolone, which is in accordance with the higher K¢ values of CB7 for nandrolone,

followed by estradiol and cholesterol.”!>*

The kinetic rate constants of several steroids, such as nandrolone, testosterone, and
prednisolone binding to the host CB8, were investigated using both kinGDA and kinGDAPT©
approaches and MPCP as indicator dye. Figure 4.8 shows the kinGDA traces obtained when
the ultra-high-affinity dye MPCP was mixed with a spectroscopically silent CB8esteroid
complex solution in water. During the re-equilibration, the steroid guest leaves the CBS cavity,
making room for the inclusion of indicator dye MPCP, the stronger binding guest. Again, the
kinetic rate constants obtained from both kinGDA and kinGDAPY© approaches were in good
agreement. For the CB8esteroid complexes, the complexation rate constants for the different
steroids studied, i.e., nandrolone, testosterone, and prednisolone, were nearly similar (Figure
4.8). This observation can be attributed to the larger cavity and portal size of CB8 than the CB7
host. Hence, the given guest will have more room in the CBS cavity, and the ingression of the
guest into the cavity is not limited by constrained interactions.”” However, the decomplexation
rates constants of the CB8esteroid complexes were significantly lower for CB8stestosterone,
compared to CB8<nanrolone and CB8<prednisolone (Figure 4.8), which is in accordance with

higher K!S values of CBS for testosterone, followed by nandrolone and prednisolone.”
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Figure 4.8: Representative kinGDA curve determined by fluorescence intensity variations (Aexc =366 nm,
Aems = 533 nm) of (a) MPCP (50 pM), nandrolone (1 pM) and CB8 (1 uM), (b) MPCP (50 pM), testosterone
(1 pM) and CBS (1 uM), and (c) MPCP (50 pM), prednisolone (5 uM) and CB8 (5 uM) in water at 25 °C. Acquired
data is depicted as gray dots and fitted data following the competitive binding model (Eq. 4.14) as red line and
following the pseudo-first order model (Eq. 4.22) as green line.
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The CB8¢nandrolone complex shows a complexation rate constant, which is considerably larger
than that found for its CB7 complex. This observation is again due to the smaller portal and

cavity size of CB7 compared to CB8, which can affect the guest entry.

In addition to steroids as guests, the kinetic rate constants for a high-affinity guest,
I-adamantanol (AdOH) with CB7, were determined by the kinIDA model using BC as the
indicator dye (Figure 4.9a). A kinIDA method is utilized in such situations when the guest
studied has a much higher binding affinity for the host than the utilized indicator dyes. In
addition, the kinetic parameters of 1-adamantanol (AdOH) with CB8 were also obtained via
both kinGDA and kinGDAFP™ (Figure 4.9b). AAOH shows a very high binding affinity for CB7
compared to the CB8 complex.*®” CB7 allow a more tight inclusion of the adamantane guests
inside their cavity.>®”*¢® However, the complexation rate constant is considerably lower for the
CB7¢AdOH complex than observed for its CB8 complex (Figure 4.9). The low ki}rIIG value of
CB7¢AdOH compared to CB8*AdOH can be attributed to the smaller portal and cavity size of
CB7 compared to CBS8, which can act as a kinetic barrier to guest entry. In addition, the kinetic
parameters reflect a very low decomplexation rate constant of the CB7°AdOH complex
compared to the CB8 complex, which is in accordance with the high binding affinity of AAOH
for CB7 compared to CB8 as well as the portal effects on guest eggression.

a) b)

0.84 0.9 OH
— = kinGDA
j :§ HG 7 “1e-1
5 0.6 308 ki¢=1.2x10"M's
s 0.
£ £ 0.4 kinIDA g @ kon=197s" 1-adamantanol
il KIS =17 x 10°Ms = - (AdOH)

in . 0.7 kinGDAP™
0.2 ke =6.6x 10°s™ ke =1.2x10’M's”
o 0~6] K6 =1.92 5
0 50 100 150 0 1 2 3
time (sec) time (sec)

Figure 4.9: (a) Representative kinIDA binding curve determined by fluorescence intensity variations (Aexe = 430
nm and Aems = 530 nm) of BC (1.2 uM), CB7 (1 uM), and adamantanol (5 pM) in water at 25 °C. Acquired data
is depicted as gray dots and fitted data following the competitive binding model (Eq. 4.14) as blue line.
(b)Representative kinGDA curve determined by fluorescence intensity variations (Aexe = 366 nm, Aems = 533 nm)
of MPCP (10 uM), adamantanol (1.43 pM), and desalted CB8 (1 M) in water at 25 °C. Acquired data is depicted
as gray dots and fitted data following the competitive binding model (Eq. 4.14) as red line and following the
pseudo-first order model (Eq. 4.22) as green line.

4.2.2.2. Proteincligand complexes

The binding interaction of the anti-inflammatory drug phenylbutazone*’ to human serum
albumin (HSA)*%3%° was investigated as a representative example of host-protein systems.
Before conducting the kinetic investigation of the protein-ligand interaction through the

competitive approach, the kinetic rate constants for the indicator dye, warfarin®>>**° binding to

128



HSA in PBS, were obtained through the kinDBA method (Figure 4.10a). Figure 4.10b
demonstrates the determination of kinetic rate constants for the binding of phenylbutazone to

HSA by kinGDA in PBS.
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Figure 4.10: (a) Representative kinDBA curve determined by fluorescence intensity variations (Aexc =335 nm,
Aems = 410 nm) of warfarin (100 pM) and HSA (20 uM) in PBS at 25 °C. Acquired data are depicted as gray dots
and fitted data following the direct binding model (Eq. 4.5) as red line. (b) Representative kinGDA curve
determined by fluorescence intensity variations (Aexc =335 nm, Aems =410 nm) of warfarin (100 uM), PBZ
(40 uM), and HSA (20 uM) in PBS at 25 °C. Acquired data are depicted as gray dots and fitted data following the
competitive binding model (Eq. 4.14) as red line.

The new kinetic methods, kinGDA, kinGDAP™, and kinIDA, introduced in this investigation
were applicable to all the host-guest, and protein-ligand pairs studied and allowed the
convenient determinations of their kinetic rate constants. Table 4.2 shows the summarized data
for all the systems studied. It needs to be noted that, in order to obtain meaningful rate constants
through these methods, the host-guest and host-dye displacement step should follow a strictly

d3>3 associative mechanism. To confirm

dissociative and not an additional, occasionally observe
the dissociative mechanism, several tests can be adopted. (i) k<inGDA can be conducted at
different dye concentrations and should provide similar k{16 and kHG values. The kinGDA
method can be compared to the analogous kinIDA method and should arrive at similar rate

constants for the systems studied, see above.

In several cases, utilizing the competitive approaches for kinetic investigations can circumvent
the need for a stopped-flow setup, as the equilibration times in a competitive assay are much
longer than when using a kinDBA method. As a result, kinetic characterizations of several
CBneguest complexes can now also be performed in laboratories that do not have access to
specialized stopped-flow equipment. For example, the kinetic rate constants of CB7+steroid and
CBS8esteroid complexes can be determined in a cuvette equipped with a magnetic stirrer on a
standard fluorescence spectrometer. However, in the case of B-cyclodextrin complexes with
high-affinity guests such as adamantanol, the competitive kinGDA and kinIDA experiments
resulted in equilibration times that were even too fast (<100 ms at 25°C) for our stopped-flow
setup. Thus, in the studied CBn complexes and the protein-ligand complex, the kinGDA,
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kinGDAP™®, and kinIDA investigations yielded reliable fits for guest egression

rates kHG <1057,

Table 4.2: Kinetic rate constants (kil}’lG and k%) for host-guest and protein-ligand complexes determined by
kinGDA, kinIDA, and kinGDAF© in aqueous media.

guest! host®  EHG /M1 6! kS /571 method’ logktl¢
4-MBA CB6! (3.3 +0.03) x 10* (6.5£0.05) x 10*  kinIDA 7.7t
cholesterol CB7! (7.0£0.1) x 10* (8.7£0.1) x 102 kinGDA®! 5.9
(7.0£0.1)x 10*  (87+0.1)x 102 kinGDAPF [l
estradiol CB7 (4.2+0.1)x 10* (2.0+0.1)x 10 kinGDA€! 6.3
(43+0.1)x10*  (21£0.1)x 102 kinGDAPFOIs]
adamantanol CB7! (1.7£0.1) x 10° (6.6+0.4) x 106 kinIDA!#! 10.41
CBS!il (1.2+0.03) x 107 1.97 £0.06 kinGDAU! 6.8
(1.2+0.02) x 107 1.92 £0.02 kinGDAPFOU]
nandrolone™  CB7™  (4.1+£0.4) % 10° (3.6+0.2) x 10* kinGDA!¢! 7.1t
45+03)x 100 (41+02)x10*  kinIDAL
CB7P! 23+0.4)x10° (2.0+0.2) x 10* kinGDA#! 7.1[el
Q4+05)x10°  (21+£02)x 104  kinGDAP™Le)
CB79  ((9£02)x10°)  (8+0.8)x 104  kinGDAH 7.10)
(9% 0.2) X 10%) (8£0.8)x 10%)  kinGDAP™
CB7Y (3.0 02)x10°  (3.7+0.1)x 102  kinGDAPPll 521
(2.5E01)x 10°  (3.1£0.1)x 102 kinGDAPFO!
CBS (1.4+0.1) x 10° (6.8+0.4) x 10 kinGDAU! 7.3l
(1.5+0.1) x 10° (7.1+£0.2) x 10 kinGDAPFOU]
prednisolone CBS8 (1.6 £0.2) x 10° 1.1£0.1 kinGDAU 6.2
(1.5+0.2) x 10° 1.1+0.1 kinGDAPFOU]
testosterone CB8 (1.6 £0.1) x 10° (1.5+£0.1) x 102 kinGDAU! 8.0l
(1.6 £0.1) x 10° (1.5+0.1) x 10 kinGDAPFOU]
ferrocenyl CB8H  (2.1+0.1) x 107 58+04 kinGDAU! 6.6"
methanol . .
(2.0+0.2) x 107 5.7+£0.2 kinGDAPFOU] 6.6
phenylbutazone HSAM (6.6 +0.6) X 10° 1.0£0.1 kinGDAM 5.8M0]

H

Errors (StDev) from triplicate measurements are <30% in k[1% and k% (also, taking into account estimated errors

in k110 and k8P values used for fitting in the competitive binding model). If not stated otherwise, experiments
were conducted in deionized water at 25 °C. Minor to no differences in guest binding kinetics have been found for
non-desalted and desalted hosts. [a] See Figure 4.2 for chemical structures. [b] see Table 4.1 for indicator kinetics
[c]in deionized water with 8.23 uM HCI. [d] DSMI as dye. [e] see Figure 4.19a in Section 4.5 - Additional
Information for details. [f] H,O/ethanol (99.9/0.1; v/v) mixture. [g] BC as dye. [h] see ref.!>* [i] desalted CB7/CBS.
[[IMPCP as dye. [k] see Figure 4.19b in Section 4.5 - Additional Information for details. [1] determined by ITC
(see Figure 4.20 in Section 4.5 - Additional Information for details). [m] CB7 (2 uM), nandrolone (2 uM). [n] dye
(2 uM). [o] see ref.” [p]dye (50 uM). [q] dye (40 pM) likely associative mechanism also present, see text. [r] BC
(50 uM) or MDAP (25 uM) in sodium phosphate buffer (50 mM). [s] MDAP as dye. [t] calculated using the
formula presented in ref.!’°. [u] in phosphate buffered saline (PBS). [v] warfarin as dye. Determination of kinetic
parameters of CB6°MBA and CB8e«ferrocenyl methanol can be found in Section 4.5 - Additional Information
(Figure 4.21).
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The kinetic rate constants that were obtained through the use of the presented methods (Table
4.2) along with the reported literature data (see Table 4.5 in Section 4.5 - Additional
Information) were converted to Gibb’s activation energies by Eyring's equation (see Eq.1.7-
Eq.1.8 in the General Introduction - Section 1.2.2). The calculated Gibb's activation energies
for all the systems investigated can be found in See Table 4.5 in Section 4.5 - Additional
Information. In addition, Gibb’s free energies for the formation of the complex (AG,) were
calculated (see Eq. 1.3 in the General Introduction - Section 1.2.2) from the available
thermodynamic binding affinities (see Table 4.5 in Section 4.5 - Additional Information for the
data). A correlation plot was then obtained for Gibb's free energy (AG,) of complex
formation versus Gibb's energy of activation (AG¥) for complexation (AGf) and
decomplexation (AGH,) to get detailed insights into the host-guest binding event. The
correlation plot displayed in Figure 4.11 shows a clear decoupling of the thermodynamic and
kinetic features for the CBn-guest, and HSA-guest complexes investigated. A first assessment
demonstrates that increased thermodynamic stability is not always correlated to increased
kinetic inertness of the CBn-guest complexes. In addition, the correlation plot gives insights
into how kinetics can be affected by the geometry of host-guest complexes in the case of CBn
systems. It can be concluded that the smaller the portal size of the CBn host, the higher will be
Gibb’s energy of activation for complexation and decomplexation as the guest molecules will
face a barrier from the smaller portal size to enter/exit the CBn cavity. A more detailed analysis
of this correlation plot will be possible once more kinetic data is available, thereby motivating

a future in-depth analysis of these host-guest inclusion complexes.

1201
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’_é o S . /O CB6
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= 60 ,
o 50 ®/O CB8
= N ®/0 HSA
oo ° i
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-AG, (kJ/mol)

Figure 4.11: Correlation plot of Gibb's free energy (AG,) of complex formation versus Gibb's energy of activation
(AG*) for complexation (AG{ ) and decomplexation (AGZ,). Values were calculated from acquired and literature
data for CBn (CB6-CB8) and HSA guest complexes (see Table 4.5 in Section 4.5 - Additional Information).
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4.2.3. Kinetic selectivity of molecular recognition for analyte identification and
quantification

Analyte identification and quantification are essential for practical sensing applications. Several
supramolecular hosts and receptor molecules, for e.g., cucurbit[n]urils have been reported to
bind a wide range of biologically relevant analytes with high binding affinities.?®>72%
However, a lack of thermodynamic selectivity in the case of CBn and other macrocyclic hosts
due to similar binding affinities for many bioorganic compounds (see Figure 4.12) have limited

their immediate practical utility for selective sensing applications in complex media such as

biofluids containing potential interferents.

e( g
K s
/a @ %' KaHGAi K:GB
= HeG, g
mmp ° [G]/M
\ 2 HG HG
~ 5 Ko~ K
HG a a
K™ g
a o no thermodynamic
HeG _g selectivity
’ [Gl/M

Figure 4.12: Schematic representation for the complexation of two guest molecules, guest A (Ga) and guest B
(Gp), possessing binding affinities that are different (K)'°4 # K)'°®) and similar (K}'°* ~ K}'°®) with the host

molecule (H). The degree of complexation depicts a lack of thermodynamic selectivity for the latter case,
preventing analyte identification and quantification.

In this section, the kinetic selectivity of supramolecular host-guest interactions is evaluated for
selective analyte sensing, even in systems exhibiting poor thermodynamic selectivity. The
newly developed competitive approaches described in the previous section were adopted for
kinetic investigations and to achieve both analyte identification and quantification (see Figure
4.13a and 4.13b). Three representative structurally closely related steroids, testosterone,
progesterone, and nandrolone, were chosen as the analytes of interest (see Figure 4.2c). The
CBS8 macrocyclic host (see Figure 4.2a) exhibits extraordinary binding affinities for these

steroids but possesses very similar KX values indicating a lack a thermodynamic selectivity.”

The kinetic complexation (kiljlc) and decomplexation (k!%) rate constants of the three

CB8esteroid complexes were explored through the time-resolved competitive approach. Figure
4.14b displays the kinetic trace recorded upon spiked addition of MPCP to a spectroscopically
silent 1 uM CB8esteroid solution in water. A kinGDAPT© analysis was utilized here, which

facilitated a quick assessment of the kLG values by fitting the kinetic traces recorded by a simple

exponential decay function. The obtained kG and k!¢ values are listed in Table 4.3.
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Figure 4.13: Working principle of earlier introduced supramolecular competitive (a) kinetic guest displacement
assay (kinGDA) and (b) kinetic indicator displacement assay (kinIDA) consisting of a host (H), guest (G), and

indicator dye (D) for the determination of kinetic rate constants (kil}llG and k1) of HeG complexes. For a practical

assay, a pseudo-first-order kinGDA (kinGDAPT©) can be used for analyte identification in the first step, followed
by a kinIDA for analyte quantification.

The kinetic and thermodynamic parameters as shown in Table 4.3 were used to obtain the
simulated kinetic traces for CB8esteroid upon addition of MPCP according to the mathematical
equations for a kinGDA binding model (Eq. 4.6 - Eq. 4.14) and is shown in Figure 4.14a. The
simulated results are in good agreement with the experimental k<inGDAP traces obtained (see
Figure 4.14 and Figure 4.22a in Section 4.5 - Additional Information for the overlaid
experimental and simulated spectra after normalization). Thus, such simulations are a practical,
informative tool and when combined with experimental data helps to differentiate several

analytes in unknown samples and mixtures.

A significant kinetic selectivity (see Figure 4.14 and Table 4.3) was observed for CB8 binding
to all three steroids, testosterone, progesterone, and nandrolone. For instance, CB8 exhibits a
thermodynamic selectivity factor (= KCB8Testosterone jpCB8eProgesteroney p 5 g

testosterone over progesterone, while the kinetics traces recorded showed a three times higher

CB8e¢Progesterone .
g /kCBB Testosterone) of 3.4.

selectivity with a kinetic selectivity factor (= kg out

Hence, this showcase depicts a situation where investigations into the binding kinetics aid in

analyte differentiation even in the absence of thermodynamic selectivity.

The kinetic investigations were also carried out for a mixture of two steroids as guests to
evaluate the practical applicability of the kinetic method for analyte differentiation in mixtures.

Figure 4.15 displays the kinGDAP'® traces recorded for a solution containing CB8 and an
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H 9’
JS0L

nandrolone

—— nandrolone * nandrolone

£ —— progesterone § * progesterone
—— testosterone -5 440 ° testosterone OH
progesterone G
420 ./03
0 50 100 150 200 250 0 50 100 150 200 250 testosterone
time (sec) time (sec)

Figure 4.14: (a) Simulated kinGDA curve and (b) experimental kinGDAF© curve determined by fluorescence
intensity variations (Aexe = 376 nm, Aems = 533 nm) of CB8etestosterone (1 puM, blue line), CB8eprogesterone
(1 pM, green line) and CB8enandrolone (1 uM, black line) hosteguest complex upon spiked addition of MPCP dye
(50 uM) in water at 25 °C. The red line depicts the fitted data following the kinGD AP binding model (Eq.4.22).
The k88 and kfIC rate constants for the CB8ssteroid binding interaction hence obtained is given in Table 4.3 and
were used as input parameters in the <inGDA binding model (Eq. 4.14) to obtain the simulations.

Table 4.3: Experimental kinetic complexation (kfl%) and decomplexation (k%) rate constants for CB8ssteroid

complexes determined by kinGDAFFC in water.

hosteguest!! KHGPl V-t RH1GIel Mt gt EHG el 1
CB8etestosterone 1.1 x 108 1.6(=0.1) x 10° 1.5(x0.1) x 10
CB8eprogesterone 9.3 x 107 4.8(+0.2) x 10° 5.1(x0.2) x 107
CB8enandrolone 2.1 x 107 1.7(=0.1) x 10° 8.1(x0.1) x 102

If not stated differently, all experiments were conducted in deionized water at 25 °C. [a] See Figure 4.12b and
Figure 4.13c-4.13d for chemical structures. CB8 and steroids are present at a concentration of 1 pM each. MPCP
(50 uM) was used as the indicator dye. For the kinetic and thermodynamic parameters of the CB§*MPCP host-dye
complex, see Table 4.1 [b] ref.” [¢] Errors (StDev) from triplicate experiments are <20% (also taking into account
estimated errors reported in K¢ values”, which are used in calculating the kil}’lG values)

equimolar mixture of two steroids as guests, followed by a spiked addition of MPCP. The
kinetics traces so acquired were initially compared to the kinGDAF© traces recorded for the
individual steroids as guests, which gave an initial indication of the components of the mixture

(Figure 4.15a and 4.15b). Additional information was gained by fitting the kinetic traces to a

HGA)

bi-exponential decay function (Eq. 4.23) to yield the decomplexation rate constants (k

and(k?ftB) for the two guests with CBS (see Figure 4.15c and 4.15d), which were then compared
to the previously obtained kinetic parameters listed in Table 4.3. The simulated kinGDA curves
can be obtained for assay containing a mixture of two guests following the mathematical
equations Eq.4.24 to Eq.4.34. Figure 4.16 displays the simulated kinetic traces for CB8 with a
mixture comprising varying concentrations of testosterone and progesterone as guests, followed
by the addition of MPCP dye. The kinetic and thermodynamic parameters listed in Table 4.3
were used as input parameters for the simulations. Comparing the experimental kinGDAPT

traces obtained in Figure 4.15a for the mixture to the simulated results enabled clearly
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differentiating the components of the mixture along with calculating the concentration ratio of

one steroid over the other in the mixture (see Figure 4.16).

HGB.t

I, = I1°9 + Ale"‘?liA't + A,e Fout Eq. 4.23

Parameters for Eq. 4.23 were assigned as follows: k?ft“ and k?ftB — rate constant for the dissociation of the
host-guest-A (HGa) and host-guest-B (HGg) complex, respectively (decomplexation), 1°9— signal offset (at

equilibration of HD), A— amplitude, I, — observable signal as a function of time.

kiPIIlGA kiPIIlGB
koutA koutB
kD
H+D 2 HD Eq. 4.26
kot
d[HD]
—3 = K- [HL[D] — k&R - [HD], Eq.427
d[D
kinGDA % = —k!D. [H],[D], + k5D - [HD], Eq. 4.28
(With d[HG ]
A
o T‘ = k1% [H],[Gal: — kESA - [HG,], Eq. 4.29
uests d[GA]
guests) AL = 1O ], [Gale + et - [HG], Fa.4.30
d[HGg]
T‘“ = k%8 . [H],[Gg], — k1S - [HGg], Eq. 4.31
d[Gg]
o= ki’ [H][Gee + kg’ - [HGa, Eq.4.32
d[H]
= —hin - [H1[D], + k& - (D], — k™ - [H[Gal,
+ k- MGl =k 0P - [HL (Gl + e P94
) [HGB]t
I, = I1°+ ["P - [HD], + IP - [D], Eq. 4.34

Parameters for Eq. 4.24 to Eq. 4.34 were assigned as follows: [H], — host concentration at time ¢, [D], — dye
concentration at time 7, [G,]; — concentration of guest-A at time ¢, [G,]; — concentration of guest-A at time ¢, [Gg];
— concentration of guest-B at time 7, [HD]; — host-dye concentration at time ¢, [HG,]; — host-guest-A concentration

at time ¢, [HGg], — host-guest B concentration at time ¢ k{.° — rate constant for the association of the host-dye (HD)

complex (complexation), kfIP. — rate constant for the dissociation of the host-dye (HD) complex (decomplexation),

kil_r[lGA — rate constant for the association of the host-guest-A (HGa) complex (complexation), ki]_rllGB — rate constant
HGp

out — rate constant for the dissociation

for the association of the host-guest-B (HGg) complex (complexation), k

of the host-guest-A (HGA) complex (decomplexation), kg\ﬁB — rate constant for the dissociation of the host-guest-B

(HGg) complex (decomplexation), I°~ background signal, I"P— constant proportional to the fluorescence
efficiency of host-dye (HD) complex at the monitoring wavelength, I°— constant proportional to the fluorescence
efficiency of free dye (D) at the monitoring wavelength, I, — observable signal as a function of time.
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Figure 4.15: Experimental kinGDAPO curve determined by fluorescence intensity variations (Aexc = 376 nm,
Aems = 533 nm) for a mixture of two steroids as guests (yellow line) in case of (a) CB8 (1 uM), testosterone
(0.5 uM) and progesterone (0.5 pM) and (b) CB8 (1 uM), testosterone (0.5 uM) and nandrolone (0.5 uM) upon
spiked addition of MPCP (50 uM) in water at 25 °C. The kinGDAP*© traces recorded for the individual steroids as
guests as shown in Figure 4.14b is given for a visual comparison in (a) and (b). The red solid line in graphs (c) and
(d) depicts the fitted data following a bi-exponential decay function (Eq. 4.23) for the recorded kinGDAP'® traces

containing a mixture of two steroids as guests. The k?ftA and k?uGtB kinetic parameters for the two guests with CB§

as obtained from the fitted data are depicted for each case in their respective graphs.

a) simulation 7 b) :
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Figure 4.16: (a) Simulated kinGDA binding curve for a mixture of two steroids as guests in case of CB8 (1 uM)
with varying concentrations of testosterone and progesterone upon spiked addition of MPCP dye (50 uM) in water.
The kinetic and thermodynamic parameters listed in Table 4.3 were used as input parameters in the kinGDA
binding model with two guests (Eq. 4.34) to obtain the simulations. (b) Comparison of the experimental
kinGDAPFO traces as obtained in Figure 4.15a for CB8 (1 uM), testosterone (0.5 uM), and progesterone (0.5 uM)
upon spiked addition of MPCP (50 uM) (yellow line) to the simulated data (black solid line) at the respective
concentrations show a good agreement between both results. The data were normalized to [0, 1] for the
comparisons and to obtain the overlaid simulated and experimental spectra.

Accordingly, I successfully gained selectivity for analyte differentiation through insights into
the kinetics of host-guest interactions. However, in a practical assay, the main target is the
analyte identification and quantification once an unknown sample with an unknown

concentration is provided. Ideally, in a kinGDAP© method, the kinetic traces should be
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independent of the guest concentration (Figure 4.13a). Thereby, the recorded traces should
overlay regardless of the guest concentration in the sample, excluding any concentration-
induced changes in the binding mechanisms. This is advantageous for analyte identification in
a sample with an unknown guest concentration. Figure 4.17a represents the simulated kinetic
traces according to the k&inGDA binding model (Eq. 4.14) for CBS at different concentrations
of nandrolone as guest, followed by spiked addition of MPCP dye. The kinetic and
thermodynamic parameters listed in Table 4.3 were used as input parameters for the
simulations. Under kinGDAP*© conditions, the simulated curves showed the analyte
concentration independence on the kinetic traces recorded with time. The assay was also
conducted experimentally upon varying the nandrolone concentration in the sample (Figure
4.17b). The experimental results are in good match with the simulations, thereby providing a
reliable method for analyte identification. This approach was also evaluated when we had a
mixture of two steroids as guests. Here as well, the simulated kinetic traces were independent
of the steroid concentration in the mixture, and the recorded traces overlaid at a given
concentration ratio of one steroid over the other in the mixture (see Figure 4.16a for the
simulated results). However, a multicomponent mixture analysis will require more complex

calculations and has not been attempted in the course of this study.

Once the analyte in the sample has been identified, the next approach is a quantification step
where the concentration of the analyte in the media needs to be evaluated. A competitive
kinIDA (Figure 4.13b) approach was utilized here to achieve this. To carry out a kinIDA
analysis for nandrolone as the guest molecule of interest, CB7 was used as the host with BC as

the indicator dye.

Figure 4.17d displays the kinetic traces recorded upon the addition of the CB7+BC reporter pair
to solutions containing varying concentrations of nandrolone. Significant changes in the
recorded kinetic traces were observed upon increasing the nandrolone concentration. The
kinetic traces were fitted according to kinIDA binding model (Eq. 4.14) and the kinetic
parameters obtained are listed in Table 4.4. The parameters listed in Table 4.4 were utilized to
obtain the simulated kinetic traces (see Figure 4.17c¢) according to mathematical equations for
a kinIDA model (Eq. 4.6 - Eq. 4.14). The experimental results were in good agreement with the
simulated data (see Figure 4.17c and 4.17d and Figure 4.22b in Section 4.5 - Additional
Information for the overlaid experimental and simulated spectra after normalization) and is

therefore a useful, informative tool to quantify the amount of analytes in unknown samples.
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Figure 4.17: (a) Simulated kinGDA curve and (b) experimental kinGDAFP curve determined by fluorescence
intensity variations (Aexe = 376 nm, Aems = 533 nm) upon varying analyte concentrations for CB8 (1 pM) and
nandrolone (1.2 — 35.3 uM) host-guest complex upon spiked addition of MPCP dye (50 pM) in water.
(c) Simulated kinIDA curve and (d) experimental kinIDA curve determined by fluorescence intensity variations
(Aexe = 462 nm, Aems = 540 nm) upon varying analyte concentrations for nandrolone (1.2 — 35.3 uM) upon addition
of CB7 (1 pM) and BC (1 uM) host-dye complex in water. The red line in (d) depicts the fitted data following the
kinIDA binding model (Eq.4.14). The kinetic rate constants (k{l% and k1) for the CB7+nandrolone binding
interaction hence obtained is given in Table 4.4 and were used as input parameters in the kinIDA binding model
(Eq. 4.14) in order to obtain the simulations in (c).

Table 4.4: Experimental kinetic complexation (k{1¢) and decomplexation (k!%) rate constants for CB7oNan
complex at varying Nan concentrations determined by kinIDA in water.

hostedye'! [nandrolone]® / pM TR R EHG I/ g1
CB7BC 1.2 4.3(+0.3) x10° 3.8(x0.2) x10*
(1 uM) 5.1 5.5 0.3) x10° 4.9 0.2) 10

15.3 6.0(x 0.4) X103 5.4(x0.2) x10°*
25.5 6.5(x 0.3) X103 5.8(x0.2) x10™
353 6.8(x 0.3) X103 6.1(x0.2) x10%*

If not stated differently, all experiments were conducted in deionized water at 25 °C [a] See Figure 4.13c-4.13d
for chemical structures. For the kinetic and thermodynamic parameters of CB7+BC host-dye complex, see Table
4.1. [b] See Figure 4.12b for chemical structures. CB7sNan KH%= 1.12 x 10’ M".7% [c] Errors (StDev) from
triplicate experiments are <20%.

Thus, once a pre-library with the necessary kinetic information and simulations is obtained, one
may achieve analyte identification and quantification by comparing experimental data to

simulations.
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4.3. Conclusion

In conclusion, three new time-resolved competitive approaches, kinIDA, kinGDA, and
kinGDAP'®: were developed for the kinetic assessments of spectroscopically silent
supramolecular host-guest complexes through a fluorescence-based assay. The methods
allowed the determination of kinetic rate constants of several host-guest and protein-ligand pairs
as representative examples. The extension to other hosts and supramolecular systems that bind
guest molecules, e.g., cages, will be interesting. Hopefully, these methods will find use in the
supramolecular and protein community due to their ease and scope. The combined information
from the obtained kinetic parameters along with the available thermodynamic literature data
allows to gain a full picture of supramolecular systems and will therefore bring new insights

into supramolecular-, bio- and materials chemistry.

In addition, focus on the kinetics of host-guest binding interactions helped achieve selective
analyte sensing with notable kinetic selectivity for the analytes, even for systems lacking a
thermodynamic selectivity. Consequently, not only the Gibbs free energy but also the activation
energy of complex formation plays a major role in sensing applications. Both analyte
identification and quantification were achieved by combining the kinGDAFP™ and kinIDA
methods. The technique can also be, in principle, applied in the case of mixtures. However,
detailed investigations need to be done for multi-component mixtures analysis. Hence, the new
kinetic method is a nice addition to existing sensing concepts, reducing the requirement to
synthesize selective chemosensors. Investigations into the kinetics of protein-protein and
protein-ligand interactions by surface plasmon resonance method have already been proven
helpful for understanding the molecular basis of such events.>®*3’! Hence, the future design of
selective chemosensors with combined thermodynamic and kinetic investigations will help

realize real-world sensing applications in biofluids.

4.4. Experimental details
4.4.1. Materials

All solvents were used as received from Aldrich or Fluka without further purification. All
chemicals were purchased and used as received unless stated otherwise. CB8 was synthesized
according to literature procedures®** and was also purchased from Strem or Sigma. CB7°7%373,
MPCP!'*2, and MDAP?**%?%7 were synthesized according to literature procedures. Changming

Hu and Dr. Laura Grimm from the research group of Dr. Frank Biedermann carried out the
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synthesis of the host CB7 and the dye MDAP, respectively. Yichuan Wang from the research
group of Prof. Stefan Brise carried out the synthesis of the dye MPCP.

4.4.2. Instrumentation

Absorption spectra were measured on a Jasco V-730 double-beam UV-VIS spectrophotometer
and baseline corrected. Steady-state emission spectra and time-resolved emission profiles were
recorded on a Jasco FP-8300 fluorescence spectrometer equipped with a 150 W xenon arc lamp,
single-grating excitation, and emission monochromators. Emission and excitation spectra were
corrected for source intensity (lamp and grating) and the emission spectral response (detector
and grating) by standard correction curves. All experiments were carried out at 25 °C by using
a water thermostated cell holder STR-812, while the cuvettes were equipped with a stirrer
allowing rapid mixing. Stopped-flow experiments were carried out on a Jasco FP-8300
fluorescence spectrometer equipped with a thermostated (25 °C) SFA-20 stopped-flow
accessory from TgK Scientific Limited. For measurements conducted in water, deionized water
was used in all cases. For spectroscopy analysis in cuvettes, UV plastic cuvettes with a light
path of 10 mm and dimensions of 10x10 mm from Brand with a spectroscopic cut-off at 230 nm
were utilized. The ITC experiments were carried out in deionized water at 25°C on a Microcal

PEAQ-ITC from Malvern.

The differential equations describing the kinetic process described in the chapter have been
solved numerically with Wolfram Mathematica 11/12. A best practice guide on conducting a
kinGDA, kinGDAP'® and kinIDA can be found in the Addition Information. Unless stated
otherwise, "™ represents the normalized signal obtained upon dividing the data by the

maximum value.

4.4.3. Sample Preparation

All stock solutions, unless stated otherwise, were prepared in deionized water and kept in the
fridge at +8 °C for storage. Owing to the low solubility of the steroids, testosterone (114 pM)”>
and progesterone (33 uM)”° in water, their respective stock solutions were prepared in ethanol
and then diluted in the host-containing water for the kinGDA and kinGDAP"© measurements.
The stock solutions prepared in ethanol were stored in the freezer at —20°C. Nandrolone has a
solubility of 810 uM” in water, and hence the stock solution was prepared in water. The
concentration of MPCP, BC, and MDAP stock solutions were determined accurately by using
their molar extinction coefficients (MPCP'*%: 7112 M 'em ™! at 335 nm, BC*7#: 22300 M 'cm ™!
at 344 nm, MDAP?°!: 7800 M 'em ™! at 393 nm) by UV-Vis absorption titration measurements
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in water. For compounds featuring unreported molar extinction coefficient, the stock solutions
were prepared by weighing in the required amount of the pure sample to attain the desired
concentration. The concentration of CBS8 stock solution was determined by fluorescence
titration against a known concentration of MPCP dye by exciting the sample at 368 nm and
collecting the emission intensity at 531 nm in water. The concentration of CB7 stock solution
was determined by fluorescence titration against a known concentration of MDAP dye by
exciting the sample at 339 nm and collecting the emission intensity at 454 nm in water. The
concentration of CB6 stock solution was determined by fluorescence titration against a known
concentration of DSMI dye by exciting the sample at 450 nm and collecting the emission

intensity at 575 nm in water.

4.5. Additional Information
Best Practice Guide for kinGDA and kinGDAF¥0 and kinIDA

1. Gather information on solubility of host and guest in the solvent of interest.

2. Estimate binding constant and kinetic rate constants of host-guest complex, e.g., by
searching for related host-guest pairs on www.suprabank.org, www.supramolecular.org, or
in literature reviews or articles.

3. Calculate which concentration of host and guest are needed to reach a sufficient degree of
complexation of the host (ideally > 50%). A software package is available on GitHub:
https://github.com/ASDSE/thermosimfit/zipball/master for simulations. Excess of guest is

permitted for kinGDA and kinIDA. If the required guest concentration is within the
solubility window, continue with step 5.

4. If the required guest concentration is outside the solubility window, attempt to solubilize
the guest in a solution of the host (sonication can help), followed by filtration/centrifugation
and concentration determination of the host and guest concentration (e.g., by NMR,
UV-Vis, HPLC, etc.)

5. Simulate kinGDA by using Eq. 4.14 and adjust the indicator concentration and the
host-guest concentration while maintaining the degree of host-complexation sufficiently

high. (A software package, https://github.com/ASDSE/kineticsimfit/zipball/master is

available on GitHub: for simulations.) Consider the solubility limit of the indicator. Ideally,
dyes that show strong emission changes or distinct absorbance spectra upon host binding

are chosen.
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6. Simulate the kinDBA (without guest) and kinGDA (with guest) for comparison. The

kinGDA and kinDBA kinetic traces should look sufficiently distinct. If not, choose different
concentrations or a different indicator dye.

Perform the kinGDA with the conditions derived from the simulations by rapidly mixing
the pre-equilibrated HeG solution with the dye solution at a controlled temperature.
Practically, the equilibration time should be > 100 ms for conventional stopped-flow setups.
However, if equilibration times are > 1 min, manual mixing may be used.

Fit the recorded kinGDA traces by using equations Eq. 4.14 utilizing the predetermined

HD kHD

parameters: KD, kP jHD out

and the exact concentrations as an input. Utilizing k}1¢ = EHG .
KHG as an input will increase the goodness of the fit. (A software package is available as

https://github.com/ASDSE/kineticsimfit/zipball/master on GitHub: for fitting.) The signal

factors /1P and 7P may be varied, but their ratio should stay close to the expected value
from the host-dye titration experiment. From the fitting, the host-guest kinetic rate constants
k1S kUG can be extracted. Analogously, this procedure can be applied to the akin method
of kinIDA.

For kinGDAP, perform steps 1 — 7, but with a large excess of dye. Fit the acquired kinetic
traces to Eq. 4.22 to obtain kHS. Subsequently, k{1¢ can be derived by using the relation

HG — 1,HG . ;7HG
kin - kout Ka .
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Figure 4.18: Representative DBA binding isotherm determined by fluorescence intensity variations
(Aexe = 519 nm, Aems = 575 nm) of DSMI (1.21 pM) and CB6 (0 — 2.94 uM) in water at 25 °C. (b) Representative
DBA binding isotherm determined by fluorescence intensity variations (Aexc = 440 nm, Aems = 542 nm) of desalted
CB7 (1.15 uM) and BC (0-3.2 uM) in water at 25 °C. Acquired data is depicted as gray dots and fitted data as red

line.
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Figure 4.19: Representative IDA binding isotherm determined by fluorescence intensity variations (Aexc = 519 nm,
Aems = 575 nm) of DSMI (2.11 uM), CB6 (1.03 uM) and 4-MBA (0-3.87 uM) in water (3.87 pM HCI) at pH 7 at
25 °C. (b) Representative IDA binding isotherm determined by fluorescence intensity variations (Aexe = 378 nm,
Aems = 427.5 nm) of MDAP (3.0 uM), desalted CB7 (2.0 uM), and AdOH (0-6 uM) in water at 25 °C Acquired
data is depicted as gray dots and fitted data as red line.
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Figure 4.20: (a) Representative ITC isotherms of desalted CB8 (16 uM) and adamantanol (0-40 uM) in water at
25 °C. (b) Representative ITC isotherms of desalted CB8 (26 uM) and ferrocenyl methanol (0-60 pM) in water at
25 °C.
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Figure 4.21: (a) Representative kinlDA curve determined by fluorescence intensity variations (Aexc =519 nm,
Aems = 575 nm) of DSMI (2.08 uM), CB6 (1.05 uM), and 4-MBA (8.23 pM) in water (8.23 uM HCI) at pH 7 at
25 °C. Acquired data is depicted as gray dots and fitted data following the competitive binding model (Eq. 4.14)
as blue line. (b) Representative kinGDA curve determined by fluorescence intensity variations (Aexc =366 nm,
Aems = 533 nm) of MPCP (5.25 uM), ferrocenyl methanol (0.8 uM) and desalted CB8 (0.56 uM) in water at 25 °C.
Acquired data is depicted as gray dots and fitted data following the competitive binding model (Eq. 4.14) as red
line and following the pseudo-first order model (Eq. 4.22) as green line.
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Figure 4.22: (a) Comparison of the experimental kinGDAFF® traces (dotted line, expt) to the simulated data (solid
line, sim) for CB8stestosterone (1 uM, blue line), CB8<progesterone (1 uM, green line) and CB8+nandrolone (1
M, black line) hosteguest complex upon spiked addition of MPCP dye (50 uM) in water at 25 °C. (b) Comparison
of the experimental kinIDA traces (dotted line, expt) to the simulated data (solid line, sim) upon varying analyte
concentrations for nandrolone (1.2 —35.3 uM) upon addition of CB7 (1 uM) and BC (1 uM) host-dye complex in
water. The data were normalized to [0, 1] for the comparisons and to obtain the overlaid simulated and
experimental spectra.

Table 4.5: Data used for correlation analysis in Figure 4.11. If not stated differently, values were acquired by me
by fluorescence titration and listed in Table 4.2.

host guest T/°C logK, KNG/ k8 / AG/ AGHE/  AGH//
Y st kJ mol"  kJ mol'  kJ mol
CB6 DSMI 25 6.90 2.0x 108 2.44 x 10! -39.4 25.7 65.1
CB6 4-MBA[® 25 7.71 33x10*  6.49 x 10* -44.0 472 91.2
CB6 cyclobutylmethylamine’” 40 557 59x10° 1.6x10? -33.4 54.2 87.6
CB6 cyclopentylmethylamine®”® 40 5.52 5.5 1.6 X 107 -33.1 72.4 105.6
CB6 cyclohexylmethylamine’” 40 1.90 88x10* 1.1x107 -11.4 95.1 106.6
CB6 4-MBA!bI162 40 2.51 2.7 8.5-107 -15.0 74.2 89.2
CB6 cyclohexylmethylamine Na*12 25 1.67 24x10% 5.1x10° -9.5 93.7 103.2
CB6 cyclohexylmethylamine K*'6? 25 1.83 26x10% 3.9x10° -10.4 93.5 103.9
CB6 cyclohexylmethylamine Rb*12 25 1.92 32x10% 3.8x10° -11.0 93.0 104.0
CB6 cyclohexylmethylamine Cs*'®2 25 195 45x10% 50x10° -11.2 92.1 103.3
CB6 1,4-diaminocyclohexane’® 25 6.15 12x10° 85x%x107° -35.1 89.7 124.8
CB6 N-butyladamantan-1-aminium?33 25 730  44x10* 22x103 -41.7 46.5 88.2
CB7 nandrolone 25 7.05  41x10° 3.6x10* -40.2 52.4 92.7
CB7 estradiol 25 625 4.2x10* 2.0x10? -36.1 46.6 82.7
CB7 BC 25 7.23 6.0 x 10° 3.5x 10" -41.3 344 75.6
CB7 cholesterol 25 591  7.0x10* 8.7x 102 -33.7 454 79.1
CB7 MDAP 25 943  24x107 9.0x10? -53.8 30.9 84.7
CB7 (+)-fenchone’’ 25 746 32-x10* 32x103 -42.6 44.7 87.3
CB7 norcamphor?”® 25 8.18 1.5x10”7 9.8x10? -46.7 32.1 78.8
CB7 flavopereirine perchlorate!®’ 25 7.79 9.0 x 107 1.6 -44.4 27.6 71.9
CB7 BC# 10 772 8.8 x10° 1.6 x 107! -41.9 31.6 73.5
CB7 BC¥ 25 7.37 1.9 x 107 8.1 x 10! -42.1 31.5 73.5
CB7 ((trimethylamino)methyl) 25 1152 20x107  7.0%x 107 -65.8 313 96.7
ferrocene’”’
CB7 R-(+)-2-naphthyl-1- 25 7.03 6.3 x 108 5.5x 10! -40.1 22.8 63.1
ethylammonium cation®'8
CB7 N-butyladamantan-1-aminium?33 25 12.00 24x10" 24x10?° -68.5 30.9 99.4
CB7 1,4-diaminocyclohexane®® 25 836  6.0x10% 2.7 -47.7 229 70.6
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CB7 6-methoxy-1-methylquinolinium®”® 24 630 3.0x10° 1.5x10° -35.8 18.9 54.7

CB7 bis(3,5-dimethoxybenzyl)- 25 >353 3.0x 107 80x10° <202 760 96.4
4,4"-bipyridinium*”®
CB7 bis(3,5-diethoxybenzyl)- 25 >59 9.0x 10"  1.0x10° <-33.7 73.3 107.3
4,4"-bipyridinium*”®
CB7 3',4',7-trimethoxyflavylium ion3% 20 619 7.7x107 5.0x 10! -34.7 27.5 62.2
CB7 2-aminoanthracenium cation’®! 20 636 23x107  1.0x 10! -35.7 30.4 66.1
CB7 1-tri(ethylene glycol)-1'-methyl- 25 5.06 6.0 x 10° 5.3 x 10! -28.9 343 63.2
m-xylyl-4,4'-bipyridinium®*?
CB7 1,1'-(1,4-phenylenebis(methylene)) 25 581  6.2x10"  9.6x107 -33.2 74.2 107.4
bis(pyridin-1-ium-4-carboxylate®*?
CB7 1,1'-(1,4-phenylenebis(methylene)) 25 5.75 3.4 6.0 x 10°¢ -32.8 70.0 102.8
bis(pyridin-1-ium-3-carboxylate®%?
CB7 N-phenyl-2-naphthyl 20 548 12x107 387x 100  -30.7 321 62.8
ammonium cation'®
CB7 1,1'-bis(5-carboxypentyl)- 20 5.57 7.5 % 103 2.0 x 102 -31.3 50.0 81.3
[4,4'-bipyridine]-1,1'"-diium*
CB7 BC 25 7.03 25%x10° 23 x 10! -40.1 36.5 76.7
CB7!! AdOH 25 1041  1.7x10° 6.6 X 10° -59.4 432 102.6
CBS8 testosterone 25 8.04 6.4x10° 5.8 %103 -45.9 399 85.8
CB8 nandrolone 25 8.19 1.1x107 7.1x102 -46.8 32.8 79.6
CBS8 prednisolone 25 6.15 1.6 x 10° 1.1 -35.1 37.7 72.8
CB8 MPCP 25 12.59 1.2 x 107 3% 10° -71.9 32.6 104.5
CBS8 BC'® 10 7.23 6.4 x 107 3.8 -39.2 26.9 66.1
CB8! MPCP 25 12.59 2.0 x 107 5.1 x10° -71.9 313 103.2
CBs FeCp.OH 25 6.56 2.1 x 107 5.8 -37.5 313 68.7
CB8! AdOH 25 6.79 1.2 x 107 1.97 -38.8 32.6 71.3
CB8eBC BC'® 10 6.92 5.0x10°  6.0x 10" -37.5 329 70.4
CB8sMV 1-Naphthylamine-PEG'% 5 4.60 2.5 % 107 3.9 x 102 -24.5 28.6 54.2
CB8eMV 2-Naphthylamine-PEG'% 5 >530 4.0x 107 <2.0x 102 <-28.2 27.5 55.7
CB8sMV Anthracene-PEG'* 5 >6.45 2.8x107 <1.0x 10! <343 28.3 62.6
CB8eMV fluorene-PEG'* 5 >6.45 28x107 <1.0x10' <343 28.3 62.6
CB8sMV Dibenzofuran-PEG'¢* 5 5.83 2.2 %107 3.2 x 10! -31.1 28.9 59.9
CB8eMV Pyrene-PEG'* 5 6.36 1.9 x 107 8.0 -33.9 29.2 63.2
HSA PBZ 25 5.83 6.6 X 10° 9.7 x 10! -33.3 39.8 73.1
HSA warfarin 25 5.15 6.7 X 103 4.8 -29.4 39.8 69.1
HSA tolbutamide’®’ 37 504  6.5x10*  59x 10! -29.9 47.5 774
HSA acetohexamide’®® 37 526 12x10° 6.7x 10! -31.2 459 77.1
HSA verapamil**? 37 418 53x10° 3.5x10"! -24.8 54.0 78.8
HSA gliclazide’® 37 490 49x10* 6.1 x 10! -29.1 48.2 77.3
HSA chlorpromazine’$ 37 479  25x%x10° 3.96 -28.5 44.1 72.5

[a] measured in water by fluorescence-based kinGDA. [b] measured in D,O : formic acid (1:1) mixture by NMR.
[c] desalted CB7/CBS.
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Chapter 5

5 Pillar[n]arene-based fluorescence turn-on chemosensor for the
selective detection of biogenic polyamines in saline media and
biofluids

5.1. Introduction

Biogenic polyamines, such as spermine, spermidine, and cadaverine (see Figure 5.2a), are
naturally occurring organic molecules that are produced by the decarboxylation of amino acids
and found in the cells and body fluids of eukaryotes.**¢3? They play a significant role in the
human body, as they are involved in several biological functions, including cell growth and
proliferation, neuron regulation, immune response, etc.3**** At optimum concentration levels,
polyamines reduce the risk of many cardiovascular diseases and exhibit anti-aging
properties.®3%3%4395 At the same time, altered polyamine levels in the body are often associated
with several diseases, including Alzheimer's and Parkinson’s disease, stroke, heart failure, and
cancer.*¥%%-3 For instance, elevated levels of polyamines were found in the urine, saliva, and
blood serum of cancer patients and thus, serve as useful diagnostic markers for early-stage
disease detection and to monitor the effectiveness of therapy.>*>#%-4%* Hence, it maybe
beneficial to regularly monitor and maintain the level of polyamines in readily accessible
biofluid samples. Current methods for polyamine detection in biological samples primarily rely
on capillary electrophoresis and chromatographic methods, including high-performance liquid
chromatography (HPLC) and gas chromatography (GC).*%3-*% Although these techniques are
very precise, they are time-consuming, require laborious sample pre-treatment, relatively long
analysis times, expensive and complex equipment, and considerable skill. Thereby, the
development of rapid, cost-efficient, and widely applicable methods for polyamine detection

with satisfactory sensitivity and selectivity is of great importance.

Fluorescence-based sensing assays are highly desirable due to their technical simplicity, low
cost, and real-time detection of analytes with high sensitivity and selectivity.!®!!8
Consequently, these assays can be used in high-throughput screening (HTS) to achieve a large-
scale analysis of samples.!!® The past few years have seen an increase in the number of reported
fluorescent chemosensors and nanoparticle-based probes for the purpose of polyamine
detection.>>!49-415 A few notable examples include the use of a negatively charged
dye-embedded micelle for the charge-mediated recognition of polycationic polyamines

1 409,410
b

resulting in a fluorescence “turn-off” signa analyte-directed formation of emissive
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I and fluorescence-mediated

excimers of a sulfonated probe in the presence of polyamines*!
host-guest recognition interactions.®>#12413 However, the functionality of these reported
fluorescent chemosensors was evaluated in deionized water or low-salt buffers, and not
assessed in real biofluids such as human urine, containing high millimolar salt

concentrations,3>!409-413

BODIPY-functionalized gold nanoparticles were reported for
polyamine detection through electrostatic interactions of the negatively charged nanoparticle
with polyamines resulting in displacement of cationic dye.*!* Recently, a reactive probe based
on agarose-coumarin hydrogel was introduced to detect spermine and spermidine in aqueous
buffers, and biofluids spiked with high concentrations of polyamines.*!> Unfortunately, these
nanoparticle-based systems suffer from various limitations interfering with their practical utility
for sensing applications in real biofluid samples. For instance, at high salt concentrations found
in biofluids, these systems can suffer from undesirable cation-exchange reactions and
interferences on the charge-mediated recognition process between the negatively charged
chemosensor and the polycationic polyamines (see Figure 5.1).331:409410412413 Aq 3 result, the
established systems become dysfunctional in biologically relevant media such as PBS, urine or
saliva that contain high millimolar salt concentrations. Besides, the sensing assay require long
reaction times.*'>#1® Importantly, the previously reported fluorescent chemosensors for
polyamines suffer from strong interferences from other biomolecules in the media such as
amino acids and other biogenic amines, proteins and nucleobases, and hence, lack selectivity
for the polyamines of interest.*!7#!8 This makes it difficult to detect and distinguish polyamines
in the media due to the lack of a selective signal output. Furthermore, the reported reactive
probes for the detection of spermine in spiked biofluids show a limit of detection much higher
than what is needed for a practical assay.*!®> Overall, so far available chemosensors and probes

cannot be used to regularly monitor variations in polyamine levels in biofluids.

undesirable cation-exchange reactions in presence of salts

e 900 Qo
° .
! O tsalts
Q ° o
Q Q o
o i
(] (+] Q °
macrocyclic displaced
O =water @ =salts host dye/analyte

Figure 5.1: Schematic representation of the cation-exchange reaction when the known chemosensors become
dysfunctional in biologically relevant media such as PBS or urine. At high salt concentrations, the signaling
binding pockets of the receptor host molecule are occupied by salts and are no longer available for the detection
of relevant analytes. Moreover, chemosensors self-assembled from a receptor host and dye molecule decomposes
at high salt concentrations when the dye displaced from the host cavity by the salts.
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Isaacs and co-workers recently reported a new class of water-soluble macrocyclic sulfonated
pillar[n]arene host, Pillar[n]MaxQ (P[n]AS, n = 5-7), where the negatively charged receptor
possesses ultratight binding affinities for analytes containing quaternary ammonium ions in
aqueous media.”® P[n]AS therefore serves as a prime candidate for the construction of
fluorescent chemosensors for the detection of biogenic polyamines, where the expected high
binding affinity of the host for polycationic polyamines will prohibit any salt interferences on
the charge-mediated recognition event and cation-exchange reactions for sensing studies in
biofluids with high millimolar salt concentrations (Figure 5.2¢ and 5.2d). The P[n]AS host
molecule itself is non-chromophoric and needs to be used in combination with indicator dyes

to furnish a fluorescent chemosensor.

In my investigations, I employed a novel self-assembled host-dye chemosensing ensemble
composed of sulfonated pillar[n]arene host, PSAS (see Figure 5.2b), in combination with
dicationic diazapyrenium based indicator dyes (see Figure 5.2b) to achieve the selective
fluorescence-based detection of biogenic polyamines at concentration levels suitable for
biomedical applications in saline media and biofluids. The relatively strong binding affinity of
the introduced indicator dyes with the host ensures the stability of the self-assembled
chemosensor even at high salt concentrations (see Figure 5.2c). Furthermore, the polyamine
sensing is achieved via the emission turn-on upon displacement of the dye from the host cavity
by the stronger binding polyamine upon adding the self-assembled chemosensor into polyamine
sample media (Figure 5.2¢). The chapter focuses on systematic investigations into the
development of the self-assembled host-dye fluorescent chemosensor, the binding studies of
biogenic polyamines with the chemosensor, and the stability and functionality assessments of
the chemosensor for selective polyamine detection in saline and biologically relevant media.
Finally, the practical applicability of the new chemosensor were evaluated in human urine and

saliva samples at practically relevant polyamine levels.

5.2. Results and Discussion

5.2.1. Design and preparation of a fluorescent chemosensing ensemble based on
Pillar[5]MaxQ and dicationic indicator dye

The sulfonated pillar[n]arene-based molecular container, Pillar[5]MaxQ (P5SAS) (see Figure
5.2b), was prepared from the parent hydroxylated pillararene, PSA, by reacting with
pyridine-SOs in pyridine at 90 °C.*°
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Figure 5.2: Chemical structure of (a) polyamine target analytes and (b) the host molecule, PSAS, and the indicator
dye molecules, MDAP and BuBrDAP, utilized to achieve the self-assembled host-dye fluorescent chemosensor.
(b) The strong binding affinity between the dye and the host in the self-assembled host-dye chemosensor prohibits
cation-exchange reactions at high salt concentrations. The dye remains inside the host, ensuring the stability of the
chemosensor ensemble. (b) Schematic representation of the sensing assay, where the addition of the self-assembled
host-dye chemosensor into biofluids containing polyamines results in the displacement of the dye from the host
by the stronger binding polyamine, which is accompanied by a fluorescence signal change.

The P5AS host is reported to exhibit superior binding affinity and selectivity toward guests
containing quaternary ammonium ions, where electrostatic effects and hydrophobic forces
mainly drive the binding.”® A high negative charge density packed into a small volume near the
portals of PSAS supplements the electrostatic contribution to the binding.”® PSAS forms 1:1
host-guest complexes with cationic guests such as aliphatic amines and displays increasing
binding affinity with an increase in the number of quaternary ammonium ions in the guest
(owing to the electrostatic interactions in the recognition process) and the guest length
(presumably due to the increased hydrophobicity and better size matching).”’ The features
mentioned above, in addition to the high inherent aqueous solubility of PSAS (100 mM),”° make
it a promising host class for selective polyamine sensing applications. The PSAS host molecule
itself is non-chromophoric and hence, needs to be used in combination with indicator dyes to
furnish fluorescent chemosensing ensemble. The indicator dye was chosen so that it displays

good aqueous solubility and strong binding affinity with the host molecule to prevent the
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dissociation of the self-assembled host-dye chemosensor at high salt concentrations. A
dicationic diazapyrenium-based dye, MDAP (Figure 5.2b), with two quaternary ammonium
groups, was utilized as a first choice. A simple mixing of the host and dye solutions resulted in
the self-assembled PSAS*MDAP host-dye fluorescent chemosensor, where the binding was
instantaneous (see below). The following section describes the characterization of the

chemosensor complex and its stability evaluation in saline and biologically relevant media.

5.2.1.1. NMR investigation of chemosensor complex formation

Figure 5.3 shows the 'H NMR spectra recorded for MDAP, P5AS, 1:1 mixture of MDAP and
P5SAS in D;0. The substantial upfield shifting observed in Figure 5.3c for the resonances of
indicator dye MDAP upon addition of PSAS confirms its encapsulation by the host and the
formation of self-assembled PSAS*MDAP chemosensor. Following this, the NMR spectrum
was recorded after adding the polycationic polyamine spermine to the P5SAS*MDAP
chemosensor in D20 (Figure 5.3d). On addition of 1 equivalent of spermine, the resonances for
the indicator dye MDAP shifted back towards those of the free dye, indicating the complete
displacement of the dye from PSAS by the stronger binding analyte spermine. At the same time
several peaks emerged in the aliphatic region that can be assigned to bound and unbound

spermine.

d)

a' b' spermine peaks
——t——

P5AS + MDAP + spermine

105 10 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
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Figure 5.3: '"H NMR spectra (500 MHz, D,O, 298K) recorded for solution of (a) MDAP (1 mM), (b) P5AS
(1 mM), (c) a mixture of MDAP (1 mM) and P5AS (1 mM) and (d) a mixture of MDAP (1 mM), P5AS (1 mM)
and spermine (1 mM) (bottom to top).
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5.2.1.2. Photophysical characterization of chemosensor and stability assessments in
saline and biologically relevant media

The photophysical properties of the new self-assembled PSAS*MDAP chemosensor were
investigated by UV-Vis absorption and fluorescence spectroscopy measurements.
1 X phosphate-buffered saline (1X PBS) with a salt composition (137 mM NaCl, 2.7 mM KCI,
10 mM Na2HPO4, and 1.8 mM KH2PO4) comparable to that found in biofluids was chosen as the
buffer for the studies. The indicator dye MDAP absorbs in the near-UV to visible wavelength
range with absorption bands in the 300-450 nm region in 1X PBS (Figure 5.4a). The addition
of PSAS to MDAP solution in 1X PBS resulted in an indicative 7 nm bathochromic shift of the
peak maxima at 333 nm of the dye absorption to 341 nm (Figure 5.4a). This observation, in
analogy to literature reports for pillar[n]arene-dye complexes,*!® further confirmed the
formation of the self-assembled PSAS*MDAP chemosensor. The fluorescence emission spectra
of MDAP showed strong emission in the 400-500 nm region with a maximum at 423 nm upon
excitation at 336 nm in 1X PBS (Figure 5.4b). The addition of P5SAS to MDAP was
accompanied by a strong quenching in the dye emission (Figure 5.4b). Figure 5.4c shows the

kinetic traces recorded by monitoring the fluorescence emission intensity at 423 nm on adding
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Figure 5.4: (a) Absorbance and (b) fluorescence emission spectra (Aexe = 336 nm) of MDAP (3.2 uM) before and
after addition of P5AS (0-6.9 uM) in 1X PBS. (c) Relative fluorescence emission intensity changes with time at
423nm (Aexe = 336 nm) of MDAP (3.1 uM) in 1X PBS upon addition of PSAS (3.1 uM), resulting in the
instantaneous formation of the fluorescence quenched PSAS*MDAP self-assembled chemosensor within a few
milliseconds.
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1 equivalent of PSAS to MDAP. The binding is instantaneous, resulting in the fluorescence

quenched chemosensor within a few milliseconds.

Potential applications of the new PS5SAS*MDAP chemosensor require stability of the
self-assembled system in complex biological fluids, such as urine, blood, and saliva containing
high salt concentrations (e.g., 51 -190 mM Na" in urine*** and 130 -144 mM Na" in plasma**!
for healthy humans). Previous reports have shown that the binding affinity of many hostedye
complexes significantly decreases in the presence of salts, as competitive binding of metal ions

162,176:422.423 \which reduces their practicality. Consequently,

to the receptor host molecule occurs,
the stability of the PSAS*MDAP chemosensor in the presence of salts was evaluated by
monitoring the binding affinity of the complex in saline buffers with varying salt compositions,
such as 50 mM sodium phosphate buffer (Na-PB), 1X PBS, and 10X PBS (10 times
concentrated as 1X PBS). In addition, the stability was also investigated in synthetic urine
(surine), a non-biological urine sample with constituents that mimic human urine (often used
as a negative urine control). Figure 5.5 displays the fluorescence emission-based binding curve
monitored at 423 nm upon titration of PSAS to MDAP in 50 mM Na-PB, 1X PBS, 10X PBS,
and surine, followed by fitting the data to a thermodynamic DBA model (see Eq.1.9-1.13 in

General Introduction - Section 1.2.2) to obtain the respective binding constants (summarized in

Table 5.1). A strong quenching in the dye emission was observed on addition of PSAS to MDAP
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Figure 5.5: Normalized fluorescence emission intensity at 423 nm (Aexe = 336 nm) of the indicator dye MDAP
(3.1 uM) in (a) 50 mM sodium phosphate buffer (Na-PB), (b) 1X PBS, (c) 10X PBS and (d) surine (MDAP at
2.3 uM) upon stepwise addition of PSAS. The acquired data is depicted as grey dots, and the fitted data according
to the thermodynamic DBA model as the red line. The binding constant obtained in each case is shown in their
respective graphs.
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Table 5.1: The binding constant (KMP) for host-dye self-assembled PSAS*MDAP complex determined by
fluorescence titration experiments at 25°C and fitting the data to a thermodynamic DBA model.

host dye medium'®! KDl v
50 mM Na-PB 9+0.1) x 107
1X PBS (15£0.3) x 107
P5AS MDAP
10X PBS (8.7+0.1) x 10*
surine (49+0.4) x 10°

[a] 1X PBS has a salt composition of 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO4 and 1.8 mM KH,PO,.
10X PBS has a salt composition of 1.37 M NaCl, 27 mM KCl, 100 mM Na,HPO,, and 18 mM KH,POs. [b] mean
and standard deviation in parenthesis of at least 3 independent measurements.

in all cases studied, indicating that the PSAS*MDAP complex formed in all saline media tested.
The binding constants listed in Table 5.1 show a relatively high binding affinity of MDAP with
P5AS in both saline buffers (1.3 x 10’ M~! in 1X PBS) and biorelevant media (4.9 x 10° M~ in
surine). The PSAS*MDAP complex formation occurs even in the presence of 1.37 M NaCl with
a binding constant of 8.7 x 10* M~!, as observed in 10X PBS. These high binding affinities

ensured the stability of the chemosensor even at high salt concentrations.

5.2.2. Binding studies of chemosensor with biogenic polyamines through
fluorescence-based assays

5.2.2.1. Evaluation of binding kinetics

Figure 5.6 shows the kinetic traces recorded by monitoring the fluorescence emission intensity
at 423 nm on the addition of the polyamine spermine to a solution of the fluorescence quenched

P5AS*MDAP chemosensor in 1X PBS. A strong enhancement in the fluorescence signal was

addition of P5AS  addition of polyamine

H2 +
H +l\—j/\/\-,t‘/\/\/N\/\/NHS
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Figure 5.6: Relative fluorescence intensity changes with time at 423 nm (Aexe = 336 nm) of MDAP (3.1 uM) in
1X PBS upon addition of PSAS (3.1 uM), resulting in the instantaneous formation of the fluorescence quenched
P5SAS*MDAP chemosensor. The addition of the stronger binder spermine (5.1 pM) to the media results in the
displacement of MDAP from the host and a fluorescence signal “turn-on” achieved within a few milliseconds.
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observed within a few milliseconds following the addition of spermine, indicating the
displacement of the dye MDAP from P5AS by the stronger binding analyte spermine, resulting
in a fluorescence “turn—on” signal. The kinetic traces recorded showed a rapid response of the
P5AS*MDAP chemosensor to the presence of polyamines (Figure 5.6), enabling a broad
analysis of samples with relatively short assay times. This is an important asset of the developed

chemosensor-based assay compared to the conventional time-consuming HPLC-based

detection methods.

5.2.2.2. Evaluation of binding affinities

The host-guest binding affinity of PSAS with biogenic polyamines, spermine, spermidine, and
cadaverine was investigated through fluorescence displacement titrations based on the
competitive displacement of the indicator dye MDAP from P5AS by the polyamine guest.
Figure 5.7a displays the fluorescence emission intensity monitored at 423 nm upon stepwise
addition of different polyamines to the P5AS*MDAP chemosensor in 1X PBS. The
competitively binding guests resulted in the displacement of MDAP from P5AS in all three

cases studied, accompanied by a strong fluorescence enhancement.
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Figure 5.7: (a) Relative fluorescence emission intensity at 423 nm (Aexe = 336 nm) of PSAS (3.1 uM) and MDAP
(3.3 uM) upon stepwise addition of different polyamines, spermine, spermidine, or cadaverine in 1X PBS.
(b-d) shows the fitted data as red line according to the competitive thermodynamic IDA model to obtain the
host-guest binding affinities in the case of (b) spermine, (c) spermidine, and (d) cadaverine. The binding constant
obtained in each case is shown in their respective graphs. Note: the individual data points in (a) were connected
by line segments to guide the eye and do not represent fitting curves.
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The binding curve was fitted following a competitive thermodynamic IDA model (see Eq.1.14-
1.20 in General Introduction - Section 1.2.2) to obtain the binding constants of the analyzed
polyamines with PSAS (Figure 5.7b-Figure 5.7d). The fitted details are summarized in Table
5.2.

Table 5.2: The host-guest binding constants (KH¢) for PSAS with polyamines determined by fluorescence dye
displacement titration experiments (MDAP as dye) at 25°C and fitting the data to a thermodynamic competitive
IDA model.

host guest medium'®! KHGI/ M
spermine 50 mM Na-PB (8.1 +1.3) x 10°
1X PBS (5.9+0.5) x 10°
10X PBS (7.9+0.5) x 10°
PSAS spermidine 50 mM Na-PB (1.2+0.1) x 10®
1X PBS (7.9 +0.6) x 107
cadaverine 50 mM Na-PB (8.4+0.1) x 107
1X PBS (4.2+0.1) x 107
10X PBS (1.6+0.1) x 10°

[a] 1X PBS has a salt composition of 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO4 and 1.8 mM KH,PO4.
10X PBS has a salt composition of 1.37 M NaCl, 27 mM KCI, 100 mM Na,HPO,, and 18 mM KH,POx. [b] mean
and standard deviation in parenthesis of at least 3 independent measurements.

Spermine is the strongest binder to the host PSAS amongst the three biogenic polyamines
studied, with a binding affinity of 5.9 x 10° M~! in 1X PBS. This is followed by spermidine and
cadaverine with a binding affinity of 8.0 x 10’ M~ and 4.2 x 107 M, respectively in 1X PBS.
These observed high binding affinities of PSAS with polyamines at high salt concentrations
excludes any salt interferences on the recognition event. The binding affinity of PSAS with
polyamines was also investigated in 50 mM Na-PB and 10X PBS similarly (see Table 5.2 and
Figure 5.20— Figure 5.21 in Section 5.5 - Additional Information). Polyamines detection was
possible even at the high salt concentrations (1.37 M NaCl) found in 10X PBS (Figure 5.21 in
Section 5.5 - Additional Information). All three biogenic polyamines investigated showed a
higher binding affinity for PSAS than the indicator dye MDAP (Table 5.1 and Table 5.2). Hence
for sensing applications in biofluids, all the three polyamines, spermine, spermidine, and
cadaverine, present in the sample media will result in the displacement of the dye on the addition
of PSAS*MDAP chemosensor to the sample with a fluorescence “turn-on” signal output,
whereas other weaker binding analytes, such as amino acids, cannot displace the dye. Therefore,
P5AS*MDAP is suitable for the selective detection of the combined polyamine levels in

biofluids.
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5.2.3. Polyamine distinction through indicator dye modifications in the
chemosensor

Chemosensors selective for individual polyamines are necessary to monitor their independent
physiological effects in the body and devise personalized medicine strategies. With the utilized
self-assembled host-dye chemosensor, fluorescence-based sensing of polyamines is achieved
via the competition of the dye and the polyamine for the PSAS host. Consequently, the binding
affinity of the host PSAS with the used indicator dye is crucial in determining and tuning the
selectivity of the sensor for the polyamine of interest. Hence, new indicator dyes were tested to
evaluate the selectivity of the obtained P5SASedye chemosensor for different polyamines. A new
dicationic diazapyrenium dye derivative with alkyl side chains, BuBrDAP (see Figure 5.2b and
Section 5.5 - Additional Information for synthetic details), was developed, which displayed
similar photophysical properties as MDAP, with absorption bands in the 300-450 nm region
and strong emission in the 400-500 nm region with maxima at 423 nm in 1X PBS (Figure 5.8).
The addition of PSAS to BuBrDAP in 1X PBS resulted in a 4 nm bathochromic shift at 334 nm
of the dye absorption, accompanied by a strong quenching in the dye emission (Figure 5.8). In
analogy to the previous system, this observation confirmed the formation of the self-assembled
P5AS*BuBrDAP chemosensor. Here again, the binding of P5AS to BuBrDAP was

instantaneous, resulting in the fluorescence quenched chemosensor within a few milliseconds.

Importantly, BuBrDAP displayed a stronger binding affinity for PSAS than MDAP. The
fluorescence emission-based binding curve monitored at 423 nm upon titration of P5SAS to
BuBrDAP in 1X PBS displayed a steep curve (see Figure 5.9a), and a lower limit of the binding
constant with a value >3.8 x 108 M~! was obtained upon fitting the data to a thermodynamic
DBA model (see Eq.1.9-1.13 in General Introduction - Section 1.2.2). As a result, to obtain the
actual value of the binding constant, a competitive binding model was utilized, which followed

the stepwise addition of the competitor, spermine, to PSAS*BuBrDAP in 1X PBS.
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Figure 5.8: (a) Absorbance and (b) fluorescence emission spectra (Aexe = 335 nm) of BuBrDAP (3.0 uM) before
and after addition of PSAS (0-4.4 uM) in 1X PBS.
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Figure 5.9b displays the fluorescence emission intensity monitored at 423 nm upon increasing
addition of spermine to PSAS*BuBrDAP in 1X PBS, which resulted in the displacement of
BuBrDAP from P5AS, accompanied by a strong fluorescence enhancement. The binding curve
was fitted following a competitive thermodynamic IDA model (see Eq.1.14-1.20 in General
Introduction - Section 1.2.2). The binding constant of PSAS with spermine reported in Table
5.2 was used as an input parameter in the fitting to obtain the binding constant of PSAS with
BuBrDAP. BuBrDAP binds to the host PSAS with a binding constant of 2.1 x 10° M! in
1X PBS (see Figure 5.9b), that means, 10 times stronger to the host PSAS than MDAP.
Additionally, the binding was also assessed in surine. The fluorescence emission-based binding
curve at 423 nm on titration of PSAS to BuBrDAP in surine was not as steep as observed in
1X PBS, and the acquired data was fittable by a thermodynamic DBA model (see Eq.1.9-1.13
in General Introduction - Section 1.2.2) to obtain a binding constant of 4.5 x 103 M~! for P5AS
with BuBrDAP in surine (Figure 5.9c¢).

On comparing the binding affinities listed in Table 5.2 and Table 5.3 for the polyamines with
P5AS versus the indicator dye BuBrDAP with PSAS in 1X PBS, it was explicit that amongst

the three biogenic polyamines, only spermine has a stronger binding affinity for the host PSAS
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Figure 5.9: (a) Normalized fluorescence emission intensity at 423 nm (Aexe = 335 nm) of (a) the indicator dye
BuBrDAP (3.0 uM) in 1X PBS upon stepwise addition of PSAS, (b) PSAS (3.1 uM) and BuBrDAP (3.3 uM) in
1X PBS upon stepwise addition of spermine, and (c¢) the indicator dye BuBrDAP (3.0 uM) in surine upon stepwise
addition of P5SAS. The acquired data is depicted as grey dots, and the fitted data according to the thermodynamic
DBA model as the red line in (a) and (c) and the thermodynamic competitive IDA model as the red line in (b). The
binding constant obtained in each case is shown in their respective graphs.
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Table 5.3: The binding constant (K}P) for host-dye self-assembled PSAS*BuBrDAP complex determined by
fluorescence titration experiments at 25°C and fitting the data to a thermodynamic DBA or a competitive IDA
model.

host dye medium'®! KD/ V-1
IX PBSF 21£04) x 10°
P5AS BuBrDAP .
surinel® (45+1.3) x 108

[a] 1X PBS has a salt composition of 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO4 and 1.8 mM KH,PO.. [b]
mean and standard deviation in parenthesis of at least 3 independent measurements. [c] determined by IDA with
spermine as a competitor. [d] determined by DBA.
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Figure 5.10: (a) Relative fluorescence emission intensity at 423 nm (Aexe = 335 nm) of PSAS (3.1 pM) and
BuBrDAP (3.3 uM) upon stepwise addition of different polyamines, spermine, spermidine or cadaverine in 1X
PBS. Note: the individual data points were connected by line segments to guide the eye and do not represent fitting
curves.

than the indicator dye BuBrDAP, and can hence displace the dye from the host in the
self-assembled host-dye chemosensor in the sensing assay. On the other hand, other lower
binding polyamines, spermidine, and cadaverine cannot displace the dye unless when present
in a high concentration over the PSAS*BuBrDAP in the media. This was confirmed by
monitoring the fluorescence emission intensity at 423 nm upon stepwise addition of different
polyamines to the PSAS*BuBrDAP chemosensor in 1X PBS (Figure 5.10). As can be seen in
Figure 5.10, PSAS*BuBrDAP was selective for spermine detection with a strong fluorescence
signal enhancement, while a high excess concentration of spermidine or cadaverine was
required to obtain a slight signal enhancement under the same conditions tested. Thus,

P5AS<BuBrDAP can be utilized for the selective detection of spermine in biofluids.

5.2.4. Functionality evaluation of designed chemosensors for polyamine sensing
with a fluorescence turn-on response

The functionality of the chemosensors, PSAS*MDAP and PSAS<BuBrDAP, were evaluated in
biofluids for the selective sensing of polyamines with a fluorescence “turn-on” signal output.

Hence, a new method was devised using the developed chemosensors to detect and analyze the
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polyamine levels present in biofluids. In short, the fluorescence quenched host-dye
chemosensor, PSAS*MDAP or P5SAS*BuBrDAP, was titrated to the biofluid sample. The
increasing addition of the chemosensor will result in the displacement of the indicator dye from
the host by the stronger binding polyamines present in the media, resulting in a fluorescence
“turn-on” signal arising from the free dye released into the media. However, once the host has
complexed all the polyamines in the media, a further increase in the concentration of the
fluorescence quenched host-dye chemosensor will result in no significant further fluorescence
enhancement. Hence the different polyamine concentration levels in biofluids can be analyzed
through their distinct fluorescence “turn—on” signal outputs. See Figure 5.11 for a schematic
representation of the sensing assay in biofluids and a simulation of trends in fluorescence

intensity with the increasing addition of chemosensor.

3

complete polyamine complexation
by chemosensor

fluorescence intensity

Y
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Figure 5.11: Schematic representation of polyamine detection with the self-assembled host-dye chemosensor in
biofluids and simulation of the trends in fluorescent intensity with increasing addition of the chemosensor

5.2.4.1. Preliminary tests in artificial urine (surine) and neurobasal medium

Prior to measurements in real biofluids, the performance of the chemosensor-based sensing
assay was evaluated in artificial urine (surine). To mimic urine samples, several surine samples
spiked with individual polyamines (spermine, spermidine, or cadaverine) or polyamine
mixtures were utilized. The PSASsMDAP and PSAS*BuBrDAP chemosensor stock solutions
were freshly prepared in 1X PBS by simply mixing the PSAS and the respective indicator dye
solutions for each case study. The titration of the PSAS*MDAP chemosensor to surine resulted
in a significant fluorescence “turn-on” signal when monitored at 423 nm for samples spiked
with individual polyamines and polyamine mixture when compared to the background signal

observed from the chemosensor in the absence of any polyamines in surine (Figure 5.12c¢). See
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Figure 5.12a and 5.12b for absorption and emission spectra of PSAS*MDAP in the absence and
presence of spermine in surine. On titration of PSASBuBrDAP chemosensor, a significant
fluorescence “turn-on” signal when monitored at 423 nm was observed only for surine samples
spiked with spermine. In contrast, other polyamines, such as cadaverine or spermidine, in the
sample did not result in a significant fluorescence enhancement when compared to the
background signal observed in the absence of any polyamines in surine (Figure 5.13c). See
Figure 5.13a and 5.13b for absorption and emission spectra of PSAS*BuBrDAP in the absence
and presence of spermine in surine. The polyamine putrescine was also evaluated here and gave
no fluorescence signal change compared to the background chemosensor emission in surine
(Figure 5.12c¢ and Figure 5.13c¢). This indicated that putrescine could not displace the dye from

the host in the self-assembled chemosensor and hence, will not interfere in the sensing assay.
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Figure 5.12: (a) Absorbance and (b) fluorescence emission spectra (Aexc = 397 nm) of surine samples containing
(PSAS*MDAP (3.4 uM) (black line), PSAS*MDAP (3.4 uM) in the presence of spermine (3.3 pM) (red line), and
excess PSAS*MDAP (17.9 uM) in the presence of spermine (3.3 uM) (blue line). The green line represents the
absorbance and emission spectra of surine alone.(c) The relative fluorescence emission intensity changes
monitored at 423 nm upon addition of PSAS*MDAP and chemosensor to a solution of surine spiked with spermine
(3.3 uM, red line), spermidine (3.3 pM, green line), cadaverine (3.3 uM, blue line), putrescine (3.3 puM, purple
line) and a mixture of all four polyamines (each at 3.3 uM, yellow line) (Aexc =397 nm). The black line represents
the fluorescence intensity from the chemosensor alone in the absence of any polyamines in surine.
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Figure 5.13: (a) Absorbance and (b) fluorescence emission spectra (Aexc = 400 nm) of surine samples containing
P5AS<BuBrDAP (3.4 uM) (black line), PSAS*BuBrDAP (3.4 uM) in the presence of spermine (3.3 uM) (red line),
and excess PSAS<BuBrDAP (17.9 uM) in the presence of spermine (3.3 pM) (blue line). The green line represents
the absorbance and emission spectra of surine alone. (c¢) The relative fluorescence emission intensity changes
monitored at 423 nm upon addition of PSAS*BuBrDAP chemosensor to a solution of surine spiked with spermine
(3.3 uM, red line), spermidine (3.3 pM, green line), cadaverine (3.3 uM, blue line), putrescine (3.3 pM, purple
line) and a mixture of all four polyamines (each at 3.3 uM, yellow line) (Aexc =400 nm). The black line represents
the fluorescence intensity from the chemosensor alone in the absence of any polyamines in surine.

Moreover, it was also possible to distinguish the different concentrations of spermine in surine
upon addition of the chemosensor (e.g., PSAS*MDAP) to the samples through the distinct
fluorescence “turn-on” signal output (Figure 5.14). Additionally, the sensing assay exhibited a
significant sensitivity, and detection of spermine levels down to 1 uM was possible (Figure
5.14). A slight reduction in the fluorescence intensity for the experiment carried out at 6.8 uM
spermine on increasing addition of the chemosensor after all the polyamines in the media have
been complexed by the host, can be due to the interaction of the free dye in the media with the

added chemosensor (for e.g., in Figure 5.14).

Several reports have shown elevated polyamine levels in the urine of cancer patients, which can
be used as diagnostic markers for early-stage cancer detection and to evaluate the

responsiveness of patients to cancer therapy.*°®#24427 Hence, the polyamine levels in the urine
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Figure 5.14: The relative fluorescence emission intensity changes monitored at 423 nm (Aexc = 397 nm) upon
addition of PSAS*MDAP chemosensor to a solution of surine with varying concentrations of spermine (0-6.8 uM),
resulting in distinguishable fluorescence “turn-on” signal outputs.

of healthy individuals and cancer patients were simulated in surine from data collected from

literature reports*00:424-427

, and the utility of the developed chemosensors to distinguish between
healthy and diseased samples were tested. In essence, surine was spiked with 8.8 uM spermine,
10.7 uM spermidine, 17.1 uM cadaverine, and 15.5 uM putrescine to simulate urine of healthy
individuals and with 46.6 uM spermine, 25.3 uM spermidine, 62.2 uM cadaverine, and 59.5 uM
putrescine to simulate urine of cancer patients. The samples were then diluted 8 times with
surine (having no polyamines added) to avoid signal saturation and inner filter effects on the
addition of chemosensor. As a result, the concentrations for analysis were 1.1 uM spermine,
1.3 uM spermidine, 2.1 uM cadaverine, and 1.9 uM putrescine in surine corresponding to
healthy individuals, and 5.8 uM spermine, 3.2 uM spermidine, 7.8 uM cadaverine, and 7.4 pM
putrescine in surine corresponding to cancer patients. Titration of the chemosensors,
P5AS*MDAP and PSAS<BuBrDAP, to both the surine samples showed clearly distinguishable
fluorescence “turn-on” signal outputs when monitored at 423 nm for healthy and diseased
samples (Figure 5.15a and Figure 5.15b). Hence, the functionality assessments of the
chemosensors in surine showed promising results for their practical applications for polyamine

detection in real urine samples.

Apart from surine, the functionality of the chemosensors was also evaluated in more complex

biorelevant media, such as neurobasal™

medium, which consists of 37 different components,
including amino acids, vitamins, and inorganic salts (see Figure 5.16 and Figure 5.17). This is
also an interesting media for polyamine sensing studies as reports have shown increased levels
of polyamines in the cerebrospinal fluid for human brain tumors.*® The neurobasal™ medium
does not contain any polyamines and was hence spiked with spermine prior to conducting the

sensing assay with the developed chemosensors.
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Figure 5.15: Relative fluorescence emission intensity changes at 423 nm on the addition of (a) PSASsMDAP and
(b) PSAS-BuBrDAP chemosensor to surine samples with a simulated concentration of polyamines corresponding
to the urine of healthy individuals (1.1 uM spermine, 1.3 pM spermidine, 2.1 uM cadaverine, and 1.9 uM
putrescine) and urine of cancer patients (5.8 uM spermine, 3.2 pM spermidine, 7.8 uM cadaverine, and 7.4 uM
putrescine). (Aexc = 397 nm for PSAS*MDAP and 405 nm for PSAS.BuBrDAP)
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Figure 5.16: (a) Absorbance and (b) fluorescence emission spectra (Aexe = 406 nm) of neurobasal™ medium
containing PSAS*MDAP (3.4 uM) (black line), PSASsMDAP (3.4 uM) in the presence of spermine (3.3 pM) (red
line), and excess PSAS*MDAP (17.9 uM) in the presence of spermine (3.3 uM) (blue line). The green line
represents the absorbance and emission spectra of neurobasal™ medium alone. (¢) The relative fluorescence
emission intensity changes monitored at 423 nm (Aexe = 406 nm) upon addition of PSAS*MDAP chemosensor to
a solution of neurobasal™ medium spiked with spermine (3.3 uM, red line). The black line represents the
fluorescence intensity from the chemosensor alone in the absence of any polyamines in neurobasal™ medium.
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The addition of the chemosensors, PSAS*MDAP and PSAS*BuBrDAP (freshly prepared in 1X
PBS) to neurobasal™ medium containing spermine resulted in strong fluorescence “turn-on”
signal when monitored at 423 nm (Figure 5.16¢ and Figure 5.17c). See Figure 5.16a-b and
Figure 5.17a-b for absorption and emission spectra of PSAS*MDAP and PSAS*BuBrDAP in

the absence and presence of spermine in neurobasal™

medium, respectively. This confirmed
functionality of the chemosensors in neurobasal™ medium and demonstrated a selective
detection of polyamines in the absence of any significant matrix interferences from other

biomolecules (amino acids, vitamins, salts, etc.) in the media.
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Figure 5.17: (a) Absorbance and (b) fluorescence emission spectra (Aexe = 406 nm) of neurobasal™ medium

containing PSAS*BuBrDAP (3.4 uM) (black line), PSAS*BuBrDAP (3.4 uM) in the presence of spermine (3.3
uM) (red line), and excess PSAS<BuBrDAP (17.9 uM) in the presence of spermine (3.3 pM) (blue line). The green
line represents the absorbance and emission spectra of neurobasal™ medium alone. (c) The relative fluorescence
emission intensity changes monitored at 423 nm (Aexe = 406 nm) upon addition of PSAS<BuBrDAP chemosensor
to a solution of neurobasal™ medium spiked with spermine (3.3 uM, red line). The black line represents the
fluorescence intensity from the chemosensor alone in the absence of any polyamines in neurobasal™ medium.

5.2.4.2. Selective polyamine sensing in biofluids: human urine and saliva

Having promising results in surine, the designed chemosensors, P5AS*MDAP and
P5AS<BuBrDAP, were utilized for the detection of biogenic polyamines present in human
urine. For most analyte detection studies in biofluids, the analysis of urine samples is often preferred

due to several advantages such as its ready availability, ease of obtaining, being non-invasive, and
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often contains higher concentrations of biorelevant analytes than other biofluids such as blood.***-
432 For the chemosensor-based polyamine detection studies, spot urine samples were collected from
four healthy adult volunteers (the first urine of the day was omitted) and used as such without any
pre-treatment or pH adjustment. Urine samples have strong absorption and fluorescence
background signal arising from various other metabolites present in urine*! that absorb/emit light
(see Figure 5.22 in Section 5.5 - Additional Information). Hence, two solutions were adopted to
keep the urine fluorescence background signal to a minimum and not interfere with the sensing
assay. Firstly, dilution of the urine sample before the measurement, and secondly, exciting the
sample where the absorbance from urine is minimum, helped reduce the strong urine
fluorescence background signal (see Figure 5.22 in Section 5.5 - Additional Information).
Thus, the collected urine samples from four healthy individuals were diluted two times (2x)
with 1X PBS prior to the measurements. In order to mimic urine samples from disease patients
(e.g., cancer patients) featuring elevated polyamine levels, the 2x diluted urine samples from
four healthy individuals were spiked with individual polyamines (spermine, spermidine, or
cadaverine) or polyamine mixtures. The assay was conducted in a microwell plate, and the
fluorescence signal changes on the addition of the P5AS*MDAP or P5AS<BuBrDAP
chemosensor (freshly prepared in 1X PBS) to urine samples were followed by monitoring the
emission intensity at 423 nm on exciting the sample at 406 nm (Figure 5.18). Prior to the addition
of the chemosensor in the sensing assay, the urine fluorescence background signal from each sample
was recorded and later subtracted from the signal intensity observed on the addition of the
chemosensor. Selective detection of biogenic polyamines, spermine, spermidine, and cadaverine in
human urine was achieved on addition of PSAS*MDAP chemosensor, marked by a strong
fluorescence “turn-on” signal (Figure 5.18a). In addition, it was possible to clearly distinguish
between healthy urine samples and urine samples spiked with elevated polyamine levels in all cases
studied through their distinct fluorescence “turn-on” signal outputs (Figure 5.18a). The addition of
P5AS+*BuBrDAP chemosensor to urine samples resulted in selective spermine detection, and a clear
distinction between the signal outputs between healthy and urine samples spiked with elevated
polyamines levels was observed only for samples spiked with spermine (Figure 5.18b). No

distinction was possible for samples spiked with spermidine or cadaverine alone (Figure 5.18b).

The detection of biogenic polyamines was also conducted in human saliva through the
fluorescence-based assay utilizing PSAS*MDAP and P5AS<BuBrDAP chemosensor. Thus, a
saliva sample was collected from a healthy adult volunteer and later spiked with individual
polyamines (spermine, spermidine, or cadaverine) or polyamine mixtures to mimic the saliva

samples from disease patients (e.g., cancer patients) featuring elevated polyamine levels.
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Figure 5.18: Relative fluorescence emission intensity changes monitored at 433 nm (Aexc =406 nm) on the addition
of (a) PSAS*MDAP chemosensor (21.6 uM) and (b) PSAS<BuBrDAP chemosensor (21.6 uM) to human urine
samples (diluted 2 times with 1X PBS) collected from 4 healthy individuals (samplel-sample4) and later spiked
with several polyamines (at 5 puM) and polyamine mixtures (each at 5 uM) in order to simulate urine from disease
patients (microplate assay). The vertical error bars in the bar graph represent the standard deviation in the collected
fluorescence intensity from four repetitions. The urine fluorescence background signal was subtracted from the
fluorescence signal intensity obtained following the addition of the chemosensor in all cases studied.

The saliva sample displayed only minimal fluorescence background signal compared to urine
and hence, was utilized undiluted for the measurements. The fluorescence emission intensity
monitored at 423 nm on exciting the sample at 406 nm showed clearly distinguishable
fluorescence “turn-on” signal outputs on the addition of PSAS*MDAP chemosensor for healthy
saliva samples and saliva samples spiked with elevated polyamines levels in all cases studied
(Figure 5.19a). In contrast, only saliva samples spiked with spermine gave distinct fluorescence

“turn-on” signal outputs from the healthy saliva sample on the addition of PSAS*BuBrDAP

chemosensor (Figure 5.19b).

The biogenic polyamine sensing studies conducted in human urine and saliva confirmed that
P5AS*MDAP can be used to selectively detect the combined polyamine levels in biofluids and
distinguish between healthy and elevated polyamine levels. This may become advantageous for
early disease detection, such as in cancer or Alzheimer's patients, marked by a spike in the
combined polyamine levels in biofluids. Moreover, with the PSAS*BuBrDAP chemosensor,
selective spermine detection and the distinction between healthy and elevated spermine levels
in biofluids is possible, which is helpful in monitoring its individual physiological effects in the
body.
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polyamine sensing studies in saliva
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Figure 5.19: Relative fluorescence emission intensity changes monitored at 433 nm (Aexc =406 nm) on the addition
of (a) PSAS*MDAP chemosensor (21.6 uM) and (b) PSAS*BuBrDAP chemosensor (21.6 pM) to human saliva
samples (undiluted) collected from a healthy individual (samplel) and later spiked with several polyamines (at
5 uM) and polyamine mixtures (each at 5 uM) in order to stimulate saliva from disease patients (microplate assay).
The vertical error bars in the bar graph represent the standard deviation in the collected fluorescence emission
intensity from four repetitions. The saliva fluorescence background signal was subtracted from the fluorescence
signal intensity obtained following the addition of the chemosensor in all cases studied.

To further establish the practical applicability of the developed chemosensor-based sensing
assay and its medical diagnostic applications, human urine and saliva samples collected from a
group of actual disease patients, for e.g., suffering from cancer, needs to be compared to a group
of healthy individuals to carry out a statistical verification of the procedure. In addition, a
comparison of the determined polyamine levels through the chemosensor-based fluorescence
assay with concentration values obtained in specialized laboratories with certified polyamine
tests will enable an accurate determination of the polyamine concentrations in the sample and
hence, provide further validation of the chemosensor assay for future applications. A

cooperation project with Dr. Michael Kiehntopf at the Institut fiir Klinische Chemie und

Laboratoriumsdiagnostik, Jena is proposed for the mentioned studies.

Likewise, the design of new P5ASedye chemosensors with distinct fluorescence response
features towards the presence of polyamines will open up opportunities for numerous sensing
applications. The PSAS+dye combinations can then be employed for differential sensing and
unique identification of polyamines through their fluorescence response pattern and

mathematical treatment of the measured data by principal component analysis (PCA).”

168



5.3. Conclusion

In conclusion, two novel self-assembled host-dye chemosensors from pillar[n]arene-based host
(P5SAS) in combination with tailor-made dicationic indicator dyes (MDAP or BuBrDAP) were
developed for the fluorescence-based detection of biogenic polyamines in saline buffers and
biofluids. The very high binding affinity of PSAS*MDAP and PSAS*BuBrDAP chemosensor
in saline and biorelevant media with high millimolar salt concentrations ensured the stability of
the chemosensor for their practical applications in biofluids. Polyamine sensing was achieved
by the competitive displacement of the indicator dye from the host by the stronger binding
polyamines in the sample media, resulting in a fluorescence “turn-on” signal within a few
milliseconds. Furthermore, the high binding affinity of the host for polyamines excluded salt
interferences on the sensing assay. Functionality evaluation of the chemosensors in artificial
urine (surine) and later in human urine and saliva samples displayed a selective detection of the
combined polyamine levels in biofluids by PSASeMDAP chemosensor and a selective spermine
detection by PSAS*BuBrDAP chemosensor with significant sensitivity (detection down to 1
UM of spermine). The binding affinity of the indicator dye for the host can be used to tune the
selectivity of the chemosensor for different polyamines of interest. Additionally, lower affinity
analytes, including salts and other biomolecules in the media, cannot displace the dye from the
host and hence do not interfere in the sensing assay, making selective polyamine detection
feasible. Importantly, it was possible to distinguish between healthy and elevated levels of
polyamines (e.g., as present in cancer patients) in human urine and saliva samples through the
distinct fluorescence “turn-on” signal outputs obtained on the addition of the chemosensor.
Hence, the newly developed fluorescent chemosensors for polyamines, on account of their
simplicity, cost-effectiveness, and fast detection capabilities, will assist the future development

of rapid diagnostic tests for home-use and point-of-care applications.

5.4. Experimental details

5.4.1. Materials

All solvents were used as received from Aldrich or Fluka without further purification. All
chemicals were purchased and used as received unless stated otherwise. The host PSAS® and
indicator dye MDAP?62*7 were synthesized according to literature procedures. The indicator
dye BuBrDAP was synthesized according to procedures described in Section 5.5 - Additional
Information. Dr. Pronay Kumar Biswas and Dr. Laura Grimm from the research group of Dr.
Frank Biedermann carried out the synthesis of the host PSAS and the indicator dyes, MDAP
and BuBrDAP, respectively. The stock solutions of 1X PBS (137 mM NacCl, 2.7 mM KClI,
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10 mM Na;HPO4 and 1.8 mM KH>PO4) and 10X PBS (1.37 M NaCl, 27 mM KCI, 100 mM
Na;HPO4 and 18 mM KH>PO4) were prepared from Gibco™ PBS tablets by dissolving a tablet
in 500 mL or 50 mL of distilled water, respectively. The pH was 7.45 and required no
adjustment. The 50 mM sodium phosphate buffer (Na-PB) was prepared from 28.9 mM sodium
phosphate dibasic heptahydrate and 21.1 mM sodium phosphate dibasic heptahydrate, and the
pH was adjusted to 7.0 using 1 M HCI or 1 M NaOH. Surine was purchased from Cerilliant and
used as received. The neurobasal™ medium (minus phenol red) was purchased from Thermo

Fisher Scientific and used as received.

5.4.2. Instrumentation

Absorption spectra were measured on a Jasco V-730 double-beam UV—VIS spectrophotometer
and baseline corrected. Steady-state emission spectra and time-resolved emission profiles were
recorded on a Jasco FP-8300 fluorescence spectrometer equipped with a 150 W xenon arc lamp,
single-grating excitation, and emission monochromators. Emission and excitation spectra were
corrected for source intensity (lamp and grating) and the emission spectral response (detector
and grating) by standard correction curves. All experiments were carried out at 25 °C by using
a water thermostated cell holder STR-812, while the cuvettes were equipped with a stirrer
allowing rapid mixing. For spectroscopy analysis in cuvettes, UV plastic cuvettes with a light
path of 10 mm and dimensions of 10x10 mm from Brand with a spectroscopic cut-off at 230 nm

were utilized.

Microplate assays were performed on EnSight™ multimode plate reader by Perkin Elmer
equipped with fluorescence intensity detection with monochromator (top- and bottom-reading)
as well as filter- and monochromator-based absorbance detection with the temperature control
unit of the plate reader set at 25 °C. All measurements were conducted in black opaque

OptiPlate-96 polystyrene microplates supplied by Perkin Elmer.

The NMR spectra of the compounds described herein were recorded on a Bruker Avance 500
at 500 MHz for 'H NMR and 126 MHz for 1*C NMR. The NMR spectra were recorded at room
temperature in deuterated solvents acquired from Eurisotop. The chemical shift d is displayed
in parts per million [ppm] and the references used were the 'H and '*C peaks of the solvents
themselves. For the characterization of centrosymmetric signals, the signals median point was
chosen, for multiplets the signal range. The multiplicities of the signals were abbreviated as
follows: s = singlet, d = doublet, t = triplet, quart = quartet, quin = quintet, m = multiplet. All
coupling constants (J) are stated as modulus in Hertz (Hz). Signals of the '3C spectrum were

assigned with the help of distortionless enhancement by polarization transfer spectra (DEPT)
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and stated as follows: DEPT: “+” = primary or secondary carbon atoms (positive DEPT-signal),

= secondary carbon atoms (negative DEPT-signal), Cq = quaternary carbon atoms (no

DEPT-signal).

Electrospray ionization mass spectrometry (ESI-MS) experiments were carried out on a Bruker
MicroTOF Q (208 - 320 Vac, 50/60 Hz, 1800 VA) mass spectrometer equipped with an Online
NanoElectrospray ion source. The spectra were interpreted by molecular peaks [M]™, peaks of
protonated molecules [M+H]"", and characteristic fragment peaks and indicated with their

mass-to-charge ratio (m/z). Solvents used were H>O, MeOH, and DMSO.

5.4.3. Sample Preparation

For measurements in 50 mM sodium phosphate buffer, 1X or 10X PBS, the host PSAS and
indicator dye, MDAP and BuBrDAP, stock solutions were prepared in the respective solvents.

1™ medium, human urine, and saliva,

For functionality evaluation studies in surine, neurobasa
the chemosensor, PSASsMDAP and P5SAS<BuBrDAP, stock solutions were freshly prepared in
IX PBS and titrated to the respective medium. The polyamine (spermine, spermidine,
cadaverine, and putrescine) stock solutions were prepared in deionized water and then diluted
in the respective solvent/media for the measurements. All stock solutions were kept in the fridge
at +8 °C for storage. The concentration of MDAP and BuBrDAP stock solutions were
determined accurately by using their molar extinction coefficients (MDAP?°': 7800 M 'cm ™ at
393 nm, BuBrDAP: 7453 M lem™! at 393 nm in water) by UV-Vis absorption titration
measurements in water. For polyamines, the stock solutions were prepared by weighing in the
required amount of the pure sample to attain the desired concentration. The concentration of
the P5SAS stock solution was determined by fluorescence titration against a known

concentration of MDAP dye by exciting the sample at 336 nm and collecting the emission

intensity at 423 nm in the respective solvent used to prepare the stock solutions.

Urine samples (spot urine) were collected from healthy voluntary donors spontaneously during the
day (morning urine was not used) and used without any pre-treatment steps except for dilution.
Saliva samples were collected from healthy voluntary donors spontaneously during the day and
used without any pre-treatment steps. Urine/saliva samples were stored in aliquots at —20 °C. For
measurements, samples were defrosted and stored at +4 °C and used within 3 - 4 days. Before
analysis, samples were incubated at room temperature for 30 minutes. Dilutions were done with

1X PBS for urine samples.
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5.5. Additional Information

e Synthesis of BuBrDAP indicator dye
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Scheme 5.1: Synthetic route of BuBrDAP. (a) methylamine, 40% aq., 130 °C, 3 h, 70%. (b) AlCls, LiAlH4, THF,
70 °C, 4 h, 39%. (c) selenium, no solvent, 265 °C, 4 h, 300 °C, 1 h, 63%. (d) 1,4-dibromobutane, DMF, 85 °C, 1
d, 75%. This synthesis was carried out by Dr. Laura Grimm from the research group of Dr. Frank Biedermann.

2,7-dimethylbenzo[/mn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone*** (7)

W

) O ( amine (40 wt%, 120 mL, 1.39 mol, 74.5 eq). To this solution, 1,4,5,8-

7

O O

A two-neck flask with a reflux condenser was filled with aqueous methyl-
naphthalenetetracarboxylic dianhydride (5.00 g, 18.6 mmol, 1.0 eq) was added
slowly, and the orange reaction mixture was refluxed for 3 h. After cooling to room temperature,
the precipitate was collected by filtration, washed with copious amounts of methanol, and dried
in vacuo. The product (7) was isolated as a nude-colored solid with a yield of 70% (3.50 g, 13.1

mmol).

'H NMR (500 MHz, CDCls, 298 K): & (ppm) = 8.78 (s, 4H, H-Ar), 3.61 (s, 6H, CHs). —
13C NMR (126 MHz, CDCls, 298 K): 6 (ppm) = 163.1 (Cy), 131.0 (CH), 126.6 (CH), 27.5
(CHs3).

2,7-dimethyl-1,2,3,6,7,8-hexahydrobenzo|/mn][3,8] phenanthroline** (8)

In a 500 ml two-neck flask, anhydrous AICl3 (3.27 g, 24.6 mmol, 2.3 eq) was

dissolved in 200 ml dry THF. To the stirring solution, LiAlH4 (2.40 g,

’ 74.0 mmol, 7.1 eq) was added carefully in small portions under ice-bath
cooling. Next, 7 (3.10 g, 10.5 mmol, 1.0 eq) was added in portions, and the red reaction mixture
was heated to reflux. After 4h, the reaction mixture turned green and was cooled to room
temperature. Subsequently, the reaction mixture was quenched with 400 mL of ice water. The

brown precipitate was filtered off and dried under reduced pressure. The solid was extracted
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with 1.5 L chloroform in a Soxhlet extractor for 5 h. The extract was evaporated, and a brown-
green solid was obtained. Product (8) was isolated with a yield of 39% (970 mg, 4.08 mmol).
'"H NMR (500 MHz, CDCl3, 298 K): 6 (ppm) = 7.18 (s, 4H, H-Ar), 3.99 (s, 8H, CH>), 2.61 (s,
6H, CH;). — C NMR (126 MHz, CDCl3, 298 K): 6 (ppm) = 128.4 (Cg), 126.3 (CH), 125.3
(Cyq), 54.1 (CH>), 34.1 (CHas).

Benzo[/mn][3,8]phenanthroline // 2,7-diazapyrene*** (9)

In a 250 ml flask, selenium (5.00 g, 64.5 mmol, 20.0 eq) and 8 (770 mg, 3.23

mmol, 1.0 eq) were stirred at 265 °C for 4 h. Next, the black viscous mixture was
° heated to 300 °C for 1 h. After cooling to room temperature, the reaction flask
was boiled four times with 1 M aqueous HCI for 10 min. After each boiling, the black solid was
filtered off the acidic solution yielding a red filtrate. The filtrates were combined, and the
addition of 5 M NaOH aq. caused the precipitation of a yellow powder. The precipitate was
filtered off, washed with water, and dried in vacuo. The product (9) was isolated as a yellow

solid with a yield of 63% (414 mg, 2.03 mmol).

'H NMR (500 MHz, MeOD-d3, 298 K): J (ppm) = 9.53 (s, 4H, H-Ar), 8.39 (s, 4H, CH.). —
13C NMR (126 MHz, MeOD-d3, 298 K): & (ppm) = 146.0 (CH), 128.0 (CH), 127.8 (C), 127.5
(Co).

2,7-bis(4-bromobutyl)benzo[/mn][3,8]phenanthroline-2,7-diium dibromide // 2,7-bis(4-
bromobutyl)diazapyrenium (BuBrDAP, 10)

O 8" Under nitrogen atmosphere, 9 (25.0 mg, 122 pmol, 1.0 eq) was
/

JJB _—— - dissolved in 11 mL dry DMF. 1,4-Dibromobutane (1.09 mL,
Br r

Br

10
BrDAP

was stirred at 85 °C for 20 h. The yellow precipitate was filtered off, washed with DMF, and

1.98 g,9.15 mmol, 75.0 eq) was added, and the reaction solution

dried under reduced pressure. Product (10) was isolated as a yellow solid with a yield of 75%

(53.4 mg, 90.1 pmol).

'"H NMR (500 MHz, D0, 298 K): § (ppm) = 10.12 (s, 4H, H-Ar), 8.86 (s, 4H, H-Ar), 5.24 (t,
3J="17.5Hz, 4H, CHy), 3.57 (t, 3J= 6.4 Hz, 1H, CH>), 2.46 (quin, 3J= 7.5 Hz, 4H, CH>»), 2.04
(quin, 3J = 7.5 Hz, 4H, CH>). — 1*C NMR (126 MHz, D,0, 298 K): J (ppm) = 141.1 (CH),
130.0 (Cy), 129.9 (CH), 127.0 (Cy), 62.9 (CH2), 33.0 (CH2), 30.1 (CH>), 28.5 (CHz). — ESI-MS
(pos., H20): m/z calc. for C22H24N2Br22" ([M]*%) 238.0137, found 238.0220.
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Additional data
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Figure 5.20: (a) Normalized fluorescence emission intensity at 423 nm (Aexc = 336 nm) of PSAS (3.2 uM) and
MDAP (3.3 uM) upon stepwise addition of (a) spermine, (b) spermidine, and (c) cadaverine in 50 mM sodium
phosphate buffer (50 mM Na-PB). The acquired data is depicted as grey dots, and the fitted data following the
competitive thermodynamic IDA model as red line. The binding constant obtained in each case is shown in their
respective graphs.
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Figure 5.21: (a) Normalized fluorescence emission intensity at 423 nm (Aexc = 336 nm) of PSAS (3.1 pM) and
MDAP (3.3 uM) upon stepwise addition of (a) spermine and (b) cadaverine in 10X PBS. The acquired data is
depicted as grey dots, and the fitted data following the competitive thermodynamic IDA model as red line. The
binding constant obtained in each case is shown in their respective graphs.
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Figure 5.22: (a) Absorbance spectra of urine (diluted 2 times with 1X PBS) in the absence and presence of
P5AS*MDAP (36 uM) chemosensor. (a) Fluorescence emission spectra of urine (diluted 2 times with 1X PBS) in
the absence and presence of PSASsMDAP (36 uM) chemosensor upon exciting the sample at (a) 350 nm and (b)
406 nm. Dilution of the urine sample and exciting the sample where the self-absorption from urine is minimum
helped reduce the strong urine fluorescence background signal.
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List of abbreviations

ECD
FDCD

AF

LD

FDLD

LB

CPL

H

G

D

GDA
kinGDA
kinGDAPT©
IDA
kinIDA
CB6

CB7

CB8
acyclic CBn
MT

PSAS

HSA
MDPP
MDAP
BuBrDAP
(Rp)-MPCP
(Sp)-MPCP
(Sp)-MVCP
DSMI

BC
L-Phe-L-Ala

electronic circular dichroism

fluorescence-detected circular dichroism

differential circularly polarized fluorescence excitation
linear dichroism

fluorescence-detected linear dichroism

linear birefringence

circularly polarized luminescence

host

guest

(indicator) dye

guest displacement assay

kinetic GDA

pseudo-first order kinGDA

indicator displacement assay

kinetic IDA

cucurbit[6]uril

cucurbit[7]uril

cucurbit[8]uril

acyclic cucurbit[n]uril

endo-functionalized molecular tube

pillar[5]MaxQ

human serum albumin (fatty acid free)
2,9-dimethyldiazaperoperylenium dication
2,7-dimethyldiazapyrenium dication
2,7-bis(4-bromobutyl)diazapyrenium dication
(Rp)-N-methyl-4-pyridinylium[2.2]paracyclophane
(Sp)-N-methyl-4-pyridinylium[2.2]paracyclophane
(E)-4-((Sp)-4-vinyl[2.2]paracyclophane)-1-methyl pyridin-1-ium
trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide
berberine chloride

L-phenylalanyl-L-alanine
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L-Phe-Gly
L-Phe-L-Val
L-Ala-L-Phe
D-Phe
L-Phe
L-Trp-NH>
L-Trp-OMe
D-Trp-OMe
D-Trp

L-Trp

L-Arg
D-Arg
L-Lys
Ac-L-Arg-OMe
Ac-L-Lys-OMe
PPO
4-MBA
AdOH
FeCp,OH
PBZ

PB

PBS

HS

DC

PMT

HT

BW

Acc
LP-Filter
D.IL.T

I'measure

AF corr.

A"

L-phenylalanylglycine
L-phenylalanyl-L-valine
L-alanyl-L-phenylalanine
D-phenylalanine

L-phenylalanine

L-tryptophanamide hydrochloride
L-tryptophan methyl ester hydrochloride
D-tryptophan methyl ester hydrochloride
D-tryptophan

L-tryptophan

L-arginine hydrochloride

D-arginine hydrochloride

L-lysine hydrochloride

N-acetyl-L-arginine methyl ester hydrochloride

N-acetyl-L-lysine methyl ester hydrochloride

1-phenylpropylene oxide
4-methylbenzylamine hydrochloride
1-adamantanol

ferrocenyl methanol
phenylbutazone

sodium phosphate buffer
phosphate buffered saline
human blood serum
direct current
photomultiplier tube

high tension voltage
bandwidth

accumulations

long-pass filter

digital integration time
measuring time

HT Voltage corrected AF

volts
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norm
Lsim
NMR
DEPT
DOSY
ITC
ESI-MS
HPLC
HPLC-MS
DLS

RI

ee

hours

wavelength

monitoring wavelength

excitation wavelength

emission wavelength

molar extinction coefficient

molar circular dichroism

temperature

standard deviation

observable signal (fluorescence intensity)
normalized signal (fluorescence intensity)
simulated signal (fluorescence intensity)
nuclear magnetic resonance

distortionless enhancement by polarization transfer
diffusion-ordered spectroscopy
isothermal titration calorimetry
electrospray ionization mass spectrometry
high performance liquid chromatography
high performance liquid chromatography-mass spectrometry
dynamic light scattering

refractive index
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