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Abstract

1. Abstract

Molecular recognition of bioactive analytes plays a vital role in various fields, including
clinical diagnostics, pharmaceuticals, and environmental monitoring. Although conventional
instrument-based analytical methods such as high-performance liquid chromatography
(HPLC), NMR, and mass spectrometry are available for molecular analysis, their execution is
cumbersome, requires expensive instrumentation, and is time-consuming. Additionally, these
challenges restrict their use in home or point-of-care units for routine diagnosis. Therefore,
chemosensors based on supramolecular host-guest chemistry are a promising alternative for
the selective and sensitive detection of analytes, offering a low-cost and fast-responding
sensing platform for diagnostics and sensing applications. These chemosensors comprise an
artificial receptor as a molecular recognition motif and a molecular signalling component for
reporting the recognition event. To date, several macrocyclic hosts and their derivatives have
been investigated as artificial receptors to develop robust chemosensors. Among these
macrocyclic hosts, cucurbit[n]urils have a prominent role due to their exceptional binding
affinities for a wide variety of analytes and hence, cucurbit[n]uril-based chemosensors have
been extensively researched for analyte sensing. In most examples, cucurbit[n]uril-based
chemosensors utilize fluorescence as the signal transduction mechanism. Fluorescent species
require an external light source to produce emission signals. Consequently, fluorescent
chemosensors encounter major challenges, such as background fluorescence from other
emissive components in the sample, light source instability, light scattering, and
photobleaching. These challenges result in a suboptimal signal-to-noise ratio, thereby limiting
their practical applications. Hence, new design principles for cucurbit[#n]uril-based

chemosensors are necessary.

Designing  chemiluminescent  chemosensors would be advantageous because
chemiluminescence is generated through a chemical reaction and does not depend on an
external light source for signal generation. Chemiluminescent chemosensors can thus
circumvent the drawbacks of fluorescent chemosensors by providing a comparatively low
background signal and superior signal-to-noise ratio. Another approach is to develop
electrochemical sensors that produce electrochemical responses as detectable signals. These

sensors serve as a useful complement to existing fluorescent chemosensors, particularly at
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emergency sites where fast and accurate detection is essential. Additionally, electrochemical-

based detection methods hold the potential for designing compact and portable sensors.

In this thesis, novel signal transduction methods for cucurbit[z]uril-based chemosensors are
developed by investigating chemiluminescence- and electrochemical- based detection
strategies. In addition, proof-of-concept solutions for realizing their practical applications in

molecular diagnostics are described.

The first research project presents the design and development of a chemiluminescent
chemosensor utilizing cucurbit[8]uril as the macrocyclic host and phenoxy 1,2-dioxetane as
the chemiluminescent indicator. This chemosensor enabled the detection of drugs at low
micromolar concentrations in biofluids such as human urine and human serum. In addition, it
was found that cucurbit[8]uril can act as a chemiluminescent enhancer of commercially
available chemiluminescent substrates such as CDP-Star. This shows the potential of
cucurbit[8]uril to improve the chemiluminescent diagnostic assay by providing a non-toxic and
cost-effective substitute to existing performance enhancers like surfactant-dye adducts that are
chemically unstable. Finally, a chemiluminescence resonance energy transfer-based assay is
developed employing a cucurbit[7]uril-dye conjugate and a phenoxy 1,2-dioxetane to detect
the herbicide paraquat in aqueous media. Although literature examples of chemiluminescent
host-guest type chemosensors for cell imaging and the detection of reactive oxygen species
have been reported, this research project represents the first study of a chemiluminescent host-
guest type chemosensor for the detection of small organic molecules, such as drugs, in

biofluids.

The second research project demonstrates a novel design principle of an electrochemical
chemosensor utilizing cucurbit[7]uril as the macrocyclic host and electrochemically active
platinum(II) compound as the redox indicator for the detection of redox-inactive analytes.
Specifically, this chemosensor exhibited low micromolar detection of pancuronium bromide
drug, a known muscle relaxant, in aqueous solutions and human urine samples. This is the first
chemosensor capable of detecting pancuronium bromide via host-guest interactions. Unlike
existing electrochemical chemosensors, this design eliminates the need for cumbersome
immobilization processes on the electrode surface. Notably, it is adaptable to perform with
commercially available screen-printed electrodes and requires minimal sample volumes for
measurements. This design strategy thus provides potential possibilities for developing

miniaturized, disposable, and portable sensors for molecular diagnostics.
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In summary, this doctoral thesis focuses on designing novel signal transduction strategies to
develop cucurbit[n]uril-based chemosensors by exploiting chemiluminescence and
electrochemical-based detection methods for the sensitive detection of biologically relevant
analytes in biofluids. These designs can pave the way for the future development of cost-
effective and fast-response chemosensors based on host-guest chemistry, with improved

practical applications in molecular diagnostics.
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2. Zusammenfassung / Abstract in German

Die molekulare Erkennung bioaktiver Analyten spielt in verschiedenen Bereichen eine
wichtige Rolle, darunter in der klinischen Diagnostik, der Pharmazie und der
Umweltiiberwachung.  Obwohl  fir die  molekulare = Analyse  herkdmmliche
instrumentenbasierte  Analysemethoden wie Hochleistungsfliissigkeitschromatographie
(HPLC), NMR und Massenspektrometrie zur Verfiigung stehen, ist ihre Durchfiihrung
umsténdlich, erfordert teure Instrumente und ist zeitaufwindig. Dariiber hinaus beschrianken
diese Herausforderungen ihre Verwendung in Heim- oder Point-of-Care-Einheiten fiir die
Routinediagnose. Daher sind Chemosensoren auf Basis supramolekularer Wirt-Gast-Chemie
eine vielversprechende Alternative fiir die selektive und empfindliche Erkennung von Analyten
und bieten eine kostengiinstige und schnell reagierende Sensorplattform fiir Diagnostik- und
Sensoranwendungen. Diese Chemosensoren umfassen einen kiinstlichen Rezeptor als
molekulares Erkennungsmotiv und eine molekulare Signalkomponente zur Meldung des
Erkennungsereignisses. Bisher wurden mehrere makrozyklische Wirte und ihre Derivate als
kiinstliche Rezeptoren untersucht, um robuste Chemosensoren zu entwickeln. Unter diesen
makrozyklischen Wirten spielen Cucurbit[z]urile aufgrund ihrer auflergewdhnlichen
Bindungsaffinititen fiir eine Vielzahl von Analyten eine herausragende Rolle, und daher
wurden Chemosensoren auf Cucurbit[#]uril-Basis intensiv fiir die Analyterkennung erforscht.
In den meisten Fillen nutzen Chemosensoren auf Cucurbit[n]uril-Basis Fluoreszenz als
Signaliibertragungsmechanismus. Fluoreszierende Spezies bendtigen eine externe Lichtquelle,
um Emissionssignale zu erzeugen. Daher stehen fluoreszierende Chemosensoren vor groflen
Herausforderungen, wie Hintergrundfluoreszenz von anderen emittierenden Komponenten in
der Probe, Instabilitdit der Lichtquelle, Lichtstreuung und Photobleichung. Diese
Herausforderungen fithren zu einem suboptimalen Signal-Rausch-Verhéltnis und begrenzen so
ihre praktischen Anwendungen. Daher sind neue Designprinzipien fiir Chemosensoren auf

Cucurbit[n]uril-Basis erforderlich.

Die Entwicklung chemilumineszierender Chemosensoren wire von Vorteil, da
Chemilumineszenz durch eine chemische Reaktion erzeugt wird und fiir die Signalerzeugung
nicht auf eine externe Lichtquelle angewiesen ist. Chemilumineszierende Chemosensoren
konnen somit die Nachteile fluoreszierender Chemosensoren umgehen, indem sie ein

vergleichsweise niedriges Hintergrundsignal und ein besseres Signal-Rausch-Verhiltnis bieten.
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Ein anderer Ansatz ist die Entwicklung elektrochemischer Sensoren, die elektrochemische
Reaktionen als erkennbare Signale erzeugen. Diese Sensoren dienen als niitzliche Ergdnzung
zu vorhandenen fluoreszierenden Chemosensoren, an denen eine schnelle und genaue
Erkennung unerldsslich ist. Dartiber hinaus bieten elektrochemische Erkennungsmethoden das

Potenzial fiir die Entwicklung kompakter und tragbarer Sensoren.

In dieser Arbeit werden neuartige Signaliibertragungsmethoden fiir Cucurbit[z]uril-basierte
Chemosensoren  entwickelt, indem  chemilumineszenz- und  elektrochemische
Detektionsstrategien untersucht werden . Dariiber hinaus werden Proof-of-Concept-Losungen

fiir die Realisierung ihrer praktischen Anwendung in der molekularen Diagnostik beschrieben.

Das erste Forschungsprojekt prisentiert den Entwurf und die Entwicklung eines
chemilumineszierenden Chemosensors, der Cucurbit[8]uril als makrozyklischen Wirt und
Phenoxy-1,2-dioxetan als chemilumineszierenden Indikator verwendet. Dieser Chemosensor
ermOglichte die Erkennung von Arzneimitteln in niedrigen mikromolaren Konzentrationen in
Biofliissigkeiten wie menschlichem Urin und menschlichem Serum. Dariiber hinaus wurde
festgestellt, dass Cucurbit[8]uril als chemilumineszierender Verstirker von kommerziell
erhdltlichen chemilumineszierenden Substraten wie CDP-Star wirken kann. Dies zeigt das
Potenzial von Cucurbit[8]uril, den chemilumineszierenden diagnostischen Test zu verbessern,
indem es einen ungiftigen und kostengiinstigen Ersatz fiir vorhandene Leistungsverstéirker wie
Tensid-Farbstoff-Addukte bietet, die chemisch instabil sind. Schlielich wird ein auf
Chemilumineszenz-Resonanzenergietransfer  basierender Test entwickelt, der ein
Cucurbit[ 7]uril-Farbstoff-Konjugat und ein Phenoxy 1,2-dioxetan verwendet, um das Herbizid
Paraquat in wissrigen Medien zu erkennen. Obwohl in der Literatur bereits Beispiele fiir
chemilumineszierende Chemosensoren vom Wirt-Gast-Typ fiir die Zellbildgebung und die
Erkennung reaktiver Sauerstoffspezies beschrieben wurden, handelt es sich bei diesem
Forschungsprojekt um die erste Untersuchung eines chemilumineszierenden Chemosensors
vom Wirt-Gast-Typ fiir die Erkennung kleiner organischer Molekiile, wie etwa Arzneimittel,

in Biofliissigkeiten.

Das zweite Forschungsprojekt demonstriert ein neuartiges Designprinzip eines
elektrochemischen Chemosensors, der Cucurbit[7]uril als makrozyklischen Wirt und eine
elektrochemisch aktive Platin(II)-Verbindung als Redoxindikator zur Erkennung
redoxinaktiver Analyten verwendet. Insbesondere zeigte dieser Chemosensor eine Erkennung

des Arzneimittels Pancuroniumbromid im niedrigen mikromolaren Bereich in wéssrigen
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Losungen und menschlichen Urinproben. Dies ist der erste Chemosensor, der
Pancuroniumbromid tliber Wirt-Gast-Wechselwirkungen erkennen kann. Im Gegensatz zu
bestehenden elektrochemischen Chemosensoren macht dieses Design aufwéndige
Immobilisierungsprozesse auf der Elektrodenoberfliche iiberfliissig. Es ist insbesondere an
handelsiibliche, im Siebdruckverfahren hergestellte Elektroden anpassbar und erfordert nur
minimale Probenvolumina fiir Messungen. Diese Designstrategie bietet somit potenzielle
Moglichkeiten fiir die Entwicklung miniaturisierter, tragbarer Einwegsensoren fiir die

Molekulardiagnostik.

Zusammenfassend konzentriert sich diese Doktorarbeit auf die Entwicklung neuartiger
Signaliibertragungsstrategien zur Entwicklung von Chemosensoren auf Cucurbit[#]Juril-Basis
unter Nutzung von Chemilumineszenz und elektrochemischen Nachweismethoden fiir die
empfindliche Erkennung biologisch relevanter Analyten in Biofliissigkeiten. Diese Entwiirfe
konnen den Weg fiir die zukiinftige Entwicklung kostengiinstiger und schnell reagierender
Chemosensoren auf Basis der Wirt-Gast-Chemie ebnen, mit verbesserten praktischen

Anwendungen in der Molekulardiagnostik.
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3. General Introduction

3.1. Supramolecular chemistry based on molecular recognition

Supramolecular chemistry has attained increasing attention over the past decades due to the
broad range of possibilities for practical applications, especially in medical diagnostics and
sensing.!” To date, well-known instrument-based methods such as high-performance liquid
chromatography (HPLC), nuclear magnetic resonance (NMR) spectroscopy, and mass
spectrometry have been employed for clinical analysis. Despite their potential for sensing
applications, their implementation for routine diagnostics at home or point-of-care units is
challenging due to technical sophistication, high costs, and high time consumption. Moreover,

the capacity for high-throughput screening is restricted.

In this context, the advent of supramolecular chemistry based on molecular recognition strategy
has emerged as a promising research area towards diagnostic and sensing applications.®
Molecular recognition involves the specific and selective binding between the recognition
element and the target analyte through non-covalent interactions such as hydrogen bonds, ionic
bonds, hydrophobic interactions, and van der Waals forces.” Extensive research has been
conducted in this direction to develop functional units called chemosensors and to investigate
their potential for sensing analytes.> & % ° A typical chemosensor consists of a recognition
element or receptor to perform molecular recognition of the target analytes and a signal
transducer to report the recognition event by producing a detectable signal such as optical,

electrochemical, magnetic or thermal response (Figure 3.1).!° The target binding specificity of

the chemosensor is attained from the complementary structural and chemical features of the

analyte

signal transducer l
recognition element 4 complex
= optical
chemosensor = electrochemical
" magnetic
= thermal

Figure 3.1 Schematic representation of a chemosensor.
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recognition element. Due to their selective and sensitive detection of analytes, chemosensor-

based research can offer further opportunities in diagnostics and sensing applications.

Chemosensors based on biological recognition elements such as antibodies, enzymes, and
nucleic acids are termed biosensors and have shown promising results in molecular
recognition-based diagnostics.!!"!* The following section explains various biosensors and the
challenges associated with their practical implementations. Chemosensors based on host-guest
chemistry as an alternative sensing platform for molecular recognition-based diagnostics,

where artificial receptors act as recognition elements, are described in Section 3.1.2.

3.1.1. Biosensors

Biosensors are chemosensors with a biological recognition element that specifically interacts
with the target analyte and a transducer that generates quantifiable signals.'* !*> Clark and Lyons
first elucidated the concept of biosensors in the 1960s for the detection of glucose.'® Based on
the nature of the recognition process, biosensors are classified as biocatalytic sensors and
affinity sensors.!” Biocatalytic sensors use biological catalysts, such as enzymes, to catalyze a
reaction with the target analyte. Affinity sensors rely on specific binding between a target

analyte and a recognition element, such as antibodies or nucleic acids.

In enzyme-based biosensors, enzymes are used as recognition elements due to their specific
binding capabilities and catalytic properties, which allow them to convert specific substrate
molecules (or target analytes) into products (Figure 3.2a).'® ! Several analyte recognition
mechanisms have been employed in these biosensors: (1) detection of the product generated

by the enzymatic conversion of the analyte, (2) detection of analyte-induced inhibition or

a) b) 2
N \> VAVAN
target DNA
<+ A{ antigen
I
enzyme substrates . i L—/
PN N / b
L N\ Y/ J DNA probe
-\ | /4 .. S
“®) || (€ antigen binding
domain
- antibody €«—
enzyme-substrate interaction antibody-antigen interaction DNA hybridization

Figure 3.2 Schematic representation of analyte recognition by biological recognition elements. (a)
enzyme, (b) antibody, and (c) nucleic acids.
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activation of enzyme, or (3) monitoring changes in enzyme properties resulting from the
interaction with the analyte.?° For instance, various changes occurring during the enzymatic
reaction can be monitored, including proton concentration (H"), the release or uptake of gases
(CO2, NH3, O2), light absorption and emission.?!' Signal transducers then convert these changes
into measurable signals.??> The substrate-binding site of the enzyme is arranged with amino
acids, which enable the enzyme to selectively bind to the specific substrate.?? In some cases,
enzymes work along with nonprotein chemical groups such as cofactors to attain substrate
specificity.!” In order to maintain the enzyme activity, immobilizing enzymes onto the sensor
surface is necessary in enzyme-based biosensors.?* The catalytic activity and specificity of
enzyme-based biosensors have enabled these sensors to achieve high sensitivity.”> Enzyme-
based biosensors have been applied for the quantitative and qualitative analysis of target
analytes in various fields such as environment, biomedicine, food quality control, agriculture,
and pharmaceuticals.?® 27 Many enzyme-based biosensors use a class of enzymes known as
oxidoreductases.?® The most widely investigated enzyme-based biosensors are glucose
biosensors, which are used in clinical diagnostics to monitor blood glucose levels.”’
Additionally, other enzyme-based biosensors, such as lactate biosensors, are used in sports
medicine for monitoring lactate accumulation during exercise, while urea biosensors are used
in clinical diagnostics for monitoring kidney function.** 3! Similarly, numerous enzyme-based
biosensors have been developed, commercialized, and utilized for various applications.
Although enzyme-based biosensors have found practical applications, they have major
drawbacks, such as a lack of selective enzymes for analytes of interest, enzyme instability,
challenges associated with enzyme immobilization methods, reduced selectivity for in vivo

analysis due to the presence of interferents in the sample matrix, and high costs.?* 33

Biosensors with antibody-based recognition elements, commonly referred to as
immunosensors, exploit the high sensitivity and specificity of the antibody-antigen
interactions.>* ** Antibodies are Y-shaped proteins with antigen-binding domains (Figure
3.2b).2* The amino acid sequence in the antibody binding site determines the specificity of the
antibody-antigen interaction. The sensing principle of the immunosensors is that the formation
of a specific antibody-antigen complex enables the detection of analytes based on the resulting
signal changes, such as optical, electrochemical or other physical properties at the
immunosensor surface.®>> In immunosensors, the immobilization of antibodies onto the sensor
surface is necessary to maintain the proper conformation and orientation required for optimal

binding with the target analyte (antigen).’® Antibody-based recognition offers numerous

11
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advantages, such as high specificity, sensitivity, non-invasive ability, and direct recognition
capability. Due to these properties, immunosensors have been widely employed in clinical
diagnostics, pharmaceuticals, environmental monitoring, and food analysis to detect various
target analytes, including bacteria, viruses, hormones, drugs, tumour biomarkers, and
pesticides.?> ¥ 37 While there are promising approaches, antibody-based recognition has
certain limitations, including cross-reactivity, thermal and chemical instability, long assay
times, high production costs, regeneration difficulties, and challenges in antibody
immobilization.?* 3 In addition, antibodies face challenges in real-time monitoring of
endogenously occurring target molecules because of the challenges involved in the

internalization of antibodies into cells.?> 3%

Nucleic acids are another type of biological recognition element, which exploit the
complementary binding patterns of ribonucleic acid (RNA) or single-stranded
deoxyribonucleic acid (ssDNA) (Figure 3.2¢).!* 2* Nucleic acid-based biosensors are also
called genosensors and are used to detect specific sequences of RNA or ssDNA.2* To achieve
this, RNA or ssDNA fragments complementary to the target sequence can be artificially
designed and immobilized to the sensor surface.’** Specificity in detection is attained through
the complementary recognition nature between the target sequence and the immobilized RNA
or ssDNA fragment.?**! Since genosensors are based on sequence-specific interactions, they
have a significant role in many fields, particularly clinical, environmental, and food analysis.
Genosensors have been widely employed for the detection of bacterial pathogens, tumour
markers, environmental pollutants, and food contaminants.*>** In addition, they are used for
the detection of point mutations and other genetic variations.*>*%4’” Nevertheless, genosensors
have a limited scope of applications, as their use is restricted to designing sensors targeting
nucleic acids.*® Furthermore, major drawbacks are encountered, including challenges in
synthesizing and modifying nucleic acids, issues with nucleic acid stability, and the high cost

of production.®

Despite the advantages associated with each biological recognition element, the mentioned
challenges significantly affect the performance and practical implementation of biosensors.
The search for new recognition elements to develop robust, simple, cost-effective, and rapid
sensors is of constant interest. In this context, chemosensors based on host-guest chemistry that
utilize artificial receptors as recognition elements are extensively investigated as an alternate
approach.® *® The following section provides an overview of chemosensors based on host-guest

chemistry.
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3.1.2. Chemosensors based on host-guest chemistry

Host-guest chemistry is a branch of supramolecular chemistry that describes the complexation

of two or more molecules through non-covalent interactions and has been broadly researched

across many fields, ranging from molecular recognition to drug delivery.> > 4°-34

9 .0

guest
——
—~—~——

host hostoguest

Figure 3.3 Schematic representation of a typical chemosensor based on host-guest chemistry.

Chemosensors based on host-guest chemistry are functional molecules that contain a
synthetically derived molecule as a recognition element (host) (Figure 3.3). The host molecules
are equipped with a binding cavity in which the specific guest molecules are encapsulated.*
The underlying non-covalent interactions involved in host-guest binding include hydrogen
bonding, electrostatic interactions, van der Waals forces, n-m stacking, and hydrophobic
interactions.’® In these chemosensors, host molecules bind reversibly with the guests (or
analytes), forming host-guest inclusion complexes (Figure 3.3). Subsequently, these complex
formations alter the physical, chemical, redox or spectroscopic properties of the guest or host,
which serve as the basis for chemosensor design.®*® To date, a wide variety of macrocyclic
host molecules such as cyclodextrins, calix[n]arenes, cucurbit[n]urils, and pillar[n]arenes
(Figure 3.4) have been extensively researched for developing novel host-guest type

chemosensors due to their analyte-recognition property.>’>

OH OH T o OH
CH;
o M
HO N N-CH, CH;
OH > l’\:
n=4,56,8
© n=6-8 R N—CH, HO

N
L \H/ n=58 n=57
(@]

cyclodextrin calix[n]arene cucurbit[n]uril pillar[n]arene

Figure 3.4 Chemical structures of macrocyclic host molecules.

13



General Introduction

Macrocyclic host molecules can be tailored in accordance with the target analyte.*® Their
structural and recognition properties are determined by their respective building blocks.®® In
addition, they are thermally and chemically robust and enable real-time monitoring of analytes
with rapid response times.*® Several macrocyclic hosts, such as cyclodextrins, calix[n]arenes,
cucurbit[n]urils, and pillar[n]arenes (Figure 3.4) have been reported to bind with a wide range
of analytes in aqueous media.’® ®1-®* Moreover, many macrocyclic hosts can be synthesized
from low-cost, commercially available starting materials. Owing to these features, macrocyclic
host molecules as a recognition element are gaining significant attention for developing host-
guest type chemosensors for various applications, including drug delivery, cell imaging,
photodynamic therapy, monitoring and detection of biologically and environmentally relevant
analytes.” & % The following section discusses the signal generation strategies utilized in

chemosensors based on host-guest chemistry.

3.1.3. Signal generation strategies for chemosensors

In chemosensors based on host-guest chemistry, the binding interaction between the
macrocyclic host and analyte has to be coupled to a signal transduction event.® 7% 7! Different
signal generation strategies are employed in designing chemosensors to achieve selective and
sensitive detection of analytes. Direct binding assay (DBA), indicator displacement assay
(IDA), guest displacement assay (GDA), and associative binding assay (ABA) are major signal

generation strategies applied in chemosensor-based sensing assays.°

a) Direct Binding Assay (DBA) b) Indicator Displacement Assay (IDA)
c) Guest Displacement Assay (GDA) d) Associative Binding Assay (ABA)
ol Qvé eo! QUQ

HODOG
Figure 3.5 Schematic representation of different signal generation strategies. (a) DBA, (b) IDA, (¢)

GDA, and (d) ABA. Here, host (H) represents the macrocyclic host molecule, guest (G) represents the
target analyte, and dye (D) represents the indicator molecule.
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In a DBA, the interaction between the host and the guest (analyte) molecule results in an easily
quantifiable signal change (Figure 3.5a).° DBA is applied in cases where the host or analyte is
emissive/chromophoric/redox active such that the host-guest binding generates a significant
signal change. Implementing a DBA-based chemosensor is often the most convenient and
feasible option. Specifically, when the target analyte in DBA produces a unique signal response
upon binding, allowing for differentiation from signals induced by cross-reactive analytes or

interferents.®

IDA is applied for those host or guest (analyte) that are not emissive/chromophoric/redox-
active or that do not produce a significant response upon guest binding (Figure 3.5b).% 72 IDA
depends on indicator molecules, which change their spectroscopic (dyes) or electrochemical
(redox active molecules) characteristics upon binding to a host molecule. The addition of a
competitive binding guest leads to the displacement of the indicator (the indicator is shown as
a dye in Figure 3.5b) from the host by forming the host-guest complex (H>G) accompanied
by the recovery of the spectroscopic or electrochemical properties of the unbound indicator,
which forms the basis for analyte detection. An ideal indicator should show distinct signal
response changes for its free and bound state. Moreover, a crucial prerequisite for this assay to
work is that the affinity between the indicator and the host should be comparable to that
between the guest and the host.”® Here, affinity refers to the degree to which the guest is bound
to the host compared to the indicator and depends on the binding constant and concentration of
the host, guest, and indicator, which are essential for achieving the effective displacement of
the indicator and the subsequent signal response.’* 7 This competitive approach is extensively

employed in various molecular sensing applications.® 7% 73

For analytes having low binding affinity for the host and poor aqueous solubility, GDA, a
competitive binding assay is utilized (Figure 3.5¢).%7° In a GDA, the guest (analyte) first forms
a complex with the host (HDG), and the encapsulation of the guest in the host cavity leads to
a solubility enhancement. Subsequently, the addition of the indicator (the indicator is shown as
a dye in Figure 3.5¢) results in the displacement of the guest from the host cavity by forming
the host-dye complex (HoD), which is accompanied by a change in the signal response. As a
complementary approach to IDA, the GDA method is superior for insoluble and weakly

binding guests.”

In cases where the host molecules can simultaneously bind the indicator and the guest (analyte)

in their cavity, ABA can be established to perform analyte detection (Figure 3.5d).57%7® ABA
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involves the complex formation between the host and the aromatic indicator (the indicator is
shown as a dye in Figure 3.5d) followed by the associative binding of the guest (aromatic
analyte), leading to the formation of a 1:1:1 hetero-ternary complex (HODD>G) accompanied
by aresponsive signal. The face-to-face n-n stacking orientation between the aromatic indicator
and the aromatic guest inside the host cavity facilitates electronic coupling phenomena, such
as the emergence of a charge transfer band or changes in the emission spectra. This unique
binding assay provides possibilities for distinguishing analytes from each other based on the
resulting analyte-specific signal response (fingerprints) that is generated from the interaction

between the analyte and the indicator within the host cavity.

Selecting an appropriate signal transduction method for the detection of the target analyte is
very important for the success of chemosensors based on the aforementioned signal generation
strategies. The following section gives an overview of different signal transduction methods

employed in chemosensor-based sensing assays.

3.2. Signal transduction methods

In chemosensors, the generation of signal upon analyte binding is important for the detection
of analytes. Therefore, choosing the appropriate signal transduction method is essential for the
effective implementation of the developed chemosensors. Absorbance, fluorescence,
chemiluminescence, electrochemical techniques, NMR, and mass spectrometry are some
examples of the detection methods employed for signal transduction.”* 77 The following
sections provide a brief introduction to the commonly used detection methods, which include
fluorescence, chemiluminescence, and electrochemical. In addition, the advantages of

chemiluminescence and electrochemical detection methods over fluorescence are described.

3.2.1. Fluorescence-based detection methods

Fluorescence is the emission of photons by a molecule from its excited singlet state to the
singlet ground state during a light absorption process.”® Molecules in the excited states can also
relax by non-radiative processes, in which excitation energy is not converted into photons but
instead dissipated by thermal processes.’® The Jablonski diagram (Figure 3.6a) offers a

convenient representation of the excited state structure and possible processes.”® 7

In the Jablonski diagram, So, S1, and S> represent the singlet ground state and the first and the
second singlet electronic excited states, respectively. T1 and T» represent the first and second

triplet electronic excited states, respectively. Each electronic state is associated with vibrational
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Figure 3.6 (a) Jablonski diagram illustrating relative positions of absorption, fluorescence, and
phosphorescence spectra. Radiative and non-radiative processes are denoted as straight and wavy
arrows, respectively. (b) Represenative absorbance, fluorescence, and phosphorescence spectra.
Reprinted (adapted) with permission from ref.” Copyright 2012 Wiley-VCH Verlag GmbH & Co.
KGaA.

levels. This diagram demonstrates that a molecule absorbs light from the lowest vibrational
level of So to a range of vibrational levels in the singlet electronic excited states (S1, S2). The
wavelength of the absorbed light depends on the energy gap between the ground state and the
excited state of the molecule. After absorbing light, transitions occur in the range of 107!° s, and
various processes start to take place. If a molecule becomes excited to an energy level higher
than the lowest vibrational state of Si, a non-radiative process called vibrational relaxation
(VR, 1025 - 1071 5) directs the excited molecule towards the lowest vibrational level of the
Si. If the singlet excited state is above S; (for example, S»), a non-radiative process called
internal conversion (IC, 10~'' s - 10~ s) occurs. The molecule undergoes relaxation from the
Si to So by radiative decay process, emitting photons as fluorescence (10 s - 107 s).
According to Kasha's rule, fluorescence occurs from the lowest vibrational level of the S
excited state.® Molecules can also undergo a spin-forbidden transition from S to T} via a non-

radiative pathway called intersystem crossing (ISC, 107! s - 10 s). The relaxation of
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molecules from T to So by a radiative pathway with the emission of photons is termed

phosphorescence (10¢s - 10 s).

Due to energy dissipation in the excited state through non-radiative pathways, fluorescence
emission is located at higher wavelengths than the absorption (Figure 3.6b). The difference in
wavelengths of maximum emission and maximum absorption is referred to as the Stokes
shift.3! The transition from a triplet state to a singlet state is spin-forbidden, resulting in a longer
lifetime for phosphorescence compared to spin-allowed fluorescence.®? Consequently, the
longer lifetime for the triplet excited state allows for more energy dissipation via non-radiative
pathways. As a result, the phosphorescence spectrum is located at longer wavelengths

compared to the fluorescence spectrum (Figure 3.6b).

Chemosensors generating fluorescence response as a recognition event for analyte detection
are termed fluorescent chemosensors.’”> 7% 7! Therefore, these chemosensors depend on a
photophysically active component, the fluorophore, to exhibit measurable signal changes upon
analyte binding. When the target analyte is recognized by the host molecule, the fluorescence
signal can be observed in the form of quenching, enhancement, or shift in the fluorescence
maxima due to either electron transfer, charge transfer, or energy transfer processes.®> % * The

Figure 3.7 illustrates two cases for fluorescent chemosensors based on IDA, where the addition

a)

switch-off
fluorescence response

+ ye
fluorescence response = .

b)

> \
switch-on

Figure 3.7 Schematic representation of fluorescent chemosensors based on IDA. The addition of an
analyte either causes (a) a fluorescence decrease or (b) a fluorescence increase due to the displacement
of the dye from the macrocyclic host. Reprinted (adapted) with permission from ref.** Copyright 2014
American Chemical Society.
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of a target analyte either causes a switch-off fluorescence response (Figure 3.7a) or a switch-
on fluorescence response (Figure 3.7b). For example, in macrocyclic hosts such as
cyclodextrins and cucurbit[x]urils, the fluorescence of the encapsulated dye is enhanced due to
the relocation of the dye into a more hydrophobic and solvent-protected environment of the
macrocyclic host cavity.> ® In contrast, for electron-rich macrocyclic hosts such as
calix[n]arenes, the fluorescence of the encapsulated dye is quenched due to the charge-transfer
process.®® 84 Therefore, analyte addition results in fluorescence decrease (Figure 3.7a) or
fluorescence increase (Figure 3.7b) due to the analyte-induced displacement of the dye from

the host cavity.

Until now, a diverse range of fluorescent chemosensors have been developed for the detection
of various analytes.® ¢7- 7%-85-86 Degpite progress in this field, several problems and challenges
still exist. Fluorescence-based detection methods rely on an external light source to generate
an excited state, which can lead to issues such as light scattering, instability of the light source,
and photo-bleaching. In addition, high background signals from other emissive molecules may
occur, especially when chemosensors are applied in biofluids. Hence, these issues can affect

the performance of the chemosensor, leading to a reduced signal-to-noise ratio.

In this aspect, developing chemosensors that employ chemiluminescence as a detection method
would be advantageous because this method does not rely on photoexcitation. Instead,
chemiluminescence produces emission as a result of chemical reactions (chemiexcitation),
resulting in a low background signal compared to fluorescence and an improved signal-to-noise
ratio. Another alternative signal readout method for chemosensors is the electrochemical-based
detection technique. This approach offers the potential to design sensors that can be
miniaturized and made portable to use in on-site sensing applications. In the following sections,
an overview of the chemiluminescence and electrochemical-based detection methods are

described.
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3.2.2. Chemiluminescence-based detection methods

Chemiluminescence (CL) is the light emission derived from a chemical reaction in which
chemically excited molecules relax to the electronic ground state with the emission of

photons.®”% Bioluminescence is a type of chemiluminescence produced by living organisms

such as fireflies.”®

Since an external light source is not required for the CL emission, the major drawbacks
associated with fluorescence, such as light source instability, light scattering, photobleaching,
and phototoxicity, are eliminated. In addition, the background signal is extremely low,
providing high sensitivity and enhanced signal-to-noise ratio.”! Due to these advantageous
properties of CL over fluorescence, CL has been employed in a broad range of analytical

applications, such as in immunoassays, DNA sequencing, cell imaging, photodynamic therapy,

and drug discovery.?1%!

Most CL reactions involve the chemical activation of molecules through oxidation. The
activated molecule undergoes chemical transformation, leading to the formation of an unstable
intermediate.®® ' The decomposition of this intermediate produces an excited luminogenic
species (C* or DY) that decays to its ground state through the emission of light (direct CL,
Figure 3.8a) or by transferring energy to an adjacent fluorophore (E) (indirect CL, Figure 3.8b)

via chemiluminescence resonance energy transfer (CRET). This oxidation mechanism is

a) direct chemiluminescence

C*

> a0

b) indirect chemiluminescence

Figure 3.8 Schematic representation of (a) direct and (b) indirect CL. A and B represent the chemical
reactants. E represents the fluorophore. Reprinted (adapted) with permission from ref.'® Copyright
2020 Royal Society of Chemistry.
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Figure 3.9 Chemical structures of common chemiluminescent substrates that produce CL via oxidative
pathway:.

followed by the common chemiluminescent substrates such as luminol,'* oxalate esters (e.g.
bis(2,4,6-trichlorophenyl)oxalate, TCPO),!* and Cypridina luciferin analog (e.g. 2-methyl-6-
phenyl-3,7-dihydroimidazo[ 1,2-a]pyrazin-3-one, CLA) (Figure 3.9).!% Hence, these substrates
have been used to analyse biological processes involving increased levels of oxidative

species. !06-108

Schaap and co-workers reported a non-oxidative pathway for CL activation based on
triggerable phenoxy 1,2-dioxetanes (PDOs, Figure 3.10).! They showed that the
chemiexcitation of PDOs bearing a protected phenolic group at the meta position could be
initiated by deprotection of the protecting group, either chemically or enzymatically.!!%!!* The
mechanism involves the removal of a protecting group in the presence of specific enzymes or
analytes of interest to produce the phenolate-dioxetane intermediate (1) (Figure 3.10).
Subsequently, the intermediate decomposes through a chemically initiated electron exchange
luminescence (CIEEL) process to generate the electronically excited benzoate ester (4), which

decays to its ground state by emitting light in the blue wavelength region.

The proposed CIEEL mechanism pathways to form the excited benzoate ester (4) are shown in
Figure 3.10.!'4116 Both pathways start with a single electron transfer from the phenolate anion
to the antibonding orbital of the oxygen-oxygen bond of dioxetane, resulting in heterolytic
cleavage of the peroxide bond. Thus, biradical intermediates (2a and 2b) are formed. In
pathway A, proposed by Liu and co-workers, 2a decomposes to anionic biradical species (3a)
and adamantanone.!'> Subsequently, 3a undergoes intramolecular back electron transfer (BET)
to form excited benzoate ester (4). In pathway B, where 2b decomposes to a solvent-caged
radical ion pair (3b). Followed by the intermolecular BET between solvent-caged pair in 3b,

resulting in excited benzoate ester (4).
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Figure 3.10 Proposed CIEEL mechanistic pathways for PDOs. Reprinted (adapted) with permission
from ref.!'® Copyright 2018 Royal Society of Chemistry.

Adam and co-workers proposed that if excited state formation occurs via the intermolecular
BET process, CL emission efficiency should be influenced by a solvent cage effect and, thus,
should be dependent on viscosity. They experimentally observed an increase in CL emission
with increasing solvent viscosity, thus showing the viscosity dependence of CL emission.''
Mechanistically, high-viscosity solvents restrict the diffusive separation of the solvent-caged
radical ion pair and thereby prevent non-radiative deactivation.!!* This suggests that the
intermolecular BET process is involved in the CIEEL mechanism, supporting pathway B,

which is the more widely accepted mechanism.

As PDOs are equipped with an enzyme or analyte-responsive protecting group (PG), they offer

several possibilities for sensing applications. PDOs have efficient CL emission in organic
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solvents like DMSO due to the high viscosity of DMSO. However, PDOs have relatively low
CL quantum yields in aqueous media, thereby limiting their use in biologically relevant
applications.!!” Hence, there is much research in this direction to enhance the emissive nature

of PDOs in aqueous media.

Shabat and co-workers have reported promising studies that improved the emissive nature of
PDOs in physiological conditions. Following are some representative examples of their work:
By conjugating a fluorophore to dioxetane, dioxetane effectively transfers CL energy to the
fluorophore (CRET), resulting in an amplified signal.!'® In addition, the wavelength of the
emitted light can be tuned by choice of the fluorophore (Figure 3.11a). In another approach,
they reported the modification of PDOs by introducing electron-withdrawing groups (EWGs),
such as methyl acrylate and acrylonitrile substituents, at the ortho position of the protected
phenolic group (Figure 3.11b).° These EWGs stabilize the intermediate via resonance
delocalization, leading to enhanced CL emission in aqueous conditions.”® ' They also
developed the first chemiluminescent PDOs that emit light in the near-infrared region under

physiological conditions and applied them for in vivo imaging.'?

All of these approaches enabled the generation of efficient chemiluminescent PDO probes for
detecting various enzymes, reactive species, and even pathogens.”” 16121 Some representative

literature examples of PDOs and their applications are shown in Table 3.1.

a)
- MeO O\O
o triggering
0 !1 event f
light
Fluorophore Fluoropho Fluoropho
b)
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O‘O ©]
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9l F-| g S —7
EWG light
@ Aqueous Conditions

Figure 3.11 Different approaches to enhance the CL of PDOs in aqueous conditions. (a) Enhancement
by energy transfer (ET) from the dioxetane to the fluorophore conjugate. Reprinted (adapted) with
permission from ref.!"® Copyright 2016 American Chemical Society. (b) Direct CL amplification by
introducing an EWG. Reprinted (adapted) with permission from ref.’® Copyright 2017 American
Chemical Society.
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Table 3.1 Chemical structures of different PDO probes and their applications.

PDO probes Applications Ref.
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Figure 3.12 Schematic representation of the host-guest complex formation between PDO and TMCD
leading to enhanced CL emission in aqueous medium. Reprinted (adapted) with permission from ref.!
Copyright 2019 Royal Society of Chemistry.

Chemiluminescent probes play a significant role in developing chemiluminescent
chemosensors, which generate CL response in the presence of the target analytes. In
chemiluminescent chemosensors based on host-guest chemistry, the host-mediated

complexation of the target analyte is coupled to a detectable CL signal change.

Shabat and co-workers reported the first host-guest complex formation of PDOs with trimethyl
B-cyclodextrin (TMCD) to image enzymatic activity and reactive oxygen species in vitro and
in vivo.'?® They showed that the CL emission of PDOs amplified upon complex formation with
TMCD in the aqueous medium. This enhancement occurs because the hydrophobic cavity of
the CD shields the PDOs from the surrounding water molecules (Figure 3.12). They have also
investigated the CL enhancement of PDOs using other CD derivatives, and the largest CL
enhancement was observed with TMCD. This explanation is based on the structural
arrangement where the secondary alcohols of the CD are positioned close to the adamantyl-
dioxetane moiety encapsulation site. This proximity may facilitate hydrogen bond formation
with the dioxetane and its excited state intermediate, leading to quenched emission. In contrast,
the secondary alcohols are methylated in TMCD, thus avoiding the hydrogen bond quenching
effect.!?® Huang and co-workers developed a B-cyclodextrin (B-CD)-based host-guest complex
of CoFe20s magnetic nanoparticles and applied them as catalysts for luminol-hydrogen

peroxide CL reaction.'?® They also studied the detection of hydrogen peroxide in water.

However, until now, there have been no reports on chemiluminescent chemosensors based on
host-guest chemistry for sensing biologically relevant small organic molecules such as drugs

in biofluids. In the present thesis, novel chemiluminescent chemosensors based on host-guest
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chemistry have been investigated for the detection of drugs in biofluids. The first part of my
thesis focuses on the design and development of a CB8-based chemiluminescent chemosensor

using PDO as the CL probe and describes its ability to detect drugs in biofluids.

3.2.3. Electrochemical-based detection methods

Electrochemical detection measures the changes in an electrical signal resulting from the
electrochemical reaction occurring on the electrode surface.!*® Based on the electrical signal
generated, electrochemical detection methods can be classified as potentiometry, voltammetry,
and amperometry. Potentiometry measures changes in electrical potential, voltammetry
involves measuring current as a function of the applied potential, and amperometry monitors
current changes over time at a constant applied potential. This section briefly describes all these

detection methods.

In potentiometry, the potential difference between two electrodes is measured using a high-
impedance voltmeter over a nearly zero-current state (Figure 3.13).!3! One electrode is the
indicator electrode, whose potential changes in response to the redox reaction of the analytes
in the measuring solution, and the other one is the reference electrode, which has a constant
potential (Figure 3.13). Both electrodes are immersed in the measuring solution. The Nernst
equation (Eq. 3.1) governs the relationship between the measured potential and the
concentration of the analyte ions.!*? Potentiometric methods are commonly applied in various
fields such as environmental, agricultural, drug analysis, and determination of many organic

and inorganic ions.'3313

high impedance voltmeter

: @
indicator reference

electrode electrode

measuring seluficn

< Y

Figure 3.13 Schematic representation of a potentiometric measuring cell. Reprinted (adapted) with
permission from ref.'*? Copyright 2014 Springer Science Business Media New York.
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_ 0 _ RT
E=E°— —InQ Eq. 3.1

where E is the measured potential (potential difference between the indicator and the reference
electrode); E° is the standard potential; R is the universal gas constant; T is the temperature in
Kelvin; n is the number of electrons in the redox reaction; F is the Faraday constant; and Q is

the reaction quotient (ratio of concentrations of products and reactants in the redox reaction).

In voltammetry, a varying potential is applied to a working electrode, which produces a
characteristic current response as a measurable quantity. Cyclic voltammetry (CV), differential
pulse voltammetry (DPV), and staircase voltammetry (SCV) are some examples of

voltammetric methods.

In CV, the potential of the working electrode is scanned in a triangular potential waveform (as
shown in Figure 3.14a), starting from a potential Es to a switching potential (Esw).!*” At Esw,
the direction of the potential changes and then the potential is scanned back to a final potential
(E¥). The measurement result obtained is called a cyclic voltammogram, which shows the
current variation as a function of the applied electrode potential.'*° See Figure 3.14b for a
typical cyclic voltammogram of a redox-active species where the current resulting from the
oxidation (anodic current, I4) and the reduction (cathodic current, Ic) process is shown against
the changing potential. For an electrochemically reversible process, the halfway potential (1)

between anodic and cathodic peak potentials corresponds to the formal reduction potential (E°")
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Figure 3.14 (a) Example of a triangular potential waveform applied in CV and (b) the resulting cyclic
voltammogram of a redox-active species. Reprinted (adapted) with permission from ref.!*” Copyright
2021 American Chemical Society and Division of Chemical Education, Inc.
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of the redox reaction.!*® The shape of the resulting voltammogram depends on the type of redox
system studied and the conditions of the measurement. Based on the analysis, a full cycle, a
partial cycle, or a series of cycles can be performed in CV measurements. CV provides
information about the underlying electrochemical processes and is often used to determine the
chemical characteristics of the compounds, monitor reaction intermediates, and stability

measurements of reaction products.'3% 140

In DPV, a series of potential pulses is applied to the working electrode and the current is
measured once before the pulse application (I1) and at the end of the pulse (I2) (Figure 3.15a).'3!
The DPV curve is the difference between the two measured currents plotted against the applied
electrode potential. Since the current is measured at two points, this effectively reduces the
background current, offering high sensitivity.!*> 14! The background current refers to the
capacitive current that arises from the charging and discharging processes at the electrode
surface. This current decays much faster and is negligible at the pulse end.'*? Thus, the resulting
current difference primarily corresponds to the current from the redox process. Hence, DPV
facilitates the detection of analytes at a low concentration range compared to the CV method.
DPV has been used for measuring trace levels of pharmaceutical drugs.'* Moreover, DPV can

discriminate analytes with similar oxidation potentials.'#*

In SCV, a series of potential steps is applied to the working electrode and the current is
measured at the end of each potential step (Ic) (Figure 3.15b) where the capacitive current is

reduced to a negligible value.!*! SCV allows stepwise analysis of the electrochemical

process.!®
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Figure 3.15 Typical potential signal of (a) DPV (I; and I, = two current measuring points) and (b) SCV
(Ic = current measuring point). E, = pulse height, t, = pulse time. Reprinted (adapted) with permission
from ref.!3! Copyright 2010 Springer-Verlag Berlin.
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Figure 3.16 (a) Example of a potential-time waveform applied in a chronoamperometric experiment
and the (b) resulting chronoamperogram and (c) chronocoulogram of a redox-active species. Reprinted
(adapted) with permission from ref.!*® Copyright 2024 Royal Society of Chemistry.

Amperometry involves the measurement of current over time by applying a constant
potential.!*¢ The current generated is directly proportional to the concentration of the redox-
active species and thus, this method is extensively used for the quantitative analysis of redox-
active analytes.!*% 147 In chronoamperometry, the variation in current response is recorded over
time under stepwise applied potential.'*® In a chronoamperometry experiment, the potential of
the working electrode is pulsed from a potential (£1) at which no redox process occurs to a
potential (£2) exceeding the formal potential (E£°') of the redox-active species. For example,
Figure 3.16a illustrates the potential-time waveform applied to a redox-active species (E°' =
0.5 V). Since E» is more positive than E°’, the potential pulse leads to the oxidation of the
species. The resulting chronoamperogram shown in Figure 3.16b depicts a gradual decrease in
the current over time and this decrease depends on the concentration of the redox-active
species. The integration of the obtained chronoamperogram gives the chronocoulogram (Figure
3.16¢). This method offers additional selectivity because the oxidation or reduction potential

applied in the measurement is typically characteristic of the target analyte.'*

In electrochemical sensors, DPV, SCV, or chronoamperometry is commonly used as the
detection method because these methods reduce the occurrence of capacitive current charges
by applying a series of regular potential pulses, leading to enhanced sensitivity.!*% 14!
Electrochemical detection methods offer an appealing detection approach due to their superior
sensitivity, reproducibility, ease of use, portability, low cost, and the requirement of very small

sample volumes.
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Screen-printed electrodes (SPEs) are commercially available cheap electrodes that are popular
for sensing purposes due to their ease of fabrication and cost-effectiveness. They consist of
reference electrode (R.E.), counter electrode (C.E.), and working electrode (W.E.) that are
printed on a solid substrate, as shown in Figure 3.17. In addition, they can be further
functionalized according to the specific needs. Electrochemical detection methods, in
combination with SPEs, have significantly contributed to the development of portable and

affordable electrochemical sensors for various applications.!”> 130153

Counter

Working Electrode

Electrode

C.E.
connection

Y

Reference
Electrode

W.E.
connection

R.E.
connection

Figure 3.17 Illustration of an SPE consisting of a reference, counter, and working electrode. Reprinted
with permission from Metrohm DropSens.

Electrochemical sensors based on host-guest chemistry have been widely explored due to the
molecular recognition properties exhibited by the macrocyclic host molecules.’> >+157
Therefore, these host molecules assist in the accumulation of electroactive target analytes on

the electrode surface, which improves the selectivity and sensitivity of detection.

Quintana and co-workers reported the development of an electrochemical sensor based on
cucurbit[8Juril (CB8) as the macrocyclic host for tryptophan determination at low
concentration levels.!>® They have used a CB8 glassy carbon-modified electrode for this
purpose. The electrochemical measurement results showed that the complex formation of
tryptophan with CB8 generates a potential shift to more positive values and a decrease in the
oxidation current due to the interaction of tryptophan with CB8. They were also successful in
applying the sensor in human serum for the detection of tryptophan. In addition, the sensor
enabled the selective determination of tryptophan in the presence of other possible interferents,
such as acetylcholine, ascorbic acid, and uric acid. In another work by the same authors, they

proposed an electrochemical sensor using a CB8 glassy carbon-modified electrode to detect
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the neurotransmitter dopamine in the nanomolar range, even in the presence of interferents

such as ascorbic acid.'>*

Fragoso and co-workers presented a novel approach to develop a biosensor by modifying gold
surfaces with an electropolymerized pyrrole-B-CD film for the detection of antibodies.'®’
However, all these proposed strategies require electrochemically active analytes that undergo
electron transfer reactions called redox reactions, leading to either oxidation or reduction of the

analytes.

In this context, Yu and co-workers have introduced a competitive binding approach for the
detection of electrochemically inactive (or redox-inactive) analytes using cucurbit[7]uril (CB7)
as the macrocyclic receptor and ferrocene (Fc) as the redox indicator (Figure 3.18a).!® They
have shown that the oxidation potential of Fc that is immobilized on the gold electrode surface
is shifted to more positive values upon forming a complex with CB7 (CB7>Fc) (Figure 3.18b,
graph A). Upon increasing the concentration of redox-inactive analytes, the potential responses
gradually shift back to the original potential of unbound Fc groups (to more negative potential)
(Figure 3.18b, graph B). This indicates the presence of lower amount of CB7>Fc inclusion

complexes as most of the CB7 competitively form inclusion complexes with the analytes.
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Figure 3.18 (a) Schematic representation of the host-guest complex formation between CB7 and Fc
that is immobilized to the gold electrode surface in the absence and presence of redox-inactive drug.
(b) The corresponding CV responses are shown, where graph A shows the potential shift upon CB7oFc
formation and graph B shows the potential shift back to the original potential of unbound Fc in the
presence of the drug. The black curve represents the CV curve of Fc and the blue curve represents the
CV curve of CB7DFc. Reprinted (adapted) with permission from ref.!*® Copyright 2019 American
Chemical Society.
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Although the detection of redox-inactive analytes is possible, the need for highly organized
alkanethiolate self-assembled monolayers (SAMs) on the gold electrode surface for the
immobilization of Fc is a major drawback. This is because of the cumbersome processes
involved in the preparation of SAMs, the limited electrochemical stability of SAMs in aqueous

solutions, and the non-specific adsorption of analytes.!>® 15

In the present thesis, novel electrochemical chemosensors based on host-guest type that do not
require immobilization processes on the electrode surface have been investigated for the
detection of redox-inactive analytes. The first research project discusses the design and
development of a CB7-based electrochemical chemosensor using a platinum(Il) complex as

the redox indicator.
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3.3. Cucurbit[n]urils

Cucurbit[z]urils (CBr) are a family of macrocyclic host molecules that are composed of
methylene-bridged glycoluril units (Figure 3.19a), where ‘n’ denotes the number of glycoluril
units.'%% 1! The name ‘cucurbituril’ was proposed due to its structural resemblance to a
pumpkin (Cucurbitaceae family).”” The synthesis of CBn involves the acid-catalyzed
condensation reaction between glycoluril and formaldehyde (or paraformaldehyde) (Figure
3.19b).162:163 CBy is composed of two carbonyl-lined portals and a hydrophobic cavity without

any functional groups or electron pairs (see Figure 3.19a and the space-filling models in Figure
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Figure 3.19 (a) Chemical structure of CBn and the structural parameters of CB5 to CBS. (b) CBn
synthesis by acid-catalyzed condensation reaction between glycoluril and formaldehyde. (c) Space-
filling models of CB5 — CB8, demonstrating the increasing cavity size with constant height. The red-

coloured part represents the electronegative carbonyl-lined portals. Reprinted (adapted) with permission
from ref.'®* Copyright 2015 American Chemical Society.
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3.19¢). The highly electronegative nature of CB# portals makes the portals highly attractive for
cation binding and the hydrophobic cavity enables the encapsulation of hydrophobic
molecules.”” This combined feature provides CBn high affinity and selectivity for specific
classes of guest molecules, including both neutral and positively charged guest molecules. The
cavity and portal dimensions of CB# increase with the number of glycoluril units (see the table
in Figure 3.19a and the space-filling models in Figure 3.19¢), leading to different recognition

properties for each CBn homologues with binding affinities in the range of 10° - 10" M.+
161, 164
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Figure 3.20 Schematic representation of the release of high-energy water molecules upon guest binding.
Reprinted (adapted) with permission from ref.'®® Copyright 2012 American Chemical Society.

In addition to these features, the strong enthalpic gain caused by the release of high-energy
water molecules confined within the hydrophobic cavity of CBx upon guest binding contributes
significantly to the strong binding affinity shown by CB# in aqueous solutions.'®> 1% The
released water molecules further engage in stronger H-bonding networks within the aqueous
bulk (Figure 3.20). The smaller homologues, such as CB5 and CB6, have a limited number of
high-energy water releases due to their smaller cavity volume, whereas CB8 having a larger
cavity volume allows for a more stable H-bonding network among cavity water molecules.
Therefore, CB7 exhibits higher binding affinities due to the maximal high-energy water release

compared to other CBn homologues.'®®

CBS5 and its derivatives are reported to bind with gases (noble gases, methane, ethane) and
solvent molecules (methanol and acetonitrile).'®”'% CB6 is known to bind alkyl ammonium
ions and small aromatic hydrocarbons.”* CB7 can bind a wider range of guests than CB6 or
CB5, including adamantane, naphthalene, viologen, and ferrocene derivatives.'®":17° CBS is
unique in its ability to form 1:2 or 1:1:1 ternary complexes with two identical or different guest

2

molecules.” 17 CB8 binds various steroid hormones and drugs,'’! terpenes,'”? metal

complexes (ferrocene),'’® and adamantane derivatives such as memantine.'®
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The solubility of CBxn homologues is low (<10 M) in common solvents, whereas CB5 and
CB7 have moderate solubility in water (20 — 30 mM).!” 17* CBxn homologues are soluble in
acidic water and aqueous alkali metal ion solution.!” To overcome the water solubility
challenge, researchers investigated the introduction of functional groups onto CBn. A few
established functionalization strategies include direct condensation with functionalized

176 or via a direct method.!”” Among

glycoluril,'” building block approach with a template,
these strategies, the direct hydroxylation of CB# is widely employed as the primary step for

functionalizing CBn.'"

3.3.1. CBn-based chemosensors

Many biologically relevant analytes, such as drugs, hormones, amino acids, peptides,
neurotransmitters, and toxins, generally exist in the concentration range of millimolar (mM) to
nanomolar (nM) in aqueous environment.® Therefore, macrocyclic hosts with binding affinities
greater than 10° M ! are often suggested for the design of chemosensors.”* Compared to other
synthetic macrocyclic hosts, CBn offers high binding affinities in the range of 10° - 10'7 M!

towards the aforementioned analytes.’# 161- 164. 179

Furthermore, the size-selective binding of CBn enables the design of selective chemosensors.”
According to the Mecozzi-Rebek rule, a packing coefficient (PC, ratio between the volume of
the guest and the volume of the host cavity) of around 55% is associated with host-guest
complexes having high binding affinity."*® Nau and co-workers reported that the PC for
representative sets of known guests with hydrophobic binding motifs showed average values
of 47% for CBS5, 58% for CB6, 52% for CB7, and 53% for CBS.!%!: 182 These values closely
align with the ideal PC (55% solution). In addition to these features, other characteristic
properties of CBn, including chemical inertness, redox inactivity, non-toxic nature,
photochemical inertness, and biocompatibility, enable CBn to be a promising candidate for

developing chemosensors.’® 183-185

Since CBn are non-emissive and redox-inactive, previously mentioned sensing strategies (see
section 3.1.3. ) have been coupled to CB#x to develop CBn-based chemosensors. Particularly,
when employed in competitive binding assays like IDA, CBn have shown promising results in

the detection of various biologically important analytes.”* 186

The complexation of chromophoric or emissive molecules with CB#n can result in detectable

photophysical changes due to the transfer of the molecule into a more hydrophobic and solvent-
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Figure 3.21 (a) Schematic representation of an IDA approach using CBrn-based fluorescent dye
complexes for the discrimination of biogenic amines. Chemical structures of (b) CB#, (¢) dyes, and (d)
polyamines. Reprinted (adapted) with permission from ref.'®® Copyright 2017, 2018 The Chemical
Society of Japan.

protected environment of the CBn cavity.”* Likewise, the redox properties of redox-active
molecules are modulated upon complexation with CBn due to the changes in the

microenvironment around these molecules.'®’

Numerous CBn-based chemosensors have been developed for the detection of various
biologically relevant molecules. Some representative examples are discussed here. Nau and co-
workers reported a CBn-based fluorescent chemosensor for the detection of steroids by
utilizing an IDA approach.!” They used berberine chloride (BC) and methylene blue (MB) as
the fluorescent indicators for CB7, whereas BC and the perylene bis(diimide) derivative dye
(PDI-OH) for CBS8. The presence of steroids with high binding affinity for CBn caused the
displacement of the dye from the CBn cavity, which is accompanied by a fluorescence turn-off
response in aqueous media. Notably, the detection of steroids at low micromolar concentrations
was possible. Moreover, each steroid showed a distinct fluorescence response to each reporter
pair. Hence, they explored the potential for differential sensing in a microplate format.
Employing principal component analysis (PCA) enabled the successful differentiation of 10 of

the 12 steroids tested.

The detection of biogenic amines by utilizing an array of CBn-based fluorescent dye complexes
was reported by Kim and co-workers (Figure 3.21).!8 In this IDA approach, fluorescent dyes
such as (trans-4-[4-(dimethylamino)-styryl]-1-methylpyridinium iodide (DASPI) and
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Figure 3.22 (a) Chemical structures of the neurotransmitters and PDI dye. (b) Schematic representation
of the selectivity of CB8SPDI complex towards dopamine in the presence of neurotransmitters such as
epinephrine and norepinephrine. Reprinted (adapted) with permission from ref.'”? Copyright 2013
Taylor & Francis.
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bisbenzimide (Hoechst 33258) and three CBn homologues such as CB6, CB7, and CB8 were
used. As mentioned earlier, fluorescence enhancement was observed upon complexation
between CBn and dye, whereas fluorescence decreased in the presence of biogenic amines due
to the displacement of dye from the CBr cavity. The fluorescence response was different for
each amine, hence, the ability of the CBn sensors for pattern recognition of these amines was

successfully investigated by PCA analysis.

Urbach and co-workers showed that the CB8>methyl viologen complex can selectively
recognize peptides with N-terminal tryptophan compared to C-terminal or internal tryptophan
residues through the formation of a 1:1:1 ternary complex.'®® Additionally, they demonstrated
the detection of human insulin and human growth hormone by using a CB7>acridine orange
chemosensor in an IDA format.'”® 1°! In this case, the binding occurs at the N-terminal

phenylalanine.

Scherman and co-workers reported a fluorescent-based ABA using CBS as the host and PDI as
the reporter dye (Figure 3.22a) for the detection of the neurotransmitter dopamine (DA) in
water and low salt buffers.!? They successfully showed that the detection of DA was possible
even in the presence of known interferents, including ascorbic acid and other neurotransmitters
such as epinephrine (EPI) and norepinephrine (NE) (Figure 3.22b), with a detection limit of

below 2 x 10° M in water. The CB8DPDI complex formation results in fluorescence
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a)

CB7-CF

Figure 3.23 (a) Chemical structures of the dye DAPI and CB7-CF. (b) Schematic representation of the
FRET-based chemosensor for DNA sensing. Reprinted (adapted) with permission from ref.!** Copyright
2019 The Royal Society of Chemistry.

enhancement of the dye due to the breaking of the PDI n-stacks. Subsequently, the binding of

the second guest (DA) quenches the fluorescence emission of the dye.

Nau and co-workers developed a supramolecular host-guest fluorescence resonance energy
transfer (FRET) pair for the quantitative detection of DNA, employing carboxyfluorescein
labelled CB7 (CB7-CF) as the acceptor and the nucleic stain 4°,6-diamidino-2-phenylindole
(DAPI) as the donor (Figure 3.23a).'* In this approach, DAPI dissociates from the CB7 cavity
in the presence of DNA due to the stronger binding affinity of DAPI for the minor grooves of
DNA. This dissociation leads to a significant reduction in the FRET signal from the CB7-CF
and the emergence of a new fluorescence emission band from the DNA-bound DAPI (Figure

3.23b).

In addition to employing fluorescence-based detection, Biedermann and co-workers reported
CBn-based chemosensors accompanied by circular dichroism (CD) and fluorescence-detected
circular dichroism (FDCD) for the detection of amino acids, proteins, steroids, terpenes, and

dI'llgS 194, 195

Earlier in section 3.2.3. , a few representative examples of electrochemical chemosensors based
on CBn were discussed. In addition, the groups of Kaifer and Kim have showcased many other
examples utilizing redox-based detection where CBnDguest complex formation induces a
change in the reduction potential of redox-active guests.!”®?°? For example, the half-wave
potential (E1/2) for the first and second reduction process of the herbicide paraquat (divalent
cation) shifted to more negative potentials upon CB7 complexation.!”® In contrast, for the

herbicide diquat (divalent cation), the addition of CB7 shifted the E1 to less negative potential
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for the first reduction process, whereas the second reduction process shifted to more negative
values.'” Hence, these analyte-dependent potential variations can offer characteristic

fingerprints for redox-based analyte differentiation.

Li and co-workers presented a protein assay using a CB8>methyl viologen reporter pair-based
electrochemical sensor.?”® They demonstrated the binding of CB§>methyl viologen complexes
(MV@CBJ[8] as shown in Figure 3.24a) to aromatic amino acid side chains on surface-
immobilized peptides. These peptides compete with the target protein, which leads to the
binding of CB8>methyl viologen complexes with protein-free peptides (Figure 3.24b).
Consequently, this produced an electrochemical signal readout inversely proportional to the

amount of the target protein.
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Figure 3.24 Schematic representation of an electrochemical sensor for the detection of proteins by using
CBS8 as the macrocyclic host and methyl viologen as the reporter. (a) Coupling of the protein-binding
peptide with the reporter pair via host-guest complexation. (b) Functioning principle and the
corresponding expected electrochemical signal readout of the protein assay. Reprinted (adapted) with
permission from ref.2°> Copyright 2012 American Chemical Society.
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3.3.2. CBn-based supramolecular tandem enzyme assays

Monitoring enzyme processes based on the molecular recognition of unlabelled enzymatic
substrates or products by macrocyclic hosts in combination with IDA strategy is termed
supramolecular tandem enzyme assays.?** Nau and co-workers first introduced this concept by
monitoring decarboxylase activity in a label-free continuous enzyme assay based on
fluorescence response.’’> They demonstrated a product-selective tandem assay where the
products of decarboxylase catalyzed reactions have strong binding affinity for the macrocyclic
host (Figure 3.25 shows the schematic representation of a product-selective tandem assay?>°).
For instance, CB7 binds weakly with a substrate (lysine, K = 870 M™!) and strongly binds with
the respective enzymatic product (cadaverine, K, = 1.4 x 10" M™). Subsequently, the

fluorescent dye gets displaced from the CB7 cavity upon product formation, resulting in a

fluorescence switch-off response.

-+ substrate -+
“switch-off”
fluorescence response

~

e
substrate enzymatic reactiOﬂ - D
| 4

weak competitor strong competitor

Figure 3.25 Schematic representation of product-selective tandem assay. Reprinted (adapted) with
permission from ref.2° Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In another work from Nau and co-workers, they reported the continuous monitoring of protease
enzyme activity on unlabelled peptides by employing a CB7>acridine orange (CB72AO0)
reporter pair (Figure 3.26).207 CB7 binds selectively to the N-terminal phenylalanine residues
formed during the enzymatic cleavage of enkephalin-type peptides by the
metalloendopeptidase thermolysin. Hence, the products of the enzymatic reaction displace AO
from the CB7 cavity, leading to a fluorescence switch-off response. In addition to monitoring
enzyme activity, they also investigated the thermolysin inhibition process using the product-

selective tandem assay.
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Figure 3.26 Example of product-selective tandem assay for monitoring the hydrolysis of Thr-Gly-Ala-
Phe-Met-NH» peptide by protease enzyme thermolysin using CB7 and AO as the reporter pair.
Reprinted (adapted) with permission from ref.?” Copyright 2011 American Chemical Society.

Similarly, Nau and co-workers developed a substrate-selective tandem assay, which can be
realized in cases where the host binds more strongly to the substrate rather than to the enzymatic
product.?** 29 For example, they investigated the oxidation of cadaverine to 5-aminopentanal
by diamine oxidase enzyme, in which cadaverine has a stronger affinity to CB7 than the 5-
aminopentanal (Figure 3.27). During the enzymatic reaction, the weak competitor 5-
aminopentanal is formed, allowing the fluorescent dye AO to bind with CB7, which in turn

produces a fluorescence switch-on response.
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Figure 3.27 Schematic representation of substrate-selective tandem assay for monitoring the oxidation
of cadaverine to 5-aminopentanal by diamine oxidase enzyme using CB7 and AO as the reporter pair.
Reprinted (adapted) with permission from ref.?®® Copyright 2009 American Chemical Society.
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3.3.3. CBn-based supramolecular tandem membrane assays

Monitoring the translocation of analytes across the phospholipid bilayer membrane of vesicles
by utilizing membrane-impermeable reporter pairs that are encapsulated inside the vesicle
lumen is termed supramolecular tandem membrane assays.®* 2 Nau and co-workers first
reported this concept for screening various analytes via IDA format.?*” They have shown a
CB72BC reporter pair loaded liposome for the real-time fluorescence monitoring of analyte
translocation through the lipid bilayer (Figure 3.28). In the presence of membrane-permeable
analytes, BC is displaced from the CB7 host cavity, resulting in a fluorescence response. This

CB72BC loaded liposome allowed the monitoring of Alzheimer’s drug amantadine.

In another work by Biedermann and Nau, a fluorescent artificial receptor membrane assay
(FARMA) based on liposome encapsulated CB8>dicationic dye reporter pair was introduced
that follows an ABA format.?!® The FARMA enabled real-time monitoring of more than 100

analytes across the lipid bilayer within the biologically relevant concentration range (nM—puM).
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Figure 3.28 Schematic representation of CBn-based supramolecular tandem membrane assays using
CB72BC reporter pair encapsulated liposome for the real-time fluorescence monitoring of analyte

translocation. Reprinted by permission from ref.?” Copyright 2014 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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4. Aim of the thesis

Chemosensors based on supramolecular host-guest chemistry have received increasing
attention due to the wide range of possibilities for practical sensing applications. Developing
chemosensors comprised of artificial receptors as recognition elements and a signal
transduction unit for reporting the binding of target analytes provides a robust, low-cost, fast-
responding sensing approach with real-time monitoring and thus, offers numerous diagnostic
opportunities. Among the several artificial receptors known to bind with small organic
molecules, cucurbit[n]urils (CBn) are promising recognition elements for developing
chemosensors due to their water solubility, chemical stability, non-toxic nature, low-cost
synthesis pathway, and exceptional binding affinities for various analytes, including drugs and
biomolecules. Most of the reported CBn-based chemosensors utilize fluorescence-based
detection methods. However, fluorescent chemosensors rely on an external light source to
activate the emissive species for producing fluorescence signals, which may lead to major
issues such as autofluorescence, light source instability, and light scattering. These challenges
can adversely affect the performance of the sensing assay, thereby reducing the signal-to-noise
ratio. In this regard, chemiluminescence- and electrochemical-based detection methods can be

utilized as alternative signal transduction methods for developing CBn-based chemosensors.

Chemiluminescent chemosensors operate without the need for an external light source, as
chemiluminescence is produced from chemical reactions and thus can potentially overcome the
drawbacks of fluorescent chemosensors. Due to its superior signal-to-noise ratio, the
chemiluminescence-based signal readout is widely adapted in various areas of research ranging

from clinical diagnostic to pharmaceutical research.

Another upsurging area of research is the development of electrochemical chemosensors that
produce electrical signals in response to analyte recognition. These sensors have emerged as a
potential sensing platform due to their exceptional sensitivity, affordability, and compact

design.

The main aim of my thesis was to design and develop novel signal transduction methods for
use in CBn-based chemosensors by investigating chemiluminescence- and electrochemical-

based detection methods and establishing proof-of-concept solutions for molecular diagnostics.
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The present thesis describes different approaches for developing novel CBn-based
chemosensors utilizing chemiluminescence- or electrochemical-based signal readout and their

potential sensing applications in biofluids.

Chemiluminescent chemosensors based on host-guest chemistry have been reported for
hydrogen peroxide detection in water and for imaging reactive oxygen species in vitro and in
vivo. However, no chemiluminescent chemosensors have been reported based on host-guest

chemistry for sensing small bioactive organic molecules in biofluids.

The first research project aims to design and develop a novel chemiluminescent chemosensor
using CBn as the macrocyclic host and phenoxy 1,2-dioxetane as the chemiluminescent
indicator to detect biologically relevant organic analytes in biofluids. Additionally, this project
aims to establish the potential of CB#n to enhance the chemiluminescence emission of phenoxy
1,2-dioxetanes that have found practical uses in enzyme-coupled chemiluminescence assays,
thus providing a non-toxic and cost-effective alternative to existing surfactant
chemiluminescence enhancers. Moreover, | intend to combine phenoxy 1,2-dioxetanes with
CBn-dye conjugates to develop a chemosensor based on chemiluminescence resonance energy
transfer (CRET)-based detection strategy. The main objective of this project is to investigate
chemosensor designs that circumvent the challenges of the existing fluorescent chemosensors,

thereby providing enhanced sensitivity for molecular diagnostic applications.

Macrocyclic hosts play a vital role in developing electrochemical sensors due to their analyte
recognition properties. Nevertheless, the current design principles of electrochemical
chemosensors based on supramolecular host-guest chemistry necessitate an immobilization
method on the electrode surface. However, major challenges are associated with these sensors
as the immobilization process is not straightforward, has limited stability, and leads to non-
specific adsorption of analytes. Therefore, investigating a new design strategy for

electrochemical sensors is demanding to overcome these problems.

The second research project aims to develop a novel design principle for an electrochemical
chemosensor based on an indicator displacement assay that utilizes CBn as the macrocyclic
host and an electrochemically active compound as the redox indicator. This chemosensor aims
to detect redox-inactive analytes, specifically targeting the biologically relevant analytes in
aqueous solutions and biofluids. Unlike the existing electrochemical chemosensor designs, this
approach aims to eliminate the need for immobilization processes on the electrode surface and

to use commercially available screen-printed electrodes, which require minimal sample
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volumes. Ultimately, this project intends to develop miniaturized, disposable, cost-effective,
and portable electrochemical sensors with high sensitivity. Thus, this approach could offer a
promising alternative to fluorescent chemosensors, especially in emergency on-site

applications.
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5. Chemiluminescent cucurbit[n]uril-based chemosensor for the

detection of drugs in biofluids

The results described in this chapter have been published as “Chemiluminescent
cucurbit[n]uril-based chemosensor for the detection of drugs in biofluids” in ACS Sensors,
2022.2! The synthesis, experimental data collection, and analysis were carried out by me under
the supervision of Dr. Pierre Picchetti and Priv.-Doz. Dr. Frank Biedermann. The manuscript
was written with the contributions of all authors. The co-authors contributed by providing
valuable discussions, synthesizing material (CB7-CF: Dr. Changming Hu), and reviewing the
article draft. Sections in this chapter have been reproduced from the published work*" with

permission from the American Chemical Society.

5.1. Introduction

Chemosensors based on macrocyclic hosts as recognition elements generate a detectable signal,
such as spectroscopic readout, upon binding with the target analytes.® 2> Among numerous
macrocyclic hosts,?!3-2!® CBn are prime candidates for developing chemosensors due to their

162 exceptional binding affinity for a variety of analytes, such as drugs in

chemical stability,
: 3N T4 217, 218 s 183 :
aqueous environments (K. > 10° M), biocompatibility,” and cost-effective
synthesis.?!” 22° There are many literature examples of CBn-based chemosensors utilizing
fluorescence as signal readout.”* ?2!: 222 Fluorescent chemosensors require an external light
source to excite the fluorescent species, and thus, the signal-to-noise ratio is often suboptimal
due to light interference resulting from excitation and autofluorescence of other fluorescent

compounds in the sample.**

Employing CL-based detection methods in chemosensors would be an alternative design
strategy for overcoming the challenges associated with fluorescent chemosensors, as an
external light source is not required to activate the chemiluminescent species and thus, provide
high sensitivity for sensing applications. CL-based detection methods have been broadly
applied in many fields, such as developing chemiluminescent hydrogels,??* light-on/light-off
switches,??® self-reporting polymers,??® and agents for photodynamic therapy.® There are even
ready-to-use chemiluminescent detection reagents available for enzymes such as horseradish

peroxidase, alkaline phosphatase, and B-galactosidase.'® 22’ Notably, CL-based readout is
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Figure 5.1 (a) Chemical structures of CB8 and chemiluminescent DX. (b) Schematic representation of
CB8-induced modulation of CL of DX.

extensively utilized in immunoassays for clinical diagnostics and pharmaceutical studies.*®
228,229 ghabat and co-workers have reported the design of a B-CD-based host-guest inclusion

complex using CL as signal output for in vitro and in vivo imaging.?®

Given the high sensitivity and potential applications of CL-based sensing systems, developing
a chemiluminescent host-guest-based chemosensor for sensing biologically relevant organic
molecules, such as drugs, in biofluids would be a promising approach for molecular
diagnostics.

Choosing an appropriate chemiluminescent probe is crucial when designing a
chemiluminescent chemosensor. Phenoxy 1,2-dioxetanes (PDOSs) are interesting candidates as
they can be specifically triggered by analytes or enzymes to emit light and are widely employed
in CL-based assays.!*® 116 118,230, 231 pye to the solvent-induced quenching, PDOs exhibit
relatively lower CL quantum yields in an aqueous environment.®” 122 Therefore, performance
enhancers such as surfactant-dye adducts can be used to enhance the CL intensity of PDOs by
providing an apolar environment.!® Nevertheless, when applied to live cells, these
performance enhancers can be chemically unstable and toxic.*> Thus, employing a non-

surfactant-based performance enhancer for PDOs is particularly interesting.
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In my investigations, | developed a chemiluminescence-based chemosensor (CCS) assay
utilizing CB8 as the macrocyclic host and a structurally simple PDO, 3-(4-methoxyspiro[1,2-
dioxetane-3,2"-tricyclo[3.3.1.1*"]decan]-4-yl)phenol ~ (DX) (Figure 5.l1a) as the
chemiluminescent indicator to achieve the detection of drugs in biofluids at low micromolar
concentrations. In addition, an alternative approach to enhance the CL of PDOs by using
biocompatible CB8 as a non-surfactant CL performance enhancer (Figure 5.1b) is
demonstrated. Furthermore, the possibility of developing chemiluminescence resonance
energy transfer (CRET)-based assays to detect analytes is described.

This chapter first focuses on the development of the CCS assay and its ability to detect drugs
in biofluids such as human urine and human serum. The following sections discuss CB8 as a
non-surfactant-based performance enhancer for PDOs and the design of a CRET-based sensing

assay.

5.2. Results and discussion

5.2.1. Chemiluminescent properties of DX

DX was synthesized by following reported procedures (see section 5.4.3. in experimental

details for the synthesis and characterization of DX).%% 233

In an acidic aqueous solution (pH 6.0), DX was observed to be stable for approximately 1 h
(Figure 5.2a) whereas a blue CL emission (Aem, max = 471 nm) was observed when the pH
increased to basic condition (pH 9.6) (Figure 5.2c-d). This is due to the formation of an
electronically excited phenoxy methyl ester intermediate (E*) after deprotonation of the phenol

group of DX (pKa ~ 9.0) (Figure 5.2¢).

The conversion of DX to its degradation products at pH 9.6 was confirmed by UV-Vis
absorption spectroscopy (Figure 5.2b), as the absorption band at Amax = 282 nm corresponding
to the m-m* transition in DX decreases and two intense bands at Amax = 305 nm and Amax =
315 nm emerge corresponding to the new n-n* and n-n* transition in the 3-hydroxybenzoic

acid methyl ester (E).

5.2.2. Host-guest inclusion complex of DX with CB8

Given the strong binding of 1-adamantanol to CB7 (log K. = 10.4) and CBS8 (log K. = 6.8) in

water,** I expected efficient complex formation between PDOs and CB#n (n = 7 and 8) within
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the micromolar concentration range. As anticipated, it was observed that DX forms a strong

host-guest inclusion complex with CB8 (log Kacss-px = 6.2), which was determined by an

IDA in 10 mM PBS at pH 6.0 (see section 5.4.5. in experimental details and Figure 5.32 in

supplementary data). Furthermore, the formation of the CB825DX inclusion complex was also

confirmed by mass spectrometry (see Figure 5.33 in supplementary data).
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Figure 5.2 (a) UV-Vis absorption spectra of DX with time at pH 6.0. (b) Change in the UV-Vis
absorption spectra of DX with time at pH 9.6. (c) CL profiles of DX with time at pH 6.0. (d) CL profiles
of DX with time at pH 9.6. (e) Schematic representation of the base-triggered chemiexcitation of DX.
All these measurements were performed using 60 pM DX in 10 mM PBS containing 2.5 vol% DMSO.
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5.2.3. Chemiluminescent properties of DX in its inclusion complex with CB8

To investigate the chemiluminescent properties of the CB82DX inclusion complex, the CL
reaction of DX was triggered by the addition of NaOH solution to adjust the pH of the solution
to basic (pH 9.6). Interestingly, a 4.5-fold enhancement of CL intensity for CB§ DX complex
(Amax = 455 nm) was observed compared to the free DX (Amax = 471 nm) at pH 9.6 in 10 mM
PBS (Figure 5.3). This enhancement in CL intensity can be explained as follows: CBS8
encapsulates both the electronically excited state of the phenoxy derivative (E*) and the
adamantanone, protecting the excited state from deactivation. In terms of mechanism, the
chromophore generated upon base addition, i.e., E*, is confined within the hydrophobic cavity
of CBS, thus shielding it from the surrounding water molecules (Figure 5.1b). Notably, the
CB8>DX complex exhibits a hypsochromic shift (A= 16 nm, see Figure 5.34a in
supplementary data) in the emission wavelength maximum when compared to free DX. This
observation further confirms the host-guest complex formation according to the inclusion
complex hypothesis.%* 23> The reproducibility of the CL enhancement was validated by six
replica measurements, resulting in a promising relative standard deviation (RSD) of 4% (see

Figure 5.34b in supplementary data).

160

120

300 400 500 600 700
A (nm)

Figure 5.3 CL spectra of CB82DX (30 uM) and DX (30 pM) in 10 mM PBS containing 2.5 vol%
DMSO at pH 9.6.
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Figure 5.4 (a) Chemical structures of the analytes. (b) Schematic representation of the CCS assay
implementation. The graph shows the Mem-dependent decrease in the CL intensity (Mem = 30 uM,
CB8 =30 uM, and DX =30 pM in 10 mM PBS at pH 9.6). (c) Schematic representation of the working
principle of CCS assay.

There are reports of methylated B-CD derivatives being used as non-surfactant additives for
CL enhancement of 1,2-dioxetanes.!?® 23 Nevertheless, a much higher concentration of
methylated B-CD derivatives is required to achieve a sufficient level of dioxetane
complexation, which affects the efficiency of the chemosensor for micromolar detection of
target analytes. Furthermore, it has been shown that non-methylated CDs act as CL

quenchers.'?8

5.2.4. Chemiluminescent detection of analytes

Next, I investigated the possibility of developing a CCS assay by using CBS as the macrocyclic
host due to its high affinity for various analytes and its observed CL enhancement effect on
DX. CBS has a high binding affinity for hydrophobic drugs such as memantine (Mem, log
Ka=12.9),%*7 a medication for the treatment of Alzheimer's disease,?*® and nandrolone (Nan,
log K, =7.3),!"! an anabolic steroid (Figure 5.4a).2* Thus, the detection of these high-affinity
drugs by CCS assay was analysed as these drugs can effectively displace the chemiluminescent

reporter DX from the CBS8 cavity, thereby reducing the CL signal intensity.

The schematic representation of the CCS assay implementation is shown in Figure 5.4b (see
section 5.4.6. in experimental details for the CCS assay procedure). First, CB8 (30 uM) was

added to an aqueous solution of the analyte (A) at pH 6.0, resulting in a spectroscopically silent
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Figure 5.5 (a) Time-dependent CL response of CCS (30 uM CB8 and 30 uM DX) in Mem-spiked (0
—60 uM) PBS samples and (b) semi-log plot of corresponding /c1. plotted at 3 min. (c) Time-dependent
CL response of CCS (30 uM CB8 and 30 uM DX) in Nan-spiked (0 — 60 uM) PBS samples and (d)
semi-log plot of corresponding /¢t plotted at 3 min. All measurements were performed in PBS (10 mM,
containing 2.5 vol% DMSO, pH 9.6). The average IcL and the corresponding standard deviation (o)
were calculated from six replica measurements.

CB8>A complex (Figure 5.4¢). Then, after an equilibration time of about 5 min, an equimolar
amount of DX (30 uM) was added, which caused the sequestering of the residual unoccupied
CB8 forming the CB8DDX complex (Figure 5.4c). Finally, the CL emission was triggered by
the addition of NaOHa.q, and the CL kinetic profiles were recorded by collecting light range
from 320 — 740 nm. The higher binding affinities of CB8 with Mem or Nan compared to DX
ensure that no analyte is displaced from the CB8DA complex. Meanwhile, weaker CBS§-
binding interferents in the media, such as metabolites, get displaced from the CBS8 cavity upon

DX addition (Figure 5.4c¢).

As expected, a gradual decrease in CL intensity was observed with increasing analyte
concentration (0 — 60 uM) when the CCS assay was performed in analyte-spiked (Mem or Nan)
PBS samples (10 mM, pH 6.0) (Figure 5.5). Thus, no CL enhancement was observed for

samples with equimolar analyte concentration (graph in Figure 5.4b, IV, red curve).
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Figure 5.6 (a) Time-dependent CL response of CCS (30 uM CBS8 and 30 uM DX) in Mem-spiked (0 —
60 uM) urine samples and (b) semi-log plot of corresponding /c1. plotted at 3 min. (¢) Time-dependent
CL response of CCS (30 uM CBS8 and 30 uM DX) in Nan-spiked (0 — 60 uM) urine samples and (d)
semi-log plot of corresponding /cL plotted at 3 min. All measurements were performed in urine (1:1
diluted with 10 mM PBS containing 2.5 vol% DMSO, pH 9.6). The average Icr and the corresponding
standard deviation (o) were calculated from six replica measurements.

Based on these findings, the CCS assay was next applied in biofluids (human urine and
deproteinized human serum). Notably, the detection of analytes (Mem and Nan) was also
possible in corresponding analyte-spiked (0 — 60 uM) human urine (1:1 diluted with 10 mM
PBS at pH 6.0) (Figure 5.6) and analyte-spiked (0 — 60 uM) deproteinized human serum (1:3
diluted with 10 mM PBS at pH 6.0) (Figure 5.7). In addition, a control experiment was
conducted using DX alone, without CB8, for the detection of analytes (see Figure 5.35 in
supplementary data). In this case, detecting Mem and Nan was impossible, which supports the

proposed mechanism of the CCS assay.

In contrast to antibody-based assays that require long equilibration times,*** CCS assay can be

conducted rapidly. Furthermore, investigations into the equilibration period (between 5 and
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Figure 5.7 (a) Time-dependent CL response of CCS (30 uM CBS8 and 30 uM DX) in Mem-spiked (0 —
60 uM) serum samples and (b) semi-log plot of corresponding /c1. plotted at 3 min. (c) Time-dependent
CL response of CCS (30 uM CB8 and 30 uM DX) in Nan-spiked (0 — 60 uM) serum samples and (d)
semi-log plot of corresponding /cr. plotted at 3 min. All measurements were performed in deproteinized
serum (1:3 diluted with 10 mM PBS containing 2.5 vol% DMSO, pH 9.6). The average Icr. and the
corresponding standard deviation (o) were calculated from six replica measurements.

20 min) for premixing Mem with CB8 showed no notable effect on the resulting CL intensity

(see Figure 5.36 in supplementary data).

The obtained results show that the CCS assay can detect Mem at concentrations as low as
1 uM. Since the therapeutic range of Mem in plasma lies between 0.50 — 0.83 uM and toxicity
level at 1.67 uM,?*! there is potential to further refine the CCS assay to detect Mem overdosing
and abnormal drug intake in patients having Alzheimer’s disease.?** Additionally, anti-doping
agencies in sports competitions closely monitor Nan levels, and this enables the detection of
drug abuse when intake levels increase to 7 nM for female athletes and 18 nM for male
athletes.’* Even though the developed CCS assay lacks a nanomolar detection range, it
operates effectively in the micromolar range. Therefore, this assay may find potential use for
on-site detection of Nan in unauthorized preparations used by athletes during sports

competitions.
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5.2.5. CB8 as CL enhancer for the commercially available CDP-Star dioxetane

Next, I explored the potential of CB8 as a CL enhancer for the commercially available CDP-
Star dioxetane (Figure 5.8a), which undergoes alkaline phosphatase (ALP)-catalyzed
dephosphorylation to generate CL emission and is widely utilized in enzyme-linked
immunosorbent assays.’® 12* Interestingly, a 15-fold increase in the CL intensity was observed
upon adding an equimolar concentration of CB8 (30 uM) to a solution of enhancer-free CDP-
Star (30 uM) in TRIS buffer (10 mM, containing 1 mM MgSOs4, pH 9.0), followed by the
addition of 3 U mL™! of ALP at 37 °C (Figure 5.8b). Notably, when a premix of CB8 with an

equimolar amount of Mem (30 uM) was added to CDP-Star, there was no CL intensity
enhancement due to the aforementioned reasons (Figure 5.8b). Moreover, the addition of B-CD
to CDP-Star led to significant quenching of the CL signal (see Figure 5.37 in supplementary
data). This further highlights the role of CB8 as a CL performance enhancer for dioxetanes.
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Figure 5.8 (a) Schematic representation of the ALP-catalyzed dephosphorylation of CDP-Star, resulting
in an enhanced CL signal due to the complexation of CDP-Star with CBS. (b) CL emission spectra of
CDP-Star (30 uM) in the presence and absence of CB8 (30 uM) in 10 mM TRIS buffer containing
1 mM MgSO; and 3 U mL™! of ALP at 37 °C (pH 9.0). Also shown is the CL emission when 1 eq. of
Mem was added to CDP-Star prior to CB8 and ALP addition.
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5.2.6. Investigation of CRET between DX and CB7-CF

During the binding affinity studies of DX, I found out that DX also forms a relatively strong
inclusion complex with CB7 (log Kac7opx = 7.2 in water at pH 6.0), which was determined
by an IDA (see section 5.4.5. in experimental details and Figure 5.38 in supplementary data).
When the CL response of DX with the addition of CB7 was evaluated, no CL enhancement
was observed for the CB75DX complex in basic media (Figure 5.9a). A plausible mechanistic
interpretation is as follows: The smaller cavity of CB7 compared to CB8 can only
accommodate the adamantane moiety but not the chromophore of DX, and thus, the
chromophore is exposed to the surrounding water molecules (Figure 5.9b), causing the

deactivation process. However, CRET!?® can be achieved by using a CB7-dye conjugate as a

suitable host for sensing applications.
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Figure 5.9 (a) CL spectra of DX (30 uM) and CB725DX (30 uM) in water containing 2.5 vol% DMSO,
pH 9.6. (b) Schematic representation of the binding mode of DX to CB7.

The CRET experiments were performed using carboxyfluorescein azide (CF-N3) as the CRET
acceptor, which was covalently attached to CB7 (CB7-CF, Figure 5.10a). CB7-CF was

synthesized by following literature procedures (see section 5.4.4. in experimental details for
the synthesis and characterization of CB7-CF).!”* The absorbance profile of CF-N3 showed

significant spectral overlap with the emission profile of DX (CRET-donor, Figure 5.10b).

The schematic representation of the CRET is depicted in Figure 5.10c, I. To a solution of CB7-
CF (0 — 15 uM) in water (pH 6.0), 10 uM of DX was added. CL was subsequently triggered

by adding NaOH.q. Luminescence intensities were recorded in the wavelength range 450 —

470 nm and 540 — 560 nm, corresponding to DX and CB7-CF, respectively. CRET was

observed as indicated by the CB7-CF-dependent emission, whereas a reduction in CL intensity
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Figure 5.10 (a) Chemical structures of CB7-CF and MV?*, (b) Normalized absorption (Labsmax =477 nm)
and emission profiles of the acceptor dye CF-N3 (Aex = 477 nm, Aemmax = 520 nm) in water. The
normalized CL spectrum of DX at pH 9.6 in water is also shown. (¢) Schematic representation of the
binding mechanism and CRET process between DX and CB7-CF in the absence and presence of MV?*,
(d) CB7-CF-dependent CRET luminescence intensities with DX (10 uM in water containing 2.8 vol%
DMSO, pH 9.6). (¢) CRET luminescence intensities (DX = 10 uM and CB7-CF = 10 uM in water
containing 2.8 vol% DMSO, pH 9.6) at different MV?>* concentrations. The average emission intensities
and the corresponding standard deviation (o) were calculated from five replica measurements.

of DX was also seen (Figure 5.10d). The importance of CB7-CF as an anchor point for the
binding of DX was further confirmed by the control experiment in which the dye CF-N3 and
DX were investigated for CRET (the same protocol was followed) and a lower CRET intensity

of 50% was observed compared to the CB7-CF study (see Figure 5.39a in supplementary data).

5.2.7. CRET-based detection of methyl viologen

Next, I studied the potential of the developed CRET process to detect methyl viologen (MV2,

),!”8 a herbicide known to cause Parkinson’s disease.?**

log KacB7 = 7.4 in water, Figure 5.10a
The CRET experiments were conducted in MV**-spiked water samples (pH 6.0) (see 5.4.6. in
experimental details for the CRET assay procedure). Notably, it was observed that the
increasing concentrations of MV?>" (0 — 50 uM) resulted in quenching of the CRET signal
(Figure 5.10e). Therefore, micromolar detection of MV2" is possible in aqueous solutions using

the developed CRET-based chemosensor. In this case, MV>" likely functions as an electron
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transfer (eT) quencher for DX and CB7-CF (Figure 5.10c, I1).24>2% Evidence for eT quenching
of DX by MV?" was investigated by adding MV?* to a premix of DX and CF-Nj3 solution in

water (pH 9.6), which resulted in a partially quenched CL (see Figure 5.39b in supplementary
data). In addition, this control experiment suggests that the detection of MV?* was not possible
with DX and CF-N3. Another control test was carried out, where a strongly binding CB7 guest
amantadine (log Kacp7 = 12.6)**” was added to a CB7-CFoDX containing solution. Here,
amantadine is not expected to play a role in €T quenching. In this case, it was observed that the
CL signal of DX was not quenched (see Figure 5.40 in supplementary data), although DX is
displaced by amantadine from the CB7 cavity. The observed CRET in this case is due to the
formation of aggregates between CB7-CF and DX. These formed aggregates are similar to the
case observed when CF-N3 and DX were analyzed. These results also support the electron

transfer quenching property of MV?>*,

5.2.8. Current limitations and performance of the CCS assay

The limit of detection (LOD) of Mem and Nan in PBS, human urine, and deproteinized human
serum was calculated from the linear-response range of the obtained CCS calibration curve
(see section 5.4.7. in experimental details and Figures 5.41 and 5.42 in supplementary data).
The determined LOD values are provided in Table 5.1. Other studies, such as fluorescent-based
CBn chemosensors reported the detection of Nan (0 —43.2 uM) in PBS**® and Mem (0 — 2 uM)
in spiked human serum.”*” Using CCS assay, Mem and Nan can be detected in the micromolar
concentration range. At present, the developed CCS assay is restricted to detecting drugs like

Mem and Nan that have high binding affinities for CB8.

Table 5.1 LODs for the detection of Mem and Nan in PBS, urine, and serum samples.

Mem (uM)  Nan (uM)

PBS 04 0.8
urine 0.6 39
serum 3.2 11

To reduce the effect of autofluorescence background signal in the case of fluorescent
chemosensors, experiments require a sensitive fluorimeter and 3 mL cuvettes. Notably, a
microplate reader can be utilized to execute the CCS assay in a high-throughput and low-
volume format, even in human urine and human serum, due to the efficient autofluorescence

background elimination.
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In addition, I performed recovery studies using Mem-spiked urine samples from three healthy
voluntary donors to understand the CCS assay under the impact of the matrix-to-matrix effect
(see section 5.4.7. in experimental details). The CCS assay showed good recoveries (>80%) in

all the tested samples (Table 5.2).

For the validation of the CCS assay, an IDA reported for Mem in biofluids was employed (see
section 5.4.7. in experimental details).*” The validation results (Table 5.3) yielded comparable
analyte concentration values to those obtained in IDA (see Figure 5.43 in supplementary data

for corresponding calibration curves of IDA and CCS).

Table 5.2 Calculated recoveries for urine-spiked samples from different donors using the CCS assay.

spiked conc. [puM] observed conc. [pM] recovery

urine donor 1

1.0 1.3+0.1 130%
2.0 1.7+0.1 85%
4.0 39+04 97%
5.0 4.7+0.1 94%
7.0 7.2+0.2 103%

urine donor 2

1.0 0.9+0.1 90%
2.0 2.2+0.2 110%
4.0 3.7+0.7 92%
5.0 55+0.6 110%
7.0 6.2+0.1 88%
urine donor 3
1.0 1.1+£04 110%
2.0 2.7+£0.2 135%
4.0 33+£0.2 82%
5.0 49+0.5 98%
7.0 74+0.3 106%
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Table 5.3 Results of the validation of the CCS assay with the previously reported IDA assay.

spiked conc. [uM] observed conc. [uM] recovery
IDA CCS IDA CCS
1.0 0.8+0.1 1.3+0.1 80% 130%
2.0 1.7£0.1 1.7£0.1 85% 85%
4.0 3.8+0.1 3.9+0.3 95% 97%
7.0 6.9+0.2 7.2+£0.2 98% 103%

5.3. Conclusion

In conclusion, a novel chemiluminescent cucurbit[n]uril-based chemosensor was successfully
developed and applied for the detection of analytes in saline media and biofluids. Specifically,
the chemosensor was able to detect the Alzheimer’s drug memantine and the anabolic steroid
nandrolone in biofluids such as human urine and human serum at a low micromolar
concentration regime. Moreover, the potential of cucurbit[8]uril to function as a non-surfactant
chemiluminescent enhancer of phenoxy 1,2-dioxetanes was described. These findings can be
adapted to existing dioxetane-based chemiluminescent assays to enhance the performance of
the assay. In addition, combining dioxetane with cucurbit[7]uril-dye conjugate enabled the
design of a chemiluminescence resonance energy transfer-based assay, which was confirmed
by the detection of methyl viologen, a known herbicide responsible for causing Parkinson’s
disease. The herein-developed chemiluminescent assay circumvents the problems associated
with other optical chemosensors which require an excitation light source for sample irradiation.
It appears promising that this proposed sensing approach may find applications in diagnostic

laboratories or point-of-care use.
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5.4. Experimental details

5.4.1. Materials and methods

All purchased chemicals and solvents were used as received from suppliers without any further
purification. DCM was collected following standard protocols for solvent drying and was
stored over molecular sieves (3A) to ensure aridity over long periods. 2,7-
dimethyldiazapyrenium diiodide (MDAP)** and N-methyl-4-pyridinylium[2.2]paracyclophane
(MPCP)*7 were synthesized according to established literature methods. The 10 mM PBS
buffer (137 mM NacCl, 2.7 mM KCI, 10 mM NaoHPO4 and 1.8 mM KH;PO4) was prepared
from Gibco PBS tablets and Milli-Q water. The pH of the PBS solution was adjusted to pH 6.0
by adding diluted HCI. All experiments with CDP-Star and ALP were performed in a 10 mM
TRIS buffer solution containing MgSO4 (1 mM) at pH 9.0.

Urine samples were provided by three healthy volunteers and were used within 3 — 4 days after
excretion (the urine was stored in the fridge at 4 °C). The collected urine was further diluted
(1:1) with 10 mM PBS (pH 6.0) and the pH value was adjusted to pH 6.0 by adding diluted

HCI for CL measurements.

Human serum normal (chemicon) was purchased from Merck and used in a deproteinized form.
The deproteinization was performed according to a reported perchloric acid-based protein
precipitation procedure.?>® The CL measurements were performed in 1:3 dilutions of the
deproteinized human serum with 10 mM PBS (after perchloric acid-based deproteinization, the

pH of the serum sample was adjusted to pH 6.0).

CB7%! and CB8!®* were prepared by following reported literature examples and also purchased
from Strem or Sigma. Stock solutions of CB8, CB7, and analytes (Mem, Nan) were prepared
in Milli-Q water.

The concentration of MDAP, BC, MPCP, and Nan stock solutions was determined according
to their molar absorption coefficients (MDAP: &=7800M 'ecm™' at393 nm, BC:
£=22300 M 'cm™" at 344 nm, MPCP: ¢=7111 M'em™ at 335 nm, Nan: € = 15320 M 'cm’!
at 248 nm)>7 2*8 by UV-Vis absorption titration measurements in Milli-Q water. The
concentration of CB8, CB7, Mem, and amantadine stock solutions were determined by
fluorescence titration against a known concentration of MPCP dye (Aex = 368 nm and Aem =
531 nm), MDAP dye (Aex = 339 nm and Aem = 452 nm), CB8DBC: receptor complex (Aex =
462 nm and Aem = 548 nm) and CB7OMDAP receptor complex (Aex = 339 nm and Aem =

62



Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

452 nm), respectively, in Milli-Q water. The stock solution of DX was prepared in DMSO due

to its low solubility and chemical instability in water.

All the experiments involving human participants (urine sample collection from healthy
voluntary donors) were in accordance with the formal statement of ethical principles published
by the World Medical Association in the Declaration of Helsinki in 1964 and its later
amendments or comparable ethical standards.?>* 2>} Informed consent was obtained from all

individual participants included in the study.?** 2%

5.4.2. Instrumentation
Nuclear magnetic resonance (NMR) spectroscopy

'"H and '3C NMR spectra were recorded in CDCl3 or D>O on a Bruker Advance 500
spectrometer at 25 °C. The chemical shifts (8) are given in ppm and refer to residual protons
on the corresponding deuterated solvent. For the characterization of symmetric signals, the
median point of the signal was chosen and for multiplets, the signal range was used. The
multiplicities of the signals were abbreviated as follows: s = singlet, d = doublet, t = triplet, m

= multiplet. All coupling constants (J) are stated as modulus in Hertz (Hz).

Infrared (IR) spectroscopy

IR spectra were recorded on a Thermo Scientific Nicolet iS50 spectrometer. Samples were
measured in the wavelength range from 4000 cm ™' to 400 cm ™! upon direct deposition of the

pure compounds.

Electrospray ionization mass spectrometry (ESI-MS)

Mass spectra were recorded on a Bruker microOTOF-Q (208-320 Vac, 50/60 Hz, 1800 VA). A
trace amount of the sample was dissolved into 1 mL MeOH or MeOH/EtOAc and then treated
in an ultrasound bath for 30 s. All MS spectra were collected in the positive mode in the mass
range m/z 100 — 2000. Optimized parameters are as follows: dry temperature: 100 °C, dry gas:
3.0 L/min, ion energy: 5.0 eV, collision energy: 10.0 eV, collision RF: 800 Vpp, transfer time:
120 ps, prepulse storage: 10 ps.

UV-Vis absorption spectroscopy

Absorbance spectra were measured at 25 °C in Milli-Q water on a Jasco V-730 double-beam

UV-Vis spectrophotometer. For UV-Vis absorption experiments, PMMA cuvettes with a light
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path of 10 mm and dimensions of 10 x 10 mm and a spectroscopic cut-off at 220 nm were

utilized. In addition, the cuvettes were equipped with a magnetic stirrer, allowing rapid mixing.

Fluorescence spectroscopy

Steady-state emission spectra and time-resolved emission profiles for the titration experiments
were recorded on a Jasco FP-8300 fluorescence spectrometer equipped with a 450 W Xenon
arc lamp, double-grating excitation, and emission monochromators. Emission spectra were
corrected for source intensity (lamp and grating) and the emission spectral response (detector
and grating) by standard correction curves. All titration and kinetic experiments were carried
out at 25 °C by using a water thermostatic cell holder STR-812, while the cuvettes were
equipped with a magnetic stirrer, allowing rapid mixing. For fluorescence-based titration
experiments and CRET measurements, PMMA cuvettes with a light path of 10 mm and

dimensions of 10 x 10 mm from Brand with a spectroscopic cut-off at 300 nm were utilized.

Chemiluminescence spectroscopy

Time-resolved CL profiles were recorded on a CLARIOstar Plus microplate reader using the
software-implemented luminescence method. No filter was used when collecting the CL
spectra, and the gain was set to 4000. The measurement interval time was 1 s. Samples were
prepared in a white Optiplate with 96 wells. The total volume of the sample in a well was

200 pL. All measurements were carried out at 25 °C.
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5.4.3. Synthesis and characterization of DX

All reactions were carried out under a nitrogen (N2) atmosphere. The round-bottom flasks used

in the reactions were dried using a heat gun (250 °C) while purging with N> before use.

0 o~ o
+CH(OMe)s, +TBATB +TBDMSCI, +imidazole |\ (o
" [ j " HOO/LO/ —Si o”
MeOH DCM
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Figure 5.11 Reaction scheme for the synthesis of DX.

Synthesis of 3-(dimethoxymethyl)phenol (a). In a round-bottom flask equipped with a
magnetic stirrer, 3-hydroxybenzaldehyde (1.00 g, 8.19 mmol) was dissolved in dry MeOH
(10.0 mL). Subsequently, under stirring, trimethyl orthoformate (1.80 mL, 16.38 mmol) was
added dropwise, followed by TBATB (0.20 g, 0.41 mmol) addition. The reaction mixture was
allowed to stir for 16 h at room temperature. The organic solvent was removed under reduced
pressure and the crude product was purified by column chromatography (silica gel, EtOAc/Hex
20:80 containing a few drops of TEA), yielding (a) as a colourless oil (1.3 g, yield = 94%).
Re=0.39.

'H NMR (CDCls, 500 MHz) § 7.29-7.25 (m, 1H), 7.04 (d, J = 10 Hz, 1H), 6.99 (s, 1H), 6.85-
6.83 (m, 1H), 5.39 (s, 1H), 3.37 (s, 6H) ppm. 3C NMR (126 MHz, CDCl3)  155.87, 139.89,
129.70, 119.27, 115.67, 113.68, 103.02, 52.91 ppm. IR (ATR) v 3349 (-OH), 2940 (C-H in -
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OCH3), 2832 (aromatic C-H), 1592, 1454, 1267, 1192, 1168, 1155, 1100, 1037, 988, 865, 777,
697 cm ™. ESI-MS m/z [M+Na]"calcd for CoH;203Na 191.068; found 191.0668.
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Figure 5.12 'H NMR spectrum (500 MHz) of a in CDCls.
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Figure 5.13 *C NMR spectrum (126 MHz) of a in CDCls.
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Figure 5.14 ESI-MS spectrum of a.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-CJTUFUALQD-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Synthesis of tert-butyl(3-(dimethoxymethyl)phenoxy)dimethylsilane (b). In a round-bottom
flask equipped with a magnetic stirrer, (a) (2.00 g, 11.9 mmol) and imidazole (1.21 g,
17.8 mmol) were dissolved in dry DCM (20.0 mL). Subsequently, TBDMSCI (2.33 g,
15.5 mmol) was added, and the solution was stirred at room temperature for 16 h. The white
precipitate formed was filtered off and the filtrate was concentrated under reduced pressure.
The crude product was purified by column chromatography (silica gel, EtOAc/Hex 5:95),
yielding (b) as a colourless oil (3.30 g, yield = 98%). R¢r= 0.44.

'H NMR (CDCls, 500 MHz) 8 7.24-7.20 (m, 1H), 7.04 (d, J = 5 Hz, 1H), 6.94 (s, 1H), 6.80 (d,
J=10 Hz, 1H), 5.34 (s, 1H), 3.32 (s, 6H), 0.98 (s, 9H), 0.19 (s, 6H) ppm. 3C NMR (CDCls,
126 MHz) § 155.64, 139.63, 129.18, 120.10, 119.74, 118.48, 102.87, 52.65, 25.70, -4.41 ppm.
IR (ATR) v 2954 (C-H in -OCHz), 2930, 2895, 2858, 2829, 1603, 1587, 1484, 1472, 1445,
1435, 1390, 1361, 1277, 1252, 1192, 1171, 1155, 1102, 1079, 1053, 1004, 976, 889, 857, 837,
808, 778, 741, 695, 679 cm™'. ESI-MS m/z [M+Na]" calcd for C15H2603SiNa 305.1548; found
305.1500.

67


https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-CJTUFUALQD-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-CJTUFUALQD-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

SN v |
. \
~ \
. o] ‘ ‘
\.0 N
‘—/’SI\ ° o | ‘ |
b

L ] -

aromatic H "
Ll l JJ

W

g 3 1 it 5
2333 S S = o

T T T T T T T T T T T T T T T T T T T T T T T
11.0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.55( 5).0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Ppm

Figure 5.15 'H NMR spectrum (500 MHz) of b in CDCl;.

T ™ % gve ~
3 3 2  83@ & n ° -
u v =] [= R I 0 =~ ha
o a o dnd 2 & @ T

| | N

L ]
/
- o]
\ o e "
..
*—Si (0]
/"\
b
L]
L]
1 L]
R |
aromatic C
L]
| I |
]
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

d (ppm)

Figure 5.16 '*C NMR spectrum (126 MHz) of b in CDCl;.

68



Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

[M+Na]*
305.1500
302 304 306 308 310
miz

|

100 200 300 400 500 600 700 800
m/z
Figure 5.17 ESI-MS spectrum of b.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AOCDPIIDJ V-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Synthesis of dimethyl ((3-((tert-butyldimethylsilyl)oxy)phenyl)(methoxy)methyl)phosphonate
(¢). In a round-bottom flask equipped with a magnetic stirrer, (b) (1.00 g, 3.54 mmol) and
trimethyl phosphite (0.63 mL, 5.31 mmol) were dissolved in dry DCM (20.0 mL).
Subsequently, TiCls (600 puL, 5.31 mmol) was added dropwise under stirring at 0 °C and further
stirred after complete addition for 30 min at room temperature. Subsequently, the reaction
mixture was poured into an ice-cold NaHCOj; solution (15.0 mL, saturated). The aqueous
mixture was extracted with DCM. The combined organic layers were dried over Na;SO4 and
concentrated under reduced pressure. The crude product was purified by column
chromatography (silica gel, EtOAc/Hex 70:30), yielding (c) as a colourless oil (1.02 g, yield =
80%). Rr=0.63.

IH NMR (CDCls, 500 MHz) § 7.25-7.22 (m, 1H), 7.01 (d,J =5 Hz, 1H), 6.94 (s, 1H), 6.81 (d,
J=5Hz, 1H), 4.48 (d, J= 15 Hz, 1H), 3.70 (d, J = 10 Hz, 3H), 3.66 (d, J = 10 Hz, 3H), 3.38
(s, 3H), 0.98 (s, 9H), 0.20 (s, 6H) ppm. 3C NMR (CDCls, 126 MHz) § 155.88, 155.86, 135.59,
129.51, 129.49, 121.14, 121.09, 120.49, 120.46, 119.65, 119.60, 80.71, 58.66, 58.54, 53.68,
53.62,25.69, 18.24, -4.45 ppm. IR (ATR) v 2945.78, 1276.64 (P-O), 1250.12, 1105.50, 984.48,
868.78 cm™!. ESI-MS m/z [M+Na] calcd for C16H200sPSiNa 383.1419; found 383.1498

69


https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AOCDPIJDJV-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AOCDPIJDJV-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

N \ N
A [
.‘\ S e} (.
.0 L I \
°—Si P e ol / I J
1 “OMe o
MeO
Y L ]
c
L ]
L ]
i
aromatic H -
1 1 [}
|t
Legntd 1 T 4 b
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
o (ppm)
Figure 5.18 'H NMR spectrum (500 MHz) of ¢ in CDCl;.
v NN Lo ‘
[ ]
/.
. (@]
\S.,O < P/’o
*— | [ ]
s | “OMe
MeO
L
c
-
aromatic C -
(—1—\ 1
° L J
I
‘ l
L W 5
: : ; : ‘ ‘ - ‘ ‘ ‘ : ‘ ‘ : ‘ ‘ ‘ ‘ .
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
& (ppm)

Figure 5.19 *C NMR spectrum (126 MHz) of ¢ in CDCls.

70



Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

[2M+Na]*
743.2899

[M+Na]*
383.1498

A AN

L Hl Ll

100 200 300 400 500 600 700 860
m/iz

Figure 5.20 ESI-MS spectrum of ¢.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-KAJYJUIYDC-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ

Synthesis of (3-((-adamantan-2-ylidene)(methoxy)methyl)phenoxy)(tert-butyl)dimethylsilane
(d). In a round-bottom flask equipped with a magnetic stirrer, (¢) (1.00 g, 2.77 mmol) was
dissolved in dry THF (10.0 mL). LDA (2.00 M in THF, 2.00 mL, 14.74 mmol) was added
dropwise at -78 °C under stirring and after complete addition, the reaction mixture was stirred
for 30 min at -78 °C. Subsequently, 2-adamantanone (0.50 g, 3.33 mmol) dissolved in dry THF
(10.0 mL) was added dropwise and the reaction mixture was further stirred for 30 min at
- 78 °C and for an additional 3 h at 25 °C. The reaction mixture was poured into brine, and the
aqueous mixture was extracted using EtOAc. The combined organic layer was dried over
Na>SO4 and the organic solvent was evaporated under reduced pressure. The crude product was
purified by silica gel column chromatography (EtOAc/Hex 5:95), yielding (d) as a colourless
oil (0.95 g, yield = 89%). Rr=0.64.

IH NMR (CDCls, 500 MHz) § 7.21-7.18 (m, 1H), 6.91 (d, J = 10 Hz, 1H), 6.80 (s, 1H), 6.80-
6.76 (m, 1H), 3.29 (s, 3H), 3.24 (s, 1H), 2.63 (s, 1H), 1.97-1.78 (m, 12H), 0.98 (s, 9H), 0.20 (s,
6H) ppm. 1*C NMR (CDCls, 126 MHz) § 155.47, 143.49, 136.93, 131.40, 129.05, 122.68,
121.23,119.48, 57.79, 39.34, 39.20, 37.37, 32.39, 30.47, 30.31, 28.50, 25.84, 18.38, -4.30 ppm.
IR (ATR) v 2945.78, 1276.64, 1105.50, 868.78 cm’'. ESI-MS m/z [M+Na] calcd for
Ca24H3602SiNa 407.2382; found 407.2371.
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Figure 5.21 'H NMR spectrum (500 MHz) of d in CDCls.
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Figure 5.23 ESI-MS spectrum of d.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-SVZAUCYKJS-
UHFFFADPSC-NUHFF-NWIFF-NUHFF-ZZZ

Synthesis of 3-(adamantan-2-ylidene(methoxy)methyl)phenol (e). In a round-bottom flask,
(d) (1.50 g, 3.90 mmol) and TBAF (1.00 M in THF, 4.50 mL, 4.50 mmol) were dissolved in
dry THF (10.0 mL) and stirred for 16 h at room temperature. The organic solvents were
evaporated under reduced pressure and the crude product was purified by column
chromatography (EtOAc/Hex 15:85), yielding (e) as a white solid (1.00 g, yield = 95%).
R¢=0.50.

IH NMR (CDCls, 500 MHz) § 7.23-7.20 (m, 1H), 6.89 (d, J = 10 Hz, 1H), 6.81 (s, 1H), 6.77-
6.75 (m, 1H), 4.87 (s,1H), 3.30 (s, 3H), 3.24 (s, 1H), 2.65 (s, 1H), 1.97-1.79 (m, 12H) ppm.
13C NMR (CDCls, 126 MHz) & 155.34, 143.06, 137.17, 131.95, 129.16, 122.11, 116.02,
114.41, 57.78, 39.22, 39.08, 37.19, 32.23, 30.23, 28.32 ppm. IR (ATR) v 3344.49 (-OH),
2945.78, 1276.64, 1105.50, 868.78 cm™'. ESI-MS m/z [M+Na]" caled for CisH220:Na
293.1517; found 293.1461.
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Figure 5.26 ESI-MS spectrum of e.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-UOQZATKCYB-
UHFFFADPSC-NUHFF-NYHMH-NUHFF-ZZZ

Synthesis of DX. In a round bottom flask, methylene blue (120 puL, 0.41 uM in dry DCM) was
added to a solution of (e) (20.0 mg, 0.074 mmol) in dry DCM (5.00 mL). The reaction mixture
was stirred and illuminated for 45 min using a 17 W LED lamp (2700 K) while pure Oz was
bubbled through the reaction mixture at room temperature. Subsequently, the reaction mixture
was filtered through a minimal amount of silica to remove residual methylene blue, yielding a
colourless filtrate. The organic solvent was removed under reduced pressure and the final
product was obtained as a white solid (20.0 mg, yield = 89%). Compound DX is stored at

- 20 °C under an inert atmosphere and in the dark to prevent its decomposition.

H NMR (CDCls, 500 MHz) § 7.31-7.28 (m, 1H), 7.22-7.19 (m, 1H), 6.91-6.86 (m, 1H), 6.79-
6.77 (m, 1H), 5.47 (s, 1H), 3.23 (s, 3H), 3.04 (s, 1H), 2.65 (s, 1H), 1.96-1.60 (m, 12H) ppm.
13C NMR (CDCls, 126 MHz) & 155.86, 136.58, 129.67, 116.53, 112.11, 95.81, 50.11, 36.56,
34.87,33.13, 32.49, 31.82, 31.70, 26.18, 26.05 ppm. IR (ATR) v 3408, 2912, 2857, 993 cm".
ESI-MS m/z [M+Na]" calcd for Ci1sH2204Na 325.1415; found 325.1403.
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Figure 5.27 '"H NMR spectrum (500 MHz) of DX in CDCls.
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Figure 5.29 ESI-MS spectrum of DX.

Additional information on the synthesis and analysis is available in the Chemotion repository:
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-RVRTXMFVLY-
UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
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Figure 5.30 Overlapped IR spectra of DX (grey) and e (red) showing the characteristic peroxide band
of DX at 950-1000 cm™
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5.4.4. Synthesis and characterization of CB7-CF

Dr. Changming Hu carried out the synthesis of CB7-CF.

CB7-CF was prepared according to a previously reported procedure by Nau and co-workers.!*?
The formation of CB7-CF was confirmed by mass spectrometry of its imidazole (Csmim)>>¢
complex, CB7-CFoCsmim (1:1): ESI-MS m/z [CB7-CF>Csmim]** caled. for CssHooN36021

975.3540; found 975.7440.
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Figure 5.31 ESI-MS spectrum of CB7-CFoCgmim (1:1).

5.4.5. Binding affinity studies

CB7oDX binding constant determination by IDA

The binding constant for CB75DX was determined by IDA, following a reported procedure.”
The binding isotherm is obtained by titrating a known concentration of DX stock solution to
the CB72BC complex (CB7 =2.07 uM, BC =4.0 uM) in water at 25 °C (Lex =421 nm, Aem =
542 nm) (see Figure 5.38 in supplementary data).

H+GSHG H+DSHD Eq. 1
Iem = onp[HD] + ap*[D] Eq.2
K.(HG)=[HG]/[H]'[G];  Ka(HD)=[HD]/[H][D] Eq. 3
[Glo=[G] +[HG];  [Dlo=[D]+[HD]; Eq. 4
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[Hlo=[H]+[HD] +[HG] Eq. 5

The obtained binding isotherm was fitted to a binding model derived from Eq. 1-5 to obtain
the binding constant (K,, cs7). All numerical solutions were determined by using the Wolfram

Mathematica software (https://github.com/ASDSE/thermosimfit).

CB8>DX binding constant determination by IDA

The binding constant was determined by an IDA using BC as the indicator in PBS (10 mM,
pH 6.0), following a reported procedure.??” The binding constant of CB§DBC> in PBS (pH 6.0)
was determined by DBA with a binding model obtained from Eq. 6-10. In DBA, fluorescent
titration of BC (2 uM) with increasing concentration of CB8 stock solution in PBS (10 mM,
pH 6.0) at 25 °C (Aex =355 nm, Aem =536 nm) was performed. The binding constant for
CB8>DX was determined by titrating a known concentration of DX stock solution to the
CB8>BC> complex (CB8=1.06 uM, BC =6.01 uM) in PBS (10 mM, pH 6.0) at 25 °C
(Aex = 355 nm, Aem = 536 nm). See Figure 5.32 in supplementary data.

H+GSHG H+DSHD HD+DSHDD Eq. 6
Iem = 0p-[HD] + anpp-[HDD] + op-[ D] Eq. 7
K.(HG)=[HG]/[H]'[G]; Ka(HD)=[HD]/[H]-[D]; Ka(HDD)=[HDD]/[HD]-[D] Eq.8
[Glo=[G] + [HG]; [D]o=[D] + [HD] + 2[HDD]; Eq. 9
[H)o=[H] + [HD] + [HDD] + [HG] Eq. 10

The binding isotherm was fitted to a binding model derived from Eq. 7-10 to obtain the binding
constant (Ka, cBs). All the numerical solutions were determined by using the Wolfram

Mathematica software (https://github.com/ASDSE/thermosimfit).
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5.4.6. Chemiluminescence experiments
CCS assay procedure

Analyte spiked (0 — 60 uM) PBS or human urine (1:1 diluted with 10 mM PBS, pH 6.0) or
deproteinized human serum (1:3 diluted with 10 mM PBS, pH 6.0) was added to the wells of
a 96-well white Optiplate. Followed by the addition of CB8 stock solution (30 uM), the mixture
was left at room temperature for 5 min. Then, DX stock solution was added (30 pM) and the
mixture was left at room temperature for another 10 min after mixing. The CL was induced by
the addition of NaOHaq (10 mM, 10 pL) via the plate reader injector. The Optiplate was briefly
shaken for 20 s using a plate reader built-in shaker. The total volume in each well was 200 pL.
and contained 2.5 vol% DMSO (from DX stock solution). The CL intensity (whole wavelength

range) was recorded immediately after shaking.

CRET assay between DX and CB7-CF

To a solution of CB7-CF (0 — 15 uM in Milli-Q water, pH 6.0) filled in a 96-well white
Optiplate, 10 uM of DX was added. The CL was triggered by adding NaOHaq (10 mM, 10 puL).
After shaking for 20 s using a plate reader built-in shaker, luminescence intensities in the
wavelength range of 450 — 470 nm (DX) and 540 — 560 nm (CB7-CF) were recorded. The total
volume in each well was 200 pL and contained 2.8 vol% DMSO (from DX stock solution).
The same procedure was followed for CF-N3 and DX.

CRET assay in the presence of MV?*

To MV?**-spiked solutions (0 — 50 pM in Milli-Q water, pH 6.0) filled in a 96-well white
Optiplate, 10 uM of CB7-CF stock solutions was added. The mixture was left at room
temperature for 2 — 3 min. To this, 10 uM DX was added and the mixture was mixed well. The
CL was triggered by adding NaOHaq (10 mM, 10 pL) via the plate reader injector. After shaking
for 20 s using a plate reader built-in shaker, luminescence intensities in the wavelength range
of 450 — 470 nm (DX) and 540 — 560 nm (CB7-CF) were recorded. The total volume in each
well was 200 pL and contained 2.8 vol% DMSO (from DX stock solution). The same
procedure was followed for CF-N3 and DX.
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5.4.7. Performance studies of CCS

Determination of the LOD values

Calibration curves (Figures 5.41 and 5.42 in supplementary data) were obtained by plotting the
Icr at 3 min for PBS (10 mM, pH 6.0), deproteinized human serum (diluted 1:3 with 10 mM
PBS, pH 6.0), or diluted human urine (diluted 1:1 with 10 mM PBS, pH 6.0) spiked with either
Mem or Nan (0 — 60 pM). The linear range of the calibration curves was fitted with a linear

regression curve. The LOD was calculated using the following equation:

LOD = 3.3 ( Oaverage Ic. of CB82DX )

| slope of linear fit |

Validation and recovery studies

The CCS validation studies were performed using Mem-spiked urine samples (diluted 1:1 with
10 mM PBS, pH 6.0), determined by an IDA using BC as the indicator and CB8 as the
macrocyclic host.?*” The IDA calibration curve was obtained by the titration of a known
concentration of Mem stock solution to CB82OBC; complex (CB8 =20.2 uM, BC = 120 uM)
in urine (1:1 diluted with 10 mM PBS, pH 6.0) at 25 °C (dex = 462 nm; Aem = 548 nm) (see
Figure 5.43a in supplementary data). For the validation studies, the obtained IDA calibration
curve was used to determine the Mem concentration of unknown samples. The same unknown
samples were determined with the CCS calibration curve (Figure 5.43b in supplementary data).

The recoveries were calculated from the following equation.

Memlobserved — [Mem|before spikin
[Mem] [ Ibefore spiking < 100

0 =
)% recovery [Mem]expected
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5.5. Supplementary data

a)
——DBAfit
1.01 & Acquired data points

o o
(o] [o0]
L L

o
-
1

lem at 536 nm (8.U.)

log K, ces-ac, = 10.4

in PBS (10 mM, pH 6.0)

[CB8] (uM)

Figure 5.32 (a) Representative DBA binding isotherm determined by the fluorescent titration experiment
of BC (2 uM) with increasing concentration of CB8 in PBS (10 mM, pH 6.0) at 25 °C (dex =355 nm, Aem
= 536 nm). The estimated fitting error in log K, is 0.01. (b) Representative IDA binding isotherm
determined by the fluorescent titration experiment of CBEOBC, (CB8 = 1.06 uM, BC = 6.01 uM) with
increasing concentration of DX in PBS (10 mM, pH 6.0) at 25 °C (lex = 355 nm, Aem = 536 nm). The

estimated fitting error in log K, is 0.04.
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Figure 5.33 ESI-MS spectrum of CB§DDX complex in positive ion mode.
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Figure 5.34 (a) Normalized CL spectra of CB82DX (30 uM) and DX (30 uM) in 10 mM PBS
containing 2.5 vol% DMSO, pH 9.6. (b) Reproducibility of the CL enhancement in 10 mM PBS
containing 2.5 vol% DMSO, pH 9.6 (marked green area is where the error is never larger than 4%).
The average Icr and the relative standard deviation (o) were calculated from six replica measurements.
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Figure 5.35 Time-dependent CL response of DX (30 uM) in (a) Mem-spiked (0 — 30 uM) and (b) Nan-
spiked (0 — 30 pM) PBS samples (10 mM, containing 2.5 vol% DMSO, pH 9.6). The average /cr and
the corresponding standard deviation (o) were calculated from six replica measurements.
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Figure 5.36 Effect of the time of premixing CB8 (30 uM) with Mem (30 uM) on the final CL after the
addition of DX (30 uM) in 10 mM PBS (containing 2.5 vol% DMSO, pH 9.6). RSD was calculated
from six replica experiments.
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Figure 5.37 CL spectra of CDP-Star (30 uM) in the presence and absence of f-CD (30 uM) in TRIS

buffer (10 mM containing 1 mM MgSOs, pH 9.0). The CL spectrum was measured immediately after
the addition of ALP, 3 U-mL" at 37 °C.
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Figure 5.38 Representative IDA binding isotherm determined by fluorescent titration experiment of
CB75BC (log K, = 7.23 from ref””, CB7 = 2.07 uM, BC = 4.0 uM) with increasing concentration of
DX in deionised water at 25 °C (Aex = 421 nm, Aem = 542 nm). The estimated fitting error in log K, is

0.01.
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Figure 5.39 (a) CF-Ns-dependent CRET luminescence intensities with DX (10 uM in water containing
2.8 vol% DMSO, pH 9.6). (b) MV?"-dependent CRET luminescence intensities between DX and
CF- N3 (10 pM in water containing 2.8 vol% DMSO, pH 9.6). The average emission intensities and the
corresponding standard deviation (o) were calculated from five replica measurements.
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Figure 5.40 CRET intensities were recorded in the presence and absence of amantadine (30 uM) in
water containing 2.8 vol% DMSO, pH 9.6 (CB7-CF =10 uM, DX =30 uM).
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Figure 5.41 Mem-dependent (0 — 60 uM) IcL of CCS (CB8 = 30 uM, DX = 30 uM) were plotted at
3 min. Mem (a) in PBS (10 mM, containing 2.5 vol% DMSO, pH 9.6), (b) in diluted urine (1:1 with
10 mM PBS, containing 2.5 vol% DMSO, pH 9.6), and (c) in deproteinized human serum (diluted 1:3
with 10 mM PBS, containing 2.5 vol% DMSO, pH 9.6). Insets show the corresponding Icr vs. Mem
regime (0 —2 uM) used to calculate the LOD using linear regression.

87



Chemiluminescent cucurbit[#]uril-based chemosensor for the detection of drugs in biofluids

a) b)
» average ICL; amn = 0N PBS , o urine
& 44s  ----linearfit ® average lg smn £ 0 ‘
$ 4 4fgy  --linear fit
S
<3
i)

10°- /o (a.u.)

15

1 T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
[Nan] (M) [Nan] (uM)
linear fit for Nan in PBS: linear fit for Nan in urine:

Iep = —0.640038 - 106 - [Nan] + 6.39099 - 10° ¢, = —0.125381 - 10° - [Nan] + 3.99224 - 10°

LOD = 0.8 uM LOD = 3.9 uM
c)
e average Iy 5., =0 in serum
3.0+ ' 30
- ] ----linear fit
S
=257
4+ .
5 297 = AN linear fit for Nan in serum:
22 N Ie, = —0.050111 - 106 - [Nan] + 2.53586 - 106
- ‘%
1 LOD =11.0 pM
15

0 10 20 30 40 50 60
[Nan] (pM)

Figure 5.42 Nan-dependent (0 — 60 puM) Ic. of CCS (CBS8 = 30 uM, DX = 30 uM) were plotted at
3 min. Nan (a) in PBS (10 mM, containing 2.5 vol% DMSO, pH 9.6), (b) in diluted urine (1:1 with
10 mM PBS, containing 2.5 vol% DMSO, pH 9.6), and (¢) in deproteinized human serum (diluted 1:3
with 10 mM PBS, containing 2.5 vol% DMSO, pH 9.6). Insets show the corresponding /cr vs. Nan
regime used to calculate the LOD using linear regression.
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Figure 5.43 Calibration curves used for the validation experiments. (a) CB8DBC, IDA response curve.
(b) CCS IcL (t =3 min) response curve.
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6. Cucurbit[7]uril-based indicator displacement assay for the

electrochemical detection of drugs

The results described in this chapter have been published as “Electrochemical detection of
drugs via a supramolecular cucurbit/7]uril-based indicator displacement assay” in ACS
Sensors, 2023.%7 The experimental data collection and analysis were carried out by me under
the supervision of Dr. Pierre Picchetti and Priv.-Doz. Dr. Frank Biedermann. The manuscript
was written with the contributions of all authors. The co-authors contributed by synthesizing
the materials, providing valuable discussions and reviewing the article draft. Sections in this
chapter have been reproduced from the published work®” with permission from the American

Chemical Society.

6.1. Introduction

Chemosensors based on host-guest chemistry are widely explored for developing low-cost,
robust, and fast-responding analyte sensing assays with real-time monitoring capabilities,

70 2% In optical chemosensors, a

offering many new diagnostic opportunities.>
spectroscopically detectable signal is generated upon analyte binding event, such as
fluorescence response.> 212 Since fluorescence emission is generated as a result of
photoexcitation, chemosensors based on fluorescence signal readout may encounter major
challenges, including high background fluorescence from other emissive components in the
sample and light scattering effect, which negatively impacts the performance of the
chemosensors. Therefore, employing a signal readout that does not depend on photoexcitation
would be advantageous for developing chemosensors with an enhanced signal-to-noise ratio.
Based on this context, I was successful in developing a chemosensor based on CL signal

readout, as CL is produced by a chemical reaction. This work is described in the previous

research project.

Research on electrochemical sensors is gaining much attention for developing disposable,
miniaturized, fast-response, cost-effective, and portable sensors for analyte detection.?>-26!
Electrochemical sensors are based on redox reactions of the analytes at the working electrode,
producing changes in the electrical signal. Using screen-printed electrodes (SPEs) as a sensing
platform satisfies the important requirements for detection, including reproducibility, high

sensitivity, and the capacity to measure in a few microliters of sample volumes. These
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electrodes offer additional benefits, including low cost, compact size, and ease of electrode

surface modification.!3!> 262

Macrocyclic hosts, due to their molecular recognition properties, have been used as electrode
modifiers in electrochemical sensors to enhance the sensitivity and selectivity of analyte
detection.'*> 263 Studies have shown that when organic analytes form host-guest complexes
with macrocyclic hosts, there is a significant decrease in their redox current signal. This change
is explained as these host molecules protect the analytes from undergoing an electrochemical
process.'?% 197- 264 For instance, Ong and co-workers reported that Ferrocene (Fc) generates a
reduced current signal upon forming an inclusion complex with CB7."° Yu and co-workers
showed a CB7-based competitive assay using Fc as the redox indicator, which is immobilized
on the gold electrode surface, to investigate the CB7 binding of a redox-inactive guest by
analyzing the changes in the oxidation potential of Fc.!*® It was observed that the oxidation
potential of Fc shifts to more positive values upon forming a complex with CB7, and the
potential responses gradually shift back to the original potential of unbound Fc¢ in the presence
of redox-inactive analytes. Although a sensing approach based on this strategy is possible, it
necessitates an immobilization process on the electrodes, which is a challenging process due

to its limited stability and nonspecific adsorption of analytes.!>% 15

electrochemical chemosensor (e-CS)

electroactive indicator

SPEs e

Figure 6.1 Schematic representation of the e-CS functioning principle.
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Figure 6.2 Chemical structures of the macrocyclic host CB7, the redox indicator PtC, and the analytes.

In my investigations, | developed an electrochemical chemosensor (e-CS) based on a
competitive binding strategy that does not require an immobilization process on the electrode
surface and studied the potential of the e-CS to detect redox-inactive analytes at low
micromolar concentrations in aqueous solutions and human urine samples. Figure 6.1 shows
the schematic representation of the e-CS functioning principle. Specifically, the e-CS was
designed by using a redox-active, water-soluble platinum(Il) triazole-pyridine complex (PtC)
as the redox indicator and CB7 as the macrocyclic host (Figure 6.2). This chapter focuses on
the studies involved in the development of the e-CS and its ability to detect drugs in aqueous

solutions and urine samples.

6.2. Results and discussion

6.2.1. Design and synthesis of PtC

To develop e-CS, the first step was to find an appropriate redox-active indicator that can bind
to CB7. In search of a redox indicator, Pt(I) complexes having 2-(1-R-1H-1,2,3-triazole-4-yl)-
pyridine ligands are considered suitable candidates because of the following reasons: Firstly,
the ability of the Pt(II) metal centre of the complex to undergo electrochemical oxidation and
form Pt(III/IV), preventing auto-oxidation of water. In addition, the triazole-pyridine ligand
exhibits lower steric effects than other common Pt(I) ligands like terpyridines and porphyrins,
enabling inclusion complex formation with CB7. Therefore, a new triazole-pyridine bearing
Pt(Il) complex (Figure 6.2), PtC ((2-(2-(2-(2-(4-(pyridine-2-yl)-1H-1,2,3-triazole-1-
yl)ethoxy)ethoxy)eth-oxy)ethan-1-ol)dichloroplatinum(Il)), was synthesized with the help of Prof.
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Dr. Angela Casini’s research group in Technical University of Munich (TUM) (see section

6.4.3. in experimental details for the synthesis and characterization of PtC).

6.2.2. Photophysical properties of PtC

Firstly, I investigated the photophysical properties of PtC in water. In the UV-Vis absorption
spectrum of PtC, a characteristic absorption band was observed at Aab, max = 295 nm (see Figure
6.15 in supplementary data). This band is due to the spin-allowed and ligand-centered
transitions, whereas the absorption at A =310 — 380 nm is because of the transition involving
mixed metal-to-ligand charge transfer/ligand-centered character.?> 2% In water, PtC displays a
weakly blue-emissive nature (Aex = 300 nm, Aem, max = 400 nm) due to the presence of low-lying

metal-centred excited states that undergo efficient non-radiative decay.?¢”- 268

6.2.3. Host-guest inclusion complex of PtC with CB7

Next, I studied the photophysical properties of PtC in the presence of CB7. It was observed
that the addition of PtC (50 uM) to a solution of CB7 (50 uM) in water (pH 7.0) resulted in a
2.2-fold increase in the emission intensity of PtC (Figure 6.3). In addition, a blue shift in the
emission wavelength maximum (AX = 23 nm) was observed (Figure 6.3). These results confirm
the formation of the CB7>PtC inclusion complex. Based on this, the blue shift in emission
wavelength suggests that the formation of the CB72PtC complex causes the disaggregation of

PtC aggregates formed in the water due to the amphiphilic nature of PtC.

80 -

—— CB7oPtC
—PtC

O I 1 1 1
350 400 450 500 550
A (nm)

Figure 6.3 Fluorescence emission spectra (lex = 300 nm) of PtC (50 uM) and CB7>PtC (50 uM) in
water at pH 7.0.
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Since there is an enhancement in the fluorescence signal of PtC in the presence of CB7, a
fluorescence titration experiment (DBA) was performed to determine the binding affinity of
the CB72PtC complex (log Ka=4.2) in water at pH 7.0 (see section 6.4.4. in experimental
details and Figure 6.16 in supplementary data).

Additionally, the "H NMR spectrum (section 6.4.4. in experimental details and Figure 6.17 in
supplementary data) of CB72PtC showed a slight downfield shift for aromatic proton signals
of PtC in the presence of CB7, in contrast with cases of complex formation of other organic
molecules with CB7, which resulted in upfield signal shifts. Similar unusual behaviour in the
chemical shift was also reported in the inclusion complexes of organic dyes such as acridine
orange or methylene blue with CB7.2270 As in these organic dyes, amphiphilic PtC possesses
a planar head group that induces aggregation in solution by head-to-head stacking. The addition
of CB7 results in the disaggregation of PtC aggregates, which has a larger impact on the
chemical shifts than the binding event between PtC and CB7. This observation further
confirmed the binding of CB7 with the PtC headgroup.

Unlike other electrochemically active indicators having a strong binding affinity with CB7, the
moderate binding nature of PtC enables the application of this system to develop displacement

assays for the detection of analytes.

6.2.4. Cyclic voltammetry studies of CB7oPtC

The next task was to investigate the electrochemical properties of CB7o5PtC, which was
performed using a Metrohm portable bipotentiostat/galvanostat (SpectroECL). SPEs were used
for the measurements. In the CV studies, it was observed that the anodic peak current intensity
(iox, from 0.9 to 1 V) for CB72PtC undergoes a strong reduction (almost 25-fold) compared to
the free PtC (Figure 6.4). This reduction in intensity can be explained based on the shielding
effect provided by CB7, which hinders the oxidation of Pt(II).>’! Therefore, the formation of
the CB72PtC complex switches the electrochemical redox activity of PtC to its "OFF" state.
Thus, the results obtained from the CV studies further supported the formation of the CB7oPtC

complex.
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Figure 6.4 CV curves of PtC (200 uM) and CB72PtC (200 uM) in water at pH 7.0 (scan rate: 50 mV/s).

Next, I explored whether the host-guest-induced modulation in the electrochemical activity of
PtC could be switched in the presence of a high-affinity CB7 guest. To investigate this, a CB7-
binding analyte, N,N,N-trimethyl-1-adamantylammonium hydroxide (TA, log Kacp7 = 12.2,
Figure 6.2)*’> was added to a solution containing CB7>PtC (200 uM). Interestingly, a
noticeable rise in the iox was observed in the CV measurements (Figure 6.5) due to the
displacement of PtC from the CB7 cavity. This increase in the iox was seen until the equivalence
point, indicating the complete displacement of PtC from the CB7 cavity. These results thus

paved the way to apply the developed e-CS assay to detect redox-inactive analytes.

1.3 1
1.2

111
< 1.0-
5 0.9-
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—
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Figure 6.5 TA-dependent i (at 0.9 V) obtained from CV measurements of CB7oPtC (200 uM) in
water at pH 7.0 (scan rate: 50 mV/s).
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6.2.5. Electrochemical detection of pancuronium bromide

Pancuronium bromide (PB, Figure 6.2) is a steroid that is used as a muscle relaxant in general
anaesthesia. During normal anaesthesia, the blood contains PB concentrations within the range
of 0.3 — 0.5 uM.?”® However, after PB treatment (8 h), the PB concentrations in the patient’s
urine were approximately 2.4 uM.?’* When overdosed, concentrations of up to 2 mM were
detected in both blood and urine.’”> Mainly, the detection of PB in pharmaceutical
formulations, illicit preparations, and biosamples is conducted by mass spectrometry combined
with liquid chromatographic methods.?’* 2”> The absence of reactive functional groups and
chromophore units in PB hindered the development of direct or reactive-probe-based assays to
detect PB. Therefore, the development of a chemosensor-based detection method for PB calls
for potential research. Hence, I took the opportunity to test the developed e-CS for the detection

of PB.

—100 uM
25 - 75 uM
50 pM PB conc.
e CBTSPIC
f-‘\15 7
<
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0.90 0.96 1.02
E V)
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Figure 6.6 CV response curves of e-CS (CB7 = 50 uM, PtC = 50 uM) in PB spiked (0 — 100 uM)-PBS
(5 mM, pH 7.0). The average i,x and the corresponding standard deviation (o) were calculated from
three replica measurements; scan rate: 50 mV/s.

As in the first case, CV measurements of CB72PtC (50 uM) were performed in PBS (5§ mM,
pH 7.0) with increasing concentrations (0 — 100 uM) of PB. As anticipated, a PB-dependent
increase in the iox was observed from 0.9 to 1.1 V (Figure 6.6) due to the competitive binding
of PB to CB7 (log Kace7= 10.2),”’® thereby resulting in PB-induced displacement of PtC from

the CB7 cavity. As a control experiment, CV measurements for free PB were performed and
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Figure 6.7 (a) Schematic representation of the e-CS workflow (CB7 = 50 uM, PtC = 50 uM). The
electrochemical readout is recorded at Eox = 0.9 V. (b) Schematic representation of the working principle
of e-CS.

no significant iox was observed (at 0.9 V is 0.8 pA; see Figure 6.18 in supplementary data) as

it cannot be oxidized in the potential range studied.

In a typical e-CS procedure, 50 uM CB7 and 50 uM PtC were added sequentially to analyte-
spiked solutions (in 5 mM PBS, pH 7.0) (Figure 6.7a). The mixture was thoroughly mixed, and
after an equilibration time of 3 min, drop-cast 40 pL of the mixture onto the SPE. As shown in
the working principle (Figure 6.7b), the addition of CB7 to the analyte-spiked solution results
in the formation of the CB72A complex. Hence, PtC sequesters the remaining unoccupied CB7
by forming the CB7o5PtC complex. The lower binding affinity of PtC with CB7 compared to
the target analyte ensures that no analyte is displaced from the CB7DA after its addition to the
solution. However, weaker CB7-binding interferents in the sample are displaced from the CB7

cavity by PtC, which is a desirable side effect of the e-CS.

For higher sensitive readings, the chronoamperometric method was adapted to execute the e-
CS assay. In the chronoamperometric method, the current of the drop-cast sample was recorded
by applying a constant oxidation potential (Eox=0.9 V). As expected, the observed
chronoamperometric curves (Figure 6.8a) show an increase in anodic current density (jox) with
increasing PB concentration due to the oxidation of non-complexed PtC. To get a clear picture
of the observed increase in jox, the corresponding PB-dependent jox at 50 s is shown in Figure
6.8b. As a control experiment, the detection of PB in the absence of CB7, i.e. with PtC alone,

was not possible as there were no changes in jox (see Figure 6.19a in supplementary data).
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Figure 6.8 (a) Chronoamperometric response curves of e-CS (CB7 =50 uM, PtC =50 uM) in PB-spiked
(0 — 100 uM) PBS (5 mM, pH 7.0) at Eox = 0.9 V and (b) the corresponding PB-dependent jox (at
50 s). The average jox (coloured lines) and the corresponding standard deviation (o; grey area) were
calculated from three replica measurements.

Moreover, PB itself showed no observable increase in jox (see Figure 6.19b in supplementary
data). The LOD of PB in PBS (5 mM, pH 7.0) was calculated to be 17.7 uM from the linear-
response range of the obtained chronoamperometric response curve (see section 6.4.5. in

experimental details and Figures 6.20a in supplementary data).

In addition to chronoamperometry, staircase voltammetry (SCV) and differential pulse
voltammetry (DPV) are employed in electrochemical sensors to achieve higher sensitivity, as
these voltammetric methods minimise the occurrence of capacitive charges.'** 14! Therefore,
the SCV method was performed to detect PB in PB-spiked (0 — 200 uM) human urine (1:3
diluted with 5 mM PBS, pH 7.0). Figure 6.9a shows the obtained SCV response curves.
Notably, a PB-dependent increase in jox (at 0.9 V) was observed (Figure 6.9b), enabling the
detection of PB in PB-spiked human urine. The detection of PB in the absence of CB7, i.e. with
PtC alone, was not possible as there was no observable change in jox (see Figure 6.21a in
supplementary data). In addition, the detection of PB without CB7>PtC showed no significant
increase in jox (see Figure 6.21b in supplementary data). The DPV method also yielded
detection results comparable to those obtained from SCV measurements (see Figure 6.22 in

supplementary data).
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Figure 6.9 (a) SCV response curves of e-CS (CB7 = 50 uM, PtC = 50 uM) in PB-spiked (0 — 200 uM)
human urine (1:3 diluted with 5 mM PBS, pH 7.0) and (b) the corresponding PB-dependent jo. (at
0.9 V). The average jox (coloured lines) and the corresponding standard deviation (c; grey area) were
calculated from three replica measurements.

6.2.6. Performance of the e-CS

The LOD of PB was determined to be 7.6 uM in PB-spiked (0 — 200 uM) human urine, derived
from the linear response range of the obtained SCV response curve (see section 6.4.5. in
experimental details and Figures 6.20b in supplementary data). Notably, this LOD is
considerably lower than the standard concentration levels required to detect the misuse or
overdose of PB. In addition, DPV measurement showed a comparable LOD of 6.3 uM for PB-
spiked (0 — 200 uM) human urine (see section 6.4.5. in experimental details and Figures 6.22b
in supplementary data). It is important to note that the LODs calculated via linear regression

are approximations, as host-guest interactions follow non-linear relationships.

The optimal concentration of CB7 and PtC was selected through a preliminary screening
experiment via DPV, where the use of 50 uM CB72PtC yielded a satisfactory LOD of 4.3 uM
for PB in PBS (5§ mM, pH 7.0) (see Figure 6.23 in supplementary data).

Considering the determined LODs, this approach can be used to detect illicitly prepared PB
formulations and overdoses.?’”> Remarkably, e-CS is the first chemosensor based on host-guest

chemistry to detect PB at low micromolar concentrations (Table 6.1).

Furthermore, to understand the e-CS under the impact of the matrix-to-matrix effect, recovery

studies were conducted using PB-spiked (5 — 35 pM) human urine samples from two healthy
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voluntary donors. The e-CS showed good recoveries (>85%) in all the tested samples (Table
6.2). In addition, fluorescence (IDA) and LC-MS-based detection methods were conducted to
validate the e-CS (see section 6.4.5. in experimental details). The validation results yielded
comparable PB concentration values to those obtained in IDA and LC-MS-based detection

methods (see Figure 6.24 in supplementary data).

Table 6.1 Comparison of different methods for the detection of PB (n.a. — not applicable).

method concentration LOD sample ref.
range (uM) (nM)
enzyme assay 0.3-2.7 0.002 urine, serum 27
fluorescence 0.1-1.3 n.a. extracts of urine, plasma or 278
blood
HPLC 546.0-1638.0 8.5 pavulon injections 279
68.2-409.4 6.0 280
HPLC-MS 0.0-2.7 0.003  extracts of urine, plasma, blood, 281
and gastric content
potentiometry 9.9-997.3 n.a. urine and pharmaceutical 282
samples
voltammetry 0.0-200.0 6.3 urine
(this work)

Table 6.2 Calculated recoveries for urine-spiked samples from different donors using the e-CS.

spiked conc. [pM] observed conc. [nM] recovery

urine donor 1

5.0 5.6 112%
15.0 13.4 89%
25.0 304 122%
35.0 41.9 120%
urine donor 2
5.0 4.8 96%
15.0 13.7 91%
25.0 29.2 117%
35.0 31.0 88%
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6.3. Conclusion

In conclusion, a novel electrochemical chemosensor was successfully developed and applied
for the detection of electrochemically inactive analytes. The characteristic properties of the
developed chemosensor include the use of commercially available screen-printed electrodes,
operation with minimal sample volumes (40 pL), short assay times (6 min), and no requirement
for electrode surface immobilization. In this competitive binding approach, the chemosensor
ensemble consists of a new Pt(II) complex as the redox-active indicator and cucurbit[7]uril as
the macrocyclic host, which enabled the detection of the drug pancuronium bromide in saline
media and human urine. To the best of my knowledge, this is the first host-guest-based
electrochemical chemosensor to detect pancuronium bromide at low micromolar
concentrations. Furthermore, utilizing chemosensors based on electrochemical readout
eliminates the limitations associated with optical chemosensors that rely on an external light
source for sample excitation. Hence, I believe that this approach could lead to the development
of new sensors to detect biologically important analytes that can be used in point-of-care

applications.

102



Cucurbit[7]uril-based indicator displacement assay for the electrochemical detection of drugs

6.4. Experimental details

6.4.1. Materials and methods

All purchased chemicals and solvents were used as received from suppliers without any further

I and was also

purification. CB7 was synthesized by following the reported procedure®
purchased from Strem or Sigma. [PtClo(DMSO);] was synthesized by following the reported
procedures.?®* The 5 mM PBS buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOu, and
1.8 mM KH>PO4) was prepared from Gibco PBS tablets and Milli-Q water. The pH of the PBS

solution was adjusted to pH 7.0 by adding diluted HCI.

CB7, PtC, PB, and TA stock solutions were prepared in Milli-Q water. The concentration of
the CB7 stock solution was determined by fluorescence titration against a known concentration

of the MDAP dye (Lex = 339 nm and Aem = 452 nm) in Milli-Q water.

Urine samples were provided by healthy volunteers and were used within 3 — 4 days after
excretion (the urine was stored in the fridge at 4 °C). The collected urine was further diluted
(1:3) with 5 mM PBS (pH 7.0) and the pH value was adjusted to pH 7.0 by the addition of
diluted HCI for all the measurements. The resulting dilution was filtered through a syringe filter

(0.45 um, PES membrane) before use.

All the experiments involving human participants (urine sample collection from healthy
voluntary donors) were in accordance with the formal statement of ethical principles published
by the World Medical Association in the Declaration of Helsinki in 1964 and its later
amendments or comparable ethical standards.?>* 2>} Informed consent was obtained from all

individual participants included in the study.?>* 2>

6.4.2. Instrumentation
Nuclear magnetic resonance (NMR) spectroscopy

'H and "*C NMR spectra were recorded on a Bruker AV400 Ultra Shield or on a Bruker
Advance 500 spectrometer at 25 °C. The chemical shifts (8) are given in ppm and refer to
residual protons on the corresponding deuterated solvent. For the characterization of symmetric
signals, the median point of the signal was chosen and for multiplets, the signal range was used.

The multiplicities of the signals were abbreviated as follows: s = singlet, d = doublet, dd =
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doublet of doublets, dt = doublet of triplets, td = triplet of doublets, t = triplet, m = multiplet.
All coupling constants (J) are stated as modulus in Hertz (Hz).

Electrospray ionization mass spectrometry (ESI-MS)

Mass spectra were recorded on a HESI Thermo Scientific Exactive Plus Orbitrap Mass
Spectrometer. 5 nM solutions of the compound in LC-MS grade acetonitrile were prepared and
analysed. The spectra were acquired in positive mode optimized parameters are as follows:
capillary temperature: 300 °C, aux gas flux: 2.0 L/min, spray voltage: 4.0 V, spray current
0.36 pA, collision RF: 800 Vpp, transfer time: 120 ps, prepulse storage: 10 ps.

UV-Vis absorption spectroscopy

Absorbance spectra were measured at 25 °C in Milli-Q water on a Jasco V-730 double-beam
UV-Vis spectrophotometer. For UV-Vis absorption experiments, PMMA cuvettes with a light
path of 10 mm and dimensions of 10 X 10 mm and a spectroscopic cut-off at 220 nm were

utilized. In addition, the cuvettes were equipped with a magnetic stirrer, allowing rapid mixing.

Fluorescence spectroscopy

Steady-state emission spectra and time-resolved emission profiles for the titration experiments
were recorded on a Jasco FP-8300 fluorescence spectrometer equipped with a 450 W Xenon
arc lamp, double-grating excitation, and emission monochromators. Emission spectra were
corrected for source intensity (lamp and grating) and the emission spectral response (detector
and grating) by standard correction curves. All titration and kinetic experiments were carried
out at 25 °C by using a water thermostatic cell holder STR-812, while the cuvettes were
equipped with a magnetic stirrer, allowing rapid mixing. For fluorescence-based titration
experiments, PMMA cuvettes with a light path of 10 mm and dimensions of 10 x 10 mm from
Brand with a spectroscopic cut-off at 300 nm were utilized. Fluorescence-based validation
experiments were carried out with a CLARIOstar Plus microplate reader using the software-
implemented fluorescence method with black isoplates (96-isoplate with black frame and clear

well from Perkin Elmer).

Electrochemical measurements

CV, chronoamperometric, and DPV measurements were performed using a Metrohm portable
bipotentiostat/galvanostat (SpectroECL - £4 V potential range, = 40 mA maximum measurable

current). The electrochemical setup is controlled by DropView SPELEC software. SPEs (DRP-
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110 from Metrohm DropSense) were used for the measurements. For DPV measurements, the
pulse step was 0.02 V, the pulse height was 0.05 V, the pulse duration was 0.1 s, and the

sampling rate was 0.02 V s~!. The area of the working electrode is 0.125 cm?.

LC-MS measurements

LC-MS measurements were performed on an Agilent 1260 Infinity II system consisting of a
quaternary pump (GB7111B), autosampler (G7129A, 100 uLL sample loop), a temperature-
controlled column oven (G7114A) and a variable UV-Vis detector (G7114 A, VWD, flow cell
G7114A 018, d=10mm, V =14 pL). Separation was performed on a C18 HPLC-column
(Agilent Poroshell 120 EC-C18 4.6 x 100 mm, 2.7 pm) operating at 40 °C. A gradient (refer to
the gradient table below) of eluent A (ACN + 0.1 vol% Et3N) and eluent B (Millipore water +

!'was used. The flow was directed into an

0.1 vol% formic acid) at a flow rate of 1.00 mL-min~
Agilent MSD (G6136BA, AP-ESI ion source). The instrument was calibrated in the m/z range
1182121 in the positive mode and 113-2233 in the negative mode using a premixed
calibration solution (Agilent). The following parameters were used: spray chamber flow:
12 L-min"!, drying gas temperature: 320 K, capillary voltage: 2000 V, fragment or voltage: 25.

The MSD was set up in the single ion mode (SIM) at m/z = 284.4 at positive polarization.

time [min] A [%] B [%]

0.0 80.0 20.0
1.5 80.0 20.0
9.5 0.0 100.0
9.9 0.0 100.0
9.95 80.0 20.0
11.0 80.0 20.0
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6.4.3. Synthesis and characterization of PtC

The synthesis and characterization of PtC were carried out by Prof. Dr. Angela Casini’s

research group at the Technical University of Munich (TUM).

+ TsCl + NaN3
o) 0
HOAL/O\JQ\OH Ho b \J{\OTS o Ho \J?Na
2
THF/H,0 reflux, 4 h
0°C,3h
AN
+ g
DMSO/H,0 N .
rt., 24 h N
+ CuSO,

+ Na ascorbate

y N/\P/O\%/\O ‘+[PtCI2(DMSO)2] O\{\N/\P/O\%/\OH
N N

N~N DCM
reflux, 24 h 1

Figure 6.10 Reaction scheme for the synthesis of PtC.

(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-o0l) (2). It was synthesized according to the

previously reported procedure.?®®

'"H NMR (400 MHz, CDCl3) § 3.76 — 3.72 (m, 2H), 3.70 — 3.66 (m, 10H), 3.66 — 3.59 (m, 2H),
3.40 (t, J=5.0 Hz, 2H) ppm.

(2-(2-(2-(2-(4-(pyridine-2-yl)-1H-1,2,3-triazole-1-yl)ethoxy)ethoxy)ethoxy)ethan-1-ol) (1).
In a 25 mL round-bottom flask, 2 (2.19 g, 10.0 mmol), 2-ethynylpyridine (2.06 g, 20.0 mmol),
CuSO45H>0 (125 mg, 5.00 mol%), and sodium ascorbate (1.00 g, 20.0 mol%) were dissolved
in DMSO/H>0 (2:1 v/v, 12.0 mL) and the mixture was stirred under N> at room temperature
for 24 h. The reaction mixture was poured in 100 mL of 1 M EDTA in aqueous NH4OH (25%)
and the mixture was stirred for 1 h. The mixture was extracted with DCM (3 x 50.0 mL), and
the combined organics were washed with brine (2 x 50.0 mL) and dried over Na>xSO4. The
organic solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (silica gel, 100% DCM to 5% MeOH with 1% TEA) to yield a yellowish oil
(2.0 g, 62%)).

IH NMR (400 MHz, CDsCN) 3 8.64 — 8.58 (m, 1H), 8.38 (s, 1H), 8.11 (dt, J = 7.9, 1.2 Hz,
1H), 7.86 (td,J= 7.8, 1.9 Hz, 1H), 7.31 (ddd, J=7.6, 4.9, 1.3 Hz, 1H), 4.61 (t, J= 5.1 Hz, 2H),
3.97 —3.89 (m, 2H), 3.65 — 3.50 (m, 11H), 3.47 (t, J = 4.1 Hz, 2H) ppm. *C NMR (100 MHz,
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CD3CN) o 151.46, 150.50, 148.72,137.92, 124.18, 123.72, 120.51, 73.22, 71.10, 71.03, 70.94,
70.91, 69.83, 61.86, 51.03 ppm. Elemental analysis (%) found: C, 55.66; H, 6.91; N, 17.12,
calculated for CisH2oN4Os: C, 55.89; H, 6.88; N, 17.38. MS (HR-ESI), m/z [M+Na]" calc.
345.1533; found 345.1521.

1H-NMR spectrum (400 MHz, CD,CN)
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Figure 6.11 '"H NMR (400 MHz) spectrum of 1 in CD;CN.
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Figure 6.12 *C NMR (100 MHz) spectrum of 1 in CD;CN.
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Additional information on the synthesis and analysis is available in the Chemotion repository:

https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-GJRAKKI. OML-
UHFFFADPSC-NUHFF-NUHFF-NUHFFE-ZZ7

(2-(2-(2-(2-(4-(pyridine-2-yl)-1H-1,2,3-triazole-1-yl)ethoxy)ethoxy)ethoxy)ethan-1-

ol)dichloroplatinum(II) (PtC). In a 100 mL round-bottom flask, 1 (322 mg, 1.00 mmol) and
[PtCI,(DMSO)] (422 mg, 1.00 mmol) were dissolved in DCM (20.0 mL) and the resulting
solution was stirred for 24 h under reflux. After the reaction mixture was cooled down to room
temperature, hexane (50.0 mL) was added, and the resulting precipitate was filtered. The
obtained solid was redissolved in a minimum amount of DCM and precipitated by adding

diethyl ether to yield the compound as a yellow solid (510 mg, 87%).

"H NMR (400 MHz, CD3CN) 6 9.48 (d, J= 5.7 Hz, 1H), 8.76 (s, 1H), 8.21 (td, J= 7.8, 1.5 Hz,
1H), 8.04 (d,/=7.7 Hz, 1H), 7.58 (ddd, J=7.5, 5.9, 1.5 Hz, 1H), 4.71 (t,J= 5.0 Hz, 2H), 3.97
(t, J=5.0 Hz, 2H), 3.70 — 3.62 (m, 2H), 3.61 — 3.53 (m, 8H), 3.49 (dd, J = 5.8, 4.1 Hz, 2H),
2.79 (t,J=5.6 Hz, 1H) ppm. ¥C NMR (100 MHz, CD3CN) & 150.74, 149.81, 149.56, 141.31,
127.14, 126.58, 122.84, 118.26, 73.16, 71.03, 70.85, 70.86, 68.92, 61.81, 53.81 ppm.
Elemental analysis (%) found: C, 30.66; H, 3.52; N, 9.39, calculated for C15sH22CI12N4+O4Pt: C,
30.62; H, 3.77; N, 9.52. MS (HR-ESI), m/z [M+Na]": 610.0547.

1H-NMR spectrum (400 MHz, CD,CN)
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Figure 6.13 '"H NMR (400 MHz) spectrum of PtC in CD;CN.
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13C-NMR spectrum (100 MHz, CD,CN)

coo~- ~oN 000 NOoOO®®

O+ NN NMecwem DHROWTON— OFo®U
LALLM S MR OOW e b o ¢
Ne— - ~ N e S — 2°¢

Gy tobe
N

«_ _N=N

cty  PIC

.
MMJWUJ o

T

T T T T L I S A B S S S B S B S B S S

100 80 60 40 20 0
ppm

200 180 160 140 120

Figure 6.14 *C NMR (100 MHz) spectrum of PtC in CD;CN.

Additional information on the synthesis and analysis is available in the Chemotion repository:

https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-QQPOZDZNHN-
UHFFFADPSC-NUHFF-LUHFF-NUHFF-ZZ7Z
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6.4.4. Binding studies of PtC with CB7

CB7oPtC binding constant determination by fluorescent titration. The binding constant
for CB7oPtC was determined by DBA, following a reported procedure.”’’” The binding
isotherm is obtained by fluorescent titration of PtC (50 uM) with increasing concentration of
CB7 stock solution in Milli-Q water at 25 °C (dex = 300 nm, Aem = 378 nm). (see Figure 6.16 in

supplementary data).

H+GSHG H+DSHD Eq. 1
Iem=aHD - [HD] + aD - [D] Eq. 2
K. (HD)=[HD]/ [H] - [D] Eq. 3
[Dlo = [D] + [HD] Eq. 4

The obtained binding isotherm was fitted to a binding model derived from Eq. 1-4 to obtain
the binding constant (K., CB7). All numerical solutions were determined by using the Wolfram

Mathematica software (https://github.com/ASDSE/thermosimfit).

NMR-based binding studies of PtC with CB7. 'H NMR spectrum of PtC (500 pM) and
mixture of CB7 (500 uM) and PtC (500 uM) was performed in D,O solvent (see Figure 6.17

in supplementary data).

6.4.5. Performance studies of e-CS
Determination of the LOD values

The linear range of the PB-spiked solutions (PBS and urine) curves was fitted with a linear

regression curve. The LOD was calculated using the following equation:

LOD = 3.3 ( Ojox at 0.9V of CB7oPtC >

| slope of linear fit |

Validation and recovery studies

Fluorescence-based validation of the e-CS. The validation studies of the e-CS were
performed by fluorescence-based detection of PB following the reported procedure by Poklis
and coworkers.?”® To the PB-spiked solution of known concentration (in 5 mM PBS, pH 7.0),
rose bengal (50 uM, from a 118 uM stock solution in 0.45 M K>2HPO4) and CHCI3 (300 pL)
were added (Vfinat = 600 pL). The resulting mixture was briefly shaken (2 s) and subsequently
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centrifuged at 8000 rpm for 2 min. Subsequently, 200 uL of the CHCI; layer was transferred to
a 96-well isoplate. The fluorescence intensities were measured at 576 nm (Aex = 546 nm). For
validation, the obtained calibration curve was used to determine the PB concentration of the
unknown samples. The same unknown samples were determined with the SCV calibration
curve. Both the fluorescence-based and e-CS were able to determine the concentration of the
unknown samples with good recoveries (see Figure 6.24a and b in supplementary data). The

recoveries were calculated from the following equation.

[PBlobserved — [PB]before spiking o

1
[PBlexpected 00

% recovery =

LC-MS-based validation of the e-CS. To perform LC-MS-based validation, I followed the
reported procedure by Vorce and coworkers.?®* PB-spiked samples in PBS (5 mM, pH 7.0)
were used without further treatment and analysed by LC-MS. Both the LC-MS and e-CS were
able to determine the concentration of the unknown samples with good recoveries (see

Figure 6.24a and c in supplementary data).
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6.5. Supplementary data
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Figure 6.15 Absorption and normalized emission spectra (Aex = 300 nm) of PtC (200 uM) in Milli-Q
water.
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Figure 6.16 Representative DBA isotherm determined by the fluorescent titration experiment of PtC

(50 uM) with increasing concentration of CB7 in water (pH 7.0) at 25 °C (Aex = 300 nm, Aem = 378 nm).
The estimated fitting error in log K, is 0.15.
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Figure 6.17 (a) "H NMR spectrum (500 MHz, D>0O) of PtC (500 uM) and the mixture of PtC and CB7

(both 500 uM). (b) and (c) Shown are magnified regions of the "H NMR spectrum of PtC (500 uM)
and the mixture of PtC and CB7 (both 500 uM).
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Figure 6.18 CV spectrum of PB (50 uM) in water (scan rate = 50 mV/s).
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Figure 6.19 (a) Chronoamperometric response curves of PtC (50 uM) without CB7 and in the presence
of PB. (b) Chronoamperometric response curves of PB.
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Figure 6.20 (a) The corresponding linear regime of the chronoamperometric response curves used to
calculate the LOD. (b) The corresponding linear regime of the SCV response curves used to calculate
the LOD.
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Figure 6.21 (a) SCV response curves of PtC (50 uM) without CB7 and in the presence of PB. (b) SCV
response curves of PB.
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Figure 6.22 (a) DPV response curves of e-CS (CB7 =50 pM, PtC = 50 uM) in PB-spiked (0 — 200 uM)
human urine (1:3 diluted with 5 mM PBS, pH 7.0) and (b) the corresponding linear regime of the DPV
response curves used to calculate the LOD. The average Ajox (coloured lines) and the corresponding
standard deviation (o; grey areas) were calculated from three replica measurements.
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Figure 6.23 DPV response in PB-spiked PBS (5§ mM, pH 7.0) with (a) 25 uM CB72>PtC and with (b)
50 uM CB72oPtC. The average Ajor and the corresponding standard deviation were calculated from

three replica measurements.
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Figure 6.24 Calibration curve and sample analysis of PB-spiked samples. (a) e-CS results. (b)
Fluorescence-based detection (IDA) results. (c) LC-MS-based detection results. Errors are calculated
from three replica measurements.
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Figure 6.25 Positive MS spectrum of PB. Insets: Shown are the UV-Vis traces and the mass selective
detector (MSD) response. The MSD response was used to establish the calibration function and detect
PB.
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7. Conclusion and outlook

Supramolecular chemosensors based on host-guest chemistry are emerging as a potential
sensing platform for molecular diagnostics, offering practical solutions for routine check-ups
in clinics, at point-of-care units, and in-home settings due to their cost-effectiveness,
robustness, high-throughput analysis, and fast-responding nature. Chemosensors consisting of
cucurbit[n]urils (CBn) as the macrocyclic hosts for performing analyte recognition are
extensively investigated owing to the characteristic properties of CBn, such as exceptional
binding affinities to a broad range of biologically relevant analytes and excellent physical and
chemical properties. Fluorescence-based sensing strategies are adopted in most CBn-based
chemosensors. However, the signal-to-noise ratio in these chemosensors is often sub-optimal
due to the light interference from background fluorescence caused by emissive components in

the sample.

In this doctoral thesis, supramolecular CBn-based chemosensors employing novel signal
transduction methods for the detection of biologically relevant analytes in biofluids and saline
buffers were successfully developed. Specifically, chemiluminescence- and electrochemical-
based detection methods have been investigated to develop chemiluminescent chemosensors
and electrochemical chemosensors, respectively. These developed sensors can be a useful

alternative to the existing fluorescent chemosensors.

Chemiluminescence is the emission of light from chemical reactions. It is widely used as a
signal readout in clinical diagnostics, for example, in immunoassays, and provides ultralow
sensitivity. Considering the promising applications of chemiluminescence-based systems,
developing chemosensors that employ chemiluminescence-based detection methods was
investigated. In the first part of the thesis, a supramolecular assay based on a chemiluminescent
chemosensor was developed using CB8 as the macrocyclic host and phenoxy 1,2-dioxetane as
the chemiluminescent dye and was successfully implemented for the detection of drug
molecules in saline media and biofluids (human urine and deproteinized human serum). The
ability of CBS8 to function as a chemiluminescence performance enhancer for commercially
available chemiluminescent probes was shown, which opens further opportunities to modify
the existing chemiluminescent assays. Furthermore, a chemiluminescence resonance energy
transfer-based assay was realized using CB7-dye conjugate and phenoxy 1,2-dioxetane, which

enabled the detection of a herbicide in water.
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Electrochemical sensors are emerging as a powerful sensing technique owing to their capability
to design miniaturized, disposable, portable, and cost-effective sensors that enable highly
sensitive detection of analytes. There are several literature examples of electrochemical sensors
that utilize macrocyclic hosts as recognition units for accumulating target analytes on the
electrode surfaces. Nevertheless, the design of these electrochemical sensors demands
immobilization methods on the electrode surfaces, which are challenging due to the
cumbersome process involved, non-specific adsorption of molecules, and stability issues. In
this aspect, a new design principle for an electrochemical sensor, which does not require an
immobilization process on the electrode surface, was demonstrated in the second part of the
thesis and, thus, circumvents the limitations of the existing electrochemical sensors based on
host-guest chemistry. Notably, the developed electrochemical sensor can be directly used with
commercially available screen-printed electrodes. Specifically, in this work, a CB7-based
indicator displacement assay using a platinum(Il) triazole-pyridine complex as the
electroactive indicator was developed and was applied for the electrochemical detection of

redox-inactive analytes in aqueous buffer and human urine.

Overall, the CBn-based chemosensor designs presented in this thesis can offer further

opportunities to develop novel supramolecular chemosensors for sensing applications.

As an outlook, exploring liposome-encapsulated chemosensors and their potential application
in membrane-selective sensing of analytes would be interesting, as these systems are known to
detect analytes more sensitively compared to non-encapsulated chemosensors. For instance,
the encapsulation of chemiluminescent chemosensors inside liposomes and studying their

sensitive and selective detection of analytes can be envisioned.

Another promising approach is developing chemiluminescent sensing assays combined with
signal amplification mechanisms. Specifically, the idea is that the presence of one target
molecule can alter the activation of many chemiluminescent dyes, thereby resulting in an
amplified signal-to-noise ratio. This can be achieved by employing an enzyme inhibitor, which
also acts as an indicator of CBn-based indicator displacement assay. In this strategy, the release
of enzyme inhibitors from the CB#n cavity upon target analyte binding is expected to act on the
enzymes present in the medium and thereby switch off the enzyme activity. Consequently, the

chemiluminescence signal is expected to switch off in this method.
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These approaches can facilitate the development of robust, cost-effective, and fast-response
chemosensors based on host-guest chemistry, offering practical applications for molecular

diagnostics.
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Additional information

8. Additional information

pH Meter

The pH of buffer solutions was measured with a FiveEasy Plus pH meter from Mettler Toledo

at 25 °C. Hydrochloric acid or sodium hydroxide solution was used for pH adjustments.
Centrifuge

Centrifugation was carried out at room temperature or 4 °C for the serum deproteinization using

a centrifuge by Sigma, type 2-16KL.

Pipettes
Volume transfer was performed by Eppendorf research plus single- or 8-channel pipettes with

disposable tips (epT.I.P.S.).

Balances
Samples were weighed in Sartorius TE214S and Mettler Toledo XS204 balances (mass

> 1.0 g). For samples with mass < 1.0 g, Sartorius SE2-F balance was used.
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List of abbreviations

9. List of abbreviations

A

A
ABA
ACN
AO
ALP
ATR
aq.
BC
BET
B-CD
CB5
CB6
CB7
CBS8
CBn
CCS
CDClI3
CE
CIEEL
CL
CLA
CF-N3
conc.
CRET
CD
CDP-Star

CDsCN
CO
CV

Angstrom

Analyte

Associative binding assay
Acetonitrile

Acridine orange

Alkaline phosphatase
Attenuated total reflectance
Aqueous

Berberine chloride

Back electron transfer
B-cyclodextrin
Cucurbit[5]uril
Cucurbit[6]uril

7luril

8uril

[
Cucurbit[
Cucurbit[
Cucurbit[n]uril
Chemiluminescence-based chemosensor

Deuterated chloroform

Counter electrode

Chemically initiated electron exchange luminescence
Chemiluminescence

Cypridina luciferin analog

Carboxyfluorescein azide

Concentration

Chemiluminescence resonance energy transfer

Circular dichroism

disodium 2-chloro-5-(4-methoxyspiro[1,2-dioxetane-3,2"-(5-
chlorotricyclo[3.3.1.137]decan])-4-yl]-1-phenyl phosphate
Acetonitrile-Ds

Carbon dioxide

Cyclic voltammetry
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List of abbreviations

CuSOq4

dd
dt

DA
DAPI
DASPI
DBA
DCM
DO
DMSO
DNA
DPV
DX
EDTA
EPI
ESI-MS
ET
e-CS
eq.

eT
EtOAc

EWG
eV

e.g.

FARMA
FRET
Fc

Copper(II) sulfate

Doublet

Doublet of doublets

Doublet of triplets

Dye

Dopamine

4’,6-diamidino-2-phenylindole
(trans-4-[4-(dimethylamino)-styryl]-1-methylpyridinium iodide
Direct binding assay

Dichloromethane

Deuterium oxide

Dimethyl sulfoxide

Deoxyribonucleic acid

Differential pulse voltammetry
3-(4-methoxyspiro[ 1,2-dioxetane-3,2'tricyclo[3.3.1.1%"]decan]-4-yl)phenol
Ethylenediaminetetraacetic acid
Epinephrine

Electrospray ionization mass spectrometry
Energy transfer

Electrochemical chemosensor

Equivalent

Electron transfer

Ethyl acetate

Equation

Electron-withdrawing group

Electron volt

exemplari gratia, for example

Faraday constant

Fluorescent artificial receptor membrane assay
Fluorescence resonance energy transfer
Ferrocene

gram

Guest
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List of abbreviations

GDA Guest displacement assay

H Host

HoG Host-guest complex

H>D Host-dye complex

Hz Hertz

Hex Hexane

HCl Hydrochloric acid

HR-ESI High-resolution electrospray ionization
H,S Hydrogen sulfide

HPLC High-performance liquid chromatography
h hours

ie. id est, that is to say

Ia Anodic current

Ic Cathodic current

IcL Chemiluminescence intensity

IDA Indicator displacement assay

IC Internal conversion

IR Infrared

ISC Intersystem crossing

J Coupling constant

K Kelvin

KCl1 Potassium chloride

KH>PO4 Dipotassium phosphate

LC-MS Liquid chromatography-mass spectrometry
LOD Limit of detection

LDA Lithium diisopropylamide

L Litre

M Molar

MB Methylene blue

MDAP 2,7-dimethyldiazapyrenium dication
MeOH Methanol

MgSOq4 Magnesium sulfate

Mem Memantine hydrochloride
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List of abbreviations

MPCP
MSD

mm
min
mmol
mg

mL

mM

mV
MHz
MPCP
MV2H
nm

nM

N2

NaCl
NaOH
NaHCO;3
NHsOH
NaxSOq4
Na;HPOq4
Nan
NH3
NMR
NE

)}

PB

PBS

PC

PCA
PDI
PDO

N-Methyl-4-pyridinylium[2.2]paracyclophane
Mass selective detector
Multiplet

Millimetre

Minute

Millimoles

Milligram

Millilitre

Millimolar

Millivolt

Megahertz
N-methyl-4-pyridinylium[2.2]paracyclophane
Methyl viologen dichloride
Nanometre

Nanomolar

Nitrogen

Sodium chloride

Sodium hydroxide

Sodium bicarbonate
Ammonium hydroxide
Sodium sulfate

Disodium hydrogen phosphate
Nandrolone

Ammonia

Nuclear magnetic resonance
Norepinephrine

Oxygen

Pancuronium bromide
Phosphate buffered saline
Packing coefficient

Principal component analysis
Perylene bisdiimide

Phenoxy 1,2-dioxetane
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List of abbreviations

PG Protecting group

pH Potential of hydrogen (scale of acidity /basicity)

pKa Negative base-10 logarithm of the acid dissociation constant

ppm Parts per million

PtC (2-(2-(2-(2-(4-(pyridine-2-yl)-1H-1,2,3-triazole-1-
yl)ethoxy)ethoxy)ethoxy)ethan-1-ol)dichloroplatinum(Il)

Q Reaction quotient

r.t. Room temperature

rpm Revolutions per minute

R Universal gas constant

R.E. Reference electrode

RNA Ribonucleic acid

RSD Relative standard deviation

Ry Retention factor

ssDNA Single-stranded deoxyribonucleic acid

S seconds

SAMs Self-assembled monolayers

SPE Screen-printed electrode

SCV Staircase voltammetry

SIM Single ion mode

t Triplet

td Triplet of doublets

T Temperature

TA N,N,N-trimethyl-1-adamantylammonium hydroxide

TBATB Tetrabutylammonium tribromide

TBAF Tetrabutylammonium fluoride

TBDMSCI tert-Butyldimethylsilyl chloride

TCPO bis(2,4,6-trichlorophenyl)oxalate

TEA Triethylamine

THF Tetrahydrofuran

TMCD trimethyl B-cyclodextrin

TRIS Tris (hydroxymethyl) aminomethane hydrochloride

TsCl p-toluenesulfonyl chloride
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List of abbreviations

TiCly

UV-Vis

vol

VR

W.E.
Ka
°C

Eox
Ein
EO!

Aex
Aem

iox

Titanium tetrachloride
Units
Ultraviolet-visible
Volume

Volt

Vibrational relaxation
Watt

Working electrode
Binding constant
Degree Celsius
Measured potential
Standard potential
Oxidation potential
Half-way potential
Formal reduction potential
Final potential
Starting potential
Switching potential
Pulse height

Pulse time

Standard deviation
Microampere
Microliter
Micrometer
Micromolar

Chemical shifts
Singlet

Triplet

Molar extinction coefficient
Wavelength
Excitation wavelength
Emission wavelength

Anodic peak current intensity
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Jox Anodic current density
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