Novel Chemosensors for Biologically Important Analytes

THESE N° 6792 (2015)

PRESENTEE LE 25 SEPTEMBRE 2015
A LA FACULTE DES SCIENCES DE BASE
LABORATOIRE DE CHIMIE SUPRAMOLECULAIRE
PROGRAMME DOCTORAL EN CHIMIE ET GENIE CHIMIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Ziya KOSTERELI

acceptée sur proposition du jury:

Dr A.-S. Chauvin, présidente du jury
Prof. K. Severin, directeur de thése
Prof. A. D. Cort, rapporteuse
Dr D. C. Magri , rapporteur
Prof. F. Stellacci, rapporteur

(Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Suisse
2015






ACKNOWLEDGEMENT

Fisrt of all, I would like to thank my supervisor, Profesor Kay Severin for giving me a
PhD position in his group. He always motivated and encouraged me in project discussions. It
would not have been possible to do this work without his guidance, and support. It was very

nice to work under his supervision.

I would like to thank my jury members (Prof. Francesco Stellacci and Docteur Anne-
Sophie Chauvin from EPFL, Prof. Antonella Dalla Cort from Universita di Roma La
Sapienza, and Dr. David C. Magri from University of Malta) for their time and effort to read
and evaluate my thesis. Furthermore, | also want to acknowledge Mathew Wise and Bilal

Ozen for proof reading of my thesis.

Special thanks to Anne Lene Odegaard and Christina Zamanos-Empremian for helping
all administrative staff, Euro Solari for helping and finding solutions to all technical problems
in the lab and Rosario Scopelliti for X-ray analysis. | thank to Dr. Pascal Mieville for his
support in NMR and magasin staffs: Annelise Carrupt, Gladys Pasche, and Benjamin

Kronenberg for their help.

I would like to express my gratitude to our former and current group members Erin,
Burcak, Matt, Bo, Benan, Kai, Loic, Leonard, Giacomo, Gregor, Suzanne, Florian, Clement,
Justus, Alex T, Alex D, Kevin, Abdusalom, Marcus, Nicolas, Mathieu, Mirela, Albert, Julie,
Bassam for their friendship , and great ambiance in the laboratory. It was wonderful to work
with them. Special thanks to Stéphanie for tea breaks and French translation and Nicolas for
helping me in all electronic-related problems. Thank you very much. | am particularly
thankful to Marie Curie actions for funding my PhD studies under the name of ITN ReAd
Network. 1 would like to thank all Pls in the network and all fellows: Sergio, Rakesh, Giulia,

Artem, lvica, Yousef, Elena, Julia, Leonardo and Elnaz. We had great time in the meetings.

I would like to thank my friends outside of EPFL for their valuable friendship. I spent

great time with them in different organizations.

Finally, I want to express my gratitude to my wife for her patience and support during
my PhD. She was very helpful and it would not have been possible without her support. | also



want to thank my family members for their love, support, and understanding. | owe them a
lot.



ABSTRACT

In this work, fluorescent-based chemosensors for the detection of important analytes in
aqueous solution are described. The sensors are based on different detection concepts,
including analyte-induced aggregation/de-aggregation, pattern-based sensing and micelle-

based sensing.

In chapter 2, we present an analyte-induced aggregation-type chemosensor for the
sensing of spermine. A charge-frustrated amphiphile composed of a highly fluorescent
pyrene-1,3,6-trisulfonate head group and an eicosane side chain was used as a fluorescence
chemosensor. Analyte-induced aggregation of the dye upon addition of spermine results in
pronounced fluorescence quenching. The sensor enables the detection of spermine down to
the nanomolar concentration range with good selectivity over closely related

biogenic amines such as spermidine.

In chapter 3, we describe a conceptually new ‘one-cuvette’ sensing system for the
pattern-based analysis of seven aminoglycoside antibiotics. The antibiotics include amikacin,
apramycin, gentamicin, kanamycin A and B, neomycin, and paromomycin. A mixture of two
amphiphiles with fluorescent head groups was used as a sensing ensemble. In buffered
aqueous solution, the amphiphiles form a dynamic mixture of micellar aggregates. In the
presence of aminoglycosides, the relative amount and the composition of the micelles is
modified. The re-equilibration of the system is analyte-specific, and characteristic
fluorescence spectra are obtained for different aminoglycosides. Accurate differentiation in
the low micromolar concentration range is achieved by a principal component analysis of the
spectral data. Also, the sensing system allows the differentiation of pure aminoglycosides

from their mixtures.

In chapter 4, a fluorescent chemosensor based on analyte-induced aggregation/de-
aggregation is described for the sensing of AI®* and citric acid. An amphiphilic dye with a
disulfonated BODIPY head group and a heptadecane side chain was used as an Al** sensor. In
buffered aqueous solution, the amphiphile can form aggregates and the aggregation of the dye
is associated with a strong quenching of its fluorescence. AI** promotes aggregation, whereas
other metal ions have a much smaller effect, in particular when histidine is added as masking

agent. The AIlP*-induced aggregation is used to sense AI** in the low micromolar



concentration range with high selectivity. Furthermore, we demonstrate that the non-
fluorescent dye-Al3* complex can be used as a sensing ensemble for the detection of citric
acid. The assay is able to quantify the citric acid content of commercial beverages such as

energy drinks.

A simple micelle-based assay for the fluorescence sensing of vitamin Kj is described
in the following chapter 5. The assay enables the detection of vitamin K: in the low
micromolar concentration range. As a sensing ensemble, a mixture of the surfactant triton X-
100 and 1-aminopyrene in buffered aqueous solution is employed. Vitamin K; co-localizes
with the fluorescent aminopyrene dye in the micelle, resulting in fluorescence attenuation by
dynamic quenching. The assay displays good selectivity and can be used to determine the

concentration of vitamin Ky in a commercial preparation.

In chapter 6, a fluorescent-based sensor array for the optical analysis of purine
derivatives is described. The array is composed of four polysulfonated fluorescent dyes, all of
which can bind purines via n-stacking interactions. The complexation of the analytes results
in partial quenching of the fluorescence. The fluorescence response of the four dyes provides
a characteristic signal pattern, enabling the identification of thirteen purine derivatives
including caffeine, theophylline, theobromine, purine, hypoxanthine, paraxanthine, 8-
chlorotheophylline, 6-mercaptopurine, cladribine and penciclovir at low millimolar
concentration. Furthermore, it is possible to use the array for obtaining information about the
quantity and the purity of samples. This point was demonstrated by the analysis of samples

containing different amounts of caffeine and/or theophylline.

Key Words

Chemosensors, Fluorescent Chemosensors, Analyte-Induced Aggregation/De-
Aggregation, Pattern-Based Sensing, Sensor Array, Micelle-Based sensing, Surfactants,
Fluorescent Amphiphiles, Spermine, Biogenic Amines, Aminoglycosides, Aluminum, Citric

Acid, Purine Alkaloids, Caffeine, Fluorescence, Supramolecular Chemistry



RESUME

Dans ce travail, des senseurs chimiques basés sur la fluorescence sont décrit pour la
détection d'importants analytes dans des solutions aqueuses. Les senseurs sont basés sur
différents concepts de détection, comprenant I'agrégation / de-agrégation induite par I’analyte,

la détection basée sur différent modeéles et la détection a base de micelles.

Dans le chapitre 2, nous présenterons un senseur chimique basé sur l'agrégation
induite par 1’analyte pour la détection de spermine. Un amphiphile a charges frustré composé
d'une téte pyréne-1,3,6-trisulfonate fortement fluorescente et une chaine latérale eicosane a
été utilisé comme senseur chimique fluorescent. L’agrégation du colorant, induite par
I’addition de I’analyte, la spermine, suscite en la diminution de la fluorescence. Le capteur
permet la détection de spermine jusqu'a la plage de concentration nanomolaire avec une

bonne sélectivité sur les amines biogénes étroitement liées, tels que la spermidine.

Dans le chapitre 3, nous décrivons conceptuellement un nouveau systeme de détection
appelée ‘one-cuvette’ pour l'analyse de sept aminosides antibiotiques. Les antibiotiques
comprennent I'amikacine, I'apramycine, la gentamicine, la kanamycine A et B, la néomycine,
et paromomycine. Un mélange de deux amphiphiles avec des tétes fluorescentes a été utilisé
comme un ensemble de détection. Dans la solution tamponnée, les amphiphiles forment un
mélange dynamique d'agrégats micellaires. En présence d'aminoglycosides, la quantité
relative et la composition de micelles est modifiée. La remise a I'équilibre du systéeme est
spécifique a l'analyte, et les spectres de fluorescences caractéristiques sont obtenus pour
différents aminoglycosides. La séparation précise des analytes dans la plage de concentration
micromolaire peut étre effectuée par une analyse des données du spectre. En outre, le systeme

de détection permet la différenciation des aminoglycosides purs a partir de leurs mélanges.

Dans le chapitre 4, un senseur chimique fluorescent, sur la base de l'agrégation ou de
la de-agrégation induite par I'analyte, est décrit pour la détection de AI** et de l'acide citrique
dans la solution tampon. Un colorant amphiphile avec une téte de BODIPY disulfonée et une
chaine latérale heptadécane a été utilisé en tant que senseur AI**. Dans une solution tampon,
I’amphiphile peut former des agrégats et l'agrégation du colorant est associée a une forte
diminution de sa fluorescence. AI®* favorise I'agrégation, alors que d'autres ions métalliques
ont un effet beaucoup plus faible, en particulier lorsque I'histidine est ajoutée comme agent de

masquage. L'agrégation, induite par AI**, est utilisée pour détecter AI** dans la concentration

\



micromolaire avec une grande sélectivité. De plus, nous démontrons que le complexe non-
fluorescent, formé par le colorant et AI®*, peut étre utilisé comme un senseur pour la détection
de l'acide citrique. Le senseur est capable de quantifier la teneur en acide citrique de boissons

commerciales telles que les boissons énergisantes.

Un simple senseur, basé sur des micelles, est exploité pour la détection de la
fluorescence de la vitamine K1 dans le chapitre 5. Le senseur permet la détection de la
vitamine K1 dans la concentration micromolaire. Comme ensemble de détection, un mélange
de l'agent tensioactif Triton X-100 et d’un aminopyréne en solution aqueuse tamponnée est
utilisé. La vitamine K1 et le colorant fluorescent pyréne coexistent dans la micelle, ce qui
entraine une atténuation de la fluorescence par disparition dynamique. Le senseur présente
une bonne sélectivité, et peut étre utilisée pour déterminer la concentration de vitamine Kj

dans une préparation commerciale.

Dans le chapitre 6, une serie de senseurs bases sur la fluorescence est décrit afin
d’analyser optiquement des dérivés de purine. Le réseau est composé de quatre colorants
fluorescents. Ces derniers peuvent se lier avec les purines via des interactions d’empilement
n. La complexation des analytes se traduit par une baisse partielle de la fluorescence. La
réponse des quatre colorants fournit un signal caractéristique, ce qui permet l'identification de
treize dérives de purine a faible concentration millimolaire, y compris la caféine, la
théophylline, la théobromine, la purine, I'hypoxanthine, la paraxanthine, la 8-
chlorothéophylline, 6-mercaptopurine, la cladribine et la penciclovir. En outre, il est possible
d'utiliser le senseur pour obtenir des informations sur la quantité et la pureté des échantillons.
Ce point a été demontre par I'analyse d'échantillons contenant différentes quantités de caféine

et / ou de théophylline.
Mots Clés

Senseurs Chimiques, Senseurs Chimiques Fluorescents, Agrégation / De-Agrégation Induite
par un Analyte, Détection par Motifs, Détection Basée sur des Micelles, Tensioactifs,
Amphiphiles Fluorescents, Spermine, Amines Biogénes, Aminoglycosides, Aluminium,

Acide Citrique, Purine Alcaloides, Fluorescence, Chimie Supramoléculaire
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1 General Introduction

In the opening chapter, a general introduction about fluorescent-based chemosensors is
given, followed by a description of different sensing approaches. Selected literature examples
are discussed for each type.






1.1 Fluorescent Chemosensors

There are many definitions of a chemosensor in the literature.!* Simply, it can be
defined as a chemical species that can report the presence of an analyte with a measurable
change. A more informative and approved IUPAC definition is ‘a chemical sensor is a device
that transforms chemical information, ranging from the concentration of a specific sample
component to total composition analysis, into an analytically useful signal’.* From this
definition, it is clear that a chemosensor should ideally be selective for one analyte molecule
over other potential analyte molecules and also it should allow the concentration of the

analyte to be monitored.!

Over the last decades, sensor designs have been reported in the literature, ranging from
simple receptor-based systems to complex multi-fluorophore sensing ensembles.t? 57
However, in general, chemosensors can be divided into two major classes; electrochemical
sensors and optical sensors. In electrochemical sensors, a redox active unit is attached to the
receptor. Binding of the guest molecule causes a change in the redox properties of the
receptor and this change is measured by electrochemical techniques such as cyclic
voltammetry (CV).212 In optical sensors, the photophysical properties of the reporter change
upon binding of the guest molecule to the receptor. UV-vis and fluorescence instruments are
used to characterize this change depending on the type of sensor. Optical sensors have been
extensively studied and reviewed for different classes of analytes including metal ions,'3-16
anions,'7-?¢ thiols,?”-28 nucleotides,?® aminoacids,® and gases.3! Here, the types and design
principles of fluorescent-based optical sensors will be discussed and selected examples will be

presented.

Fluorescent chemosensors are amongst the most common types of optical sensors
because they are simple, cheap, highly sensitive and easy to use. Fluorescent
chemosensonsors based-on different types®* 324> have been extensively used to detect the
various classes of analytes including organic analytes,3? 43 46-48 metal cations,'4-15 33 35, 49-53
anions,t9-2L: 2425, 54 explosives,® thiols,?-?% 3 and gases.3> 34 In the design of a fluorescent
chemosensor, there are two main units, the recognition (receptor) and signaling moieties
(fluorophore).t # 33.40. 45,56 Generally, they are covalently connected to each other. The target
analyte selectively binds to the receptor and the fluorophore converts this binding event into a

fluorescence signal. The binding of the analyte can occur via a covalent bond?3 46-47.52,57-59 or

3



via a non-covalent reversible interaction.% 56 60-61 The non-covalent interactions between
receptor and analyte include hydrogen bonding, electrostatic interactions, metal chelation, n-n
or cation-mt interations, or reversible covalent bond formation including boronic acid-boronate
and imine bonds. The type of the change in the fluorophore signal upon binding process can
be predicted. These changes could be quenching or enhancement of the fluorescence signal, as

well as red or blue shift in the emission wavelength of the fluorophore.*°

There are generally two types of design in fluorescent chemosensors which are the
fluorophore-spacer-receptor type and the integrated fluorescent type probes.t 4% 45 %6 |n the
fluorophore-spacer-receptor chemosensors (Figure 1.1), there is a spacer between the receptor
and the fluorophore which interrupts the electronic communication between receptor and
signaling unit. As a result, photo-induced electron transfer (PET) occurs between the units.
Thus, there is either amplification or quenching of the fluorescence signal upon binding of
analyte to the receptor. In the mechanism of PET (Scheme 1.1), there are two different energy
levels belonging to the fluorophore and receptor units in the system. Upon excitation of the
fluorophore, one electron is promoted from the HOMO to the LUMO. This enables electron
transfer from the HOMO of the receptor to that of the fluorophore resulting in fluorescence
guenching. However, upon binding of an analyte to the receptor, the bound-receptor HOMO
becomes lower in energy and electron transfer is inhibited, resulting in the restoration of

fluorescent emission.33: 62

&

oy Analyte

Fluorophore

cepg

Figure 1.1 Schematic representation of a fluorophore-spacer-receptor type chemosensor.
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Scheme 1.1 Photo-induced electron transfer (PET) mechanism.

One of the first examples of a PET-type chemosensor was published by A. P. de Silva
who contributed greatly to this area.% This molecular sensor contains an aza-crown receptor
which is attached to an anthracene dye by a methylene bridge (AC in Figure 1.2). In the
absence of an analyte (K* cation), fluorescence of the dye is quenched because of electron
transfer (PET) from nitrogen atom to the anthracene moiety. Binding of the potassium cation
to the receptor inhibits PET, resulting in a fluorescence emission enhancement. In this
example, an aza-crown receptor was used but there are also PET-type sensors which contain
different receptors (Figure 1.2) such as podands (PD),*° cryptands (CR),% crown ethers,*?: 56

and dipicolylamine.4

o 7\ J o
S N xﬁ
(N\\/O\)O Oﬁfo O ‘\/6

o0 LD O

Figure 1.2 Examples of PET-type fluorescent chemosensors.
In another example, published by Akkaya et. al., two BODIPY dyes are connected to

each other through a bipyridyl receptor to sense phosphate ion.®® In an organic solvent, the
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fluorophore has a bright green fluorescence. Addition of a Zn(ll) cation quenches the
fluorescence via a PET mechanism, resulting in a non-fluorescent BODIPY-Zinc(ll) complex
(Scheme 1.2). Addition of phosphate anion to the non-fluorescent complex restores the
fluorescence by a 25-fold enhancement. Phosphate does not remove the Zn(ll) ion, but

partially neutralizes the charge on the metal center via simple electrostatic interactions.

Bright green fluorescence Very weak fluorescence

Scheme 1.2 A BODIPY-based PET-type fluorescent chemosensor.

The Zhang group has recently described a PET-type chemosensor for the selective
detection of Zn(11) and Cu(ll) cations using the fluorophore shown in Scheme 1.3.%6 In this
sensor, they used acylhydrazone as a Zn(ll) receptor. The molecule did not show any
fluorescence emission in the absence of analyte because of PET from the N atom to the core.
Upon binding of Zn(l1) to the receptor, PET is inhibited resulting in a turn-on fluorescent
response. When they added Cu(ll) to the fluorescent dye-Zn(Il) complex, there was a turn-off
response, allowing the detection of Cu(ll) at micromolar concentrations. As a result, they

were able to detect Zn(lI1) and Cu(ll) using the same chemosensor.

PET for N atom PET inhibited
)"\ r* . (J
O HN—N:(}:‘,I N(\/ @ O A HN—N=C, N
e — U
(e} o) \D/ O O

HO Q

* No Strong M
Emission Emission

Scheme 1.3 A PET type of fluorescent chemosensor for Zn (I1) and Cu (11).



In the integrated fluorescent probe design, there is an electronic conjugation between
the fluorophore and the receptor (Figure 1.3). Therefore, the receptor is a part of a n-electron
system of the fluorophore and there is only one HOMO-LUMO level of the system (Figure

1.4). They are also called ICT (internal charge transfer)-type chemosensors.

Fluorophore

Analyte

Figure 1.3 Schematic representation of an integrated fluorescence chemosensor.

In ICT-type designs, the sensor has an electron rich (electron donor) or electron poor
(electron acceptor) receptor site. When the system is excited, a dipole is created because of
re-distribution of electron density enabling internal charge transfer (ICT) from donor to
acceptor.* 87 Upon binding of an analyte, photo-induced charge transfer (PCT) occurs, which
causes either a red shift or a blue shift of the bands in the UV-vis and/or fluorescence spectra
(Figure 1.4). Upon binding of a cation to the fluorophore that has an electron donating group
conjugated to it, there will be a decrease in the electron donating ability of that group, causing
a reduction in electronic conjugation. As a result, a blue shift will be observed. Conversely,
upon binding of a cation to the side of the fluorophore that has an electron accepting group,
interaction of a cation with that group will enhance its electron withdrawing ability (Figure

1.4). This will stabilize the system resulting in a red shift in the spectrum.

oD ¢

LUMO

| ... DHNAOQ

Blue shift ‘

HOMO ~

Interaction with o= - Red shift

the donor side Dye with no analyte

Interaction with
the acceptor side

Figure 1.4 Mechanism of ICT.



A simple and clear example of an ICT type sensor was published by Akkaya and co-
workers as an inspiring approach for the design of novel NIR fluorescent ratiometric pH
probes.% In this study, they synthesized two structurally similar BODIPY dyes (Figure 1.5).
The first was modified with electron donating dimethyl amino groups and the other was
modified with electron accepting pyridyl groups as receptor parts. These kinds of systems are
also called ‘Push-Pull”’ systems because they contain electron donor (D) and electron acceptor
(A) groups which permit intramolecular charge transfer (ICT) through the m-conjugated
bridge (D-n-A systems). Both dyes exhibited green emission in chloroform. When they added
trifluoroacetic acid (TFA) to the solution of the first dye in order to protonate the dimethyl
amino groups, they observed a blue shift in both the absorption and emission spectra. The
reason for this blue shift was that protonation made the donor dimethyl amino groups less
effective m-donors, resulting in an increase in the energy gap change between ground and
excited states. However, protonation of pyridyl units in the second dye resulted in a different
response. As expected, addition of TFA caused a red shift in the UV-vis and fluorescence
spectra for the second dye. Pyridyl groups are electron withdrawing groups and protonation
makes them better electron acceptors, resulting in a decrease in the in the energy gap between

ground and excited states.

Figure 1.5 Blue and red shift of the dyes upon addition of TFA in ICT based chemosenors.

The Jiang group has published an ICT-based ratiometric fluorescent sensor for Ag*
ions ( Scheme 1.4).53 In this study, a furoquinoline fluorophore was modified with an aza-
crown to give a ratiometric fluorescent silver chemosensor. They observed a 50 nm red shift
upon addition of silver cations in ethanol. They also undertook an NMR study to find the
binding position of the silver cation. They concluded that silver coordination involved both

the furoguinoline fluorophore and the crown ether moiety.



Scheme 1.4  An ICT-type fluorescent chemosensor. Adapted with permission from ref [53].
Copyright 2010 American Chemical Society.

Recently, an ICT-based chemosensor was published by the Xiong group for
ratiometric fluorescence imaging of cellular activity (Figure 1.6).5° They described the first
mitochondrial molecular polarity probe based on an ICT mechanism. In this probe, so called
BOB, they used a donor-n-acceptor (D-m-A) system with coumarin as a donor and
benzothiazene as an acceptor group. The BOB probe emits strongly in the green and weakly
in the red region. The green emission band is sensitive to polarity changes and this allowed
them to follow changes in polarity inside the mitochondria. They successfully distinguished
cancer cells from normal cells by detecting the mitochondrial polarity differences between the

two.

Figure 1.6 Structure of the BOB chemosensor.

1.2 Chemosensors Based on Analyte-Induced Aggregation

The analyte-induced aggregation (AlA) concept is based on aggregation of sensor
molecules upon addition of the analyte to the sensor containing solution (Scheme 1.5). The

interaction between analyte and sensor plays an important role in the aggregation process. In



this context, conjugated polymers’®’> and calorimetric nanoparticles’ 7682 have been used as
calorimetric sensors. For optical sensors, mainly, luminescent polymers’ 8" have been
employed, but there are also some other compounds’™ used for this purpose such as metal
complexes,®-8 fluorescent dyes®-%! and amphiphiles,®>** quantum dots,®? % and polypyridyl

ligands.%

—
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sensors aggregates

Scheme 1.5 Aggregation of sensor molecules upon analyte addition.

Metallic nanoparticles are particularly useful in this context.’® 8182 97 Gold and silver
nanoparticles are the most common type of metallic nanoparticles and they have an absorption
in the visible region because of localized surface plasmons. This absorption originally arises
due to the oscillation of conduction band electrons upon irradiation of the nanoparticle with a
light frequency that can induce resonance. For example, gold nanoparticles absorb at 520 nm,
but upon aggregation of the particles, a red-shift in the UV-vis spectrum is observed. By
considering this effect, different chemosensors have been designed based on assembly or
disassembly of nanoparticles. There are different parameters that can affect the resonance
oscillation of the nanoparticles, including nanoparticle shape, size and the environment of the

particle.

The surface of the nanoparticles was modified with functionalities that can have an
interaction with the desired analytes. In an example published by the Mirkin group, gold
nanoparticles (Au-NPs) were modified with DNA to sense the toxic and carcinogenic mercury
cation (Hg?*).%®® They prepared two Au-NPs functionalized with a complementary DNA
sequence with the exception of a thymidine-thymidine mismatch. Hg?* binds selectively to the
bases making up the mismatch. As a result, two different Au-NPs form stable colored

aggregates. They could selectively detect Hg?* using absorbance spectroscopy.
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Scheme 1.6 Aggregation of DNA-modified nanoparticles in the presence of Hg?*(11) cation. Adapted
with permission from ref [98]. Copyright 2007, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

In an another study, melamine, which is an illegal additive for milk-based products,
was visually detected using modified gold nanoparticles.®® The Lu group synthesized stable
thiol functionalized cyanuric acid derivative-modified Au-NPs. The color of the well
dispersed NPs were wine red in water. However, upon addition of melamine, the color
changed to blue indicating melamine-NPs aggregate formation. The system was quite
sensitive. They were able to detect melamine at ppb level.

Conjugated polymers have also been used for the analyte-induced aggregation concept
in sensing applications. In the design of such polymers, there is at least one backbone chain
that has alternating single and double bonds.”* They may commonly contain n-electron rich
aromatic systems such as polythiophene, or polypyrrole. A receptor unit that is specific to a
desired analyte is attached to the side chain of the polymer. Upon addition of an analyte to the
conjugated polymer solution, polymer aggregates form, resulting in polymer chain twisting,
interchain aggregation, or n-r stacking. This behaviour leads to an alteration of w-conjugation
of the system that modulates the bandgap of the polymer electronic system. As a result, some
photophysical changes occur in the spectrum. The interaction between the analyte and the side

chain determines the final optical response.

The Swager group is amongst the most active groups in this field. In one study, they
were able to selectively sense K* using a conjugated polymer (Scheme 1.7).7° The side chain
of the polymer has a crown ether as a receptor for the potassium ion, which forms a 1:2
complex with the crown ether, resulting in aggregation of the polymers. There is an
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interpolymer n-stacking aggregation which leads to a red shift in the spectrum. Their system

had selectivity over other potential analytes such as Na* and Li*.

Eo _O> Eo _C>
7o 7o
SRS

Do O N SN N

Scheme 1.7 Addition of potassium cation induces aggregation of polymers.

In another study published by the Swager group, an anthryl-doped conjugated polymer
was used to sense biogenic amines including spermine, spermidine and putrescine.®> Addition
of amines to the polymer induced aggregate formation between the polymer chains.
Aggregation resulted in different color responses for different amines. However, the overall
system was not very selective because of non-specific electrostatic interactions between the

amine and the negatively charged polymer.

Fluorescent amphiphiles have also been used for the analyte-induced aggregation
concept. Commercial fluorescent dyes can be modified according to the desired properties for
the analyte. Generally, fluorescent amphiphiles contain two units which are hydrophobic and
hydrophilic. The analyte interacts with the amphiphile, resulting in aggregation. Different
aggregation products could be obtained depending on the system.®* Upon aggregation,
aromatic units interact and results in different changes such as emission enhancement,®

emission quenching,’ red and blue shifts, or excimer formation.-%4

An example of this approach was published by the Yang group.®? They reported an
ATP imaging system. The system is based on analyte-induced aggregation which results in
fluorescence enhancement. The probe molecule was synthesized and it had a weak emission
in polar media. In this molecule, they have one fluorescent part, a unit for the differentiation
of mono-, di-, and triphosphate groups, and ethylene glycol units for water solubility. ATP
and the probe formed a charge-neutral complex. This complex aggregates. As a result, the
fluorescence of the probe increased via a positive solvakinetic effect. They selectively
identified and quantified the amount of ATP in vivo and in vitro at low concentrations.
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In a paper published by James, Jiang and coworkers, a monoboronic acid amphiphile
was used to sense glucose (Scheme 1.8).%% In the design of the amphphile, there is a pyrene
unit which provides the formation of a long wavelength excimer, allowing a ratiometric
response. Addition of glucose and fructose resulted in two different responses; glucose caused
an enhancement only in excimer emission not in monomer emission, and fructose caused only
monomer emission enhancement. The reason behind this was that there were different kinds
of aggregation products upon addition of glucose and fructose. Glucose addition caused the
formation of 1:2 complexes which resulted in the ordered aggregates, because glucose binds
two boronic acid units at the same time, enabling two sensor molecules to come together. As a
result, the 1:2 complexes started to aggregate and aggregation let to excimer emission.
However, in fructose, there was only 1:1 complex formation which caused the de-stabilization
of the aggregates causing the monomer emission. Their ratiometric fluorescent sensor was

quite selective and sensitive for glucose.

&3
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Scheme 1.8 Aggregation of sensor molecules upon addition of glucose. Adapted with permission
from ref [93]. Copyright 2007 American Chemical Society.

W-0

In addition to the examples mentioned above, the analyte-induced aggregation concept
has been used for the detection of metal ions (Hg?* 8 190 K*70 Mg?* % A|3*101-102),
pyrophosphate,® chloride,*®® biogenic amines,® 04 oxalic acid,®® DNA2 ATP 80 8 92, 105

heparin,1% pH,28 glucose,* explosives,'?’ citric acid,' cysteine and homocysteine.*°

Chemosensors based on aggregation-induced emission (AIE) can also be classified as
analyte-induced aggregation type chemosensors. Fluorescent molecules show different
emission properties at different concentration.’®® Generally, they quench themselves at high
concentration because of aggregation caused quenching (self quenching). However, there are
some fluorescent molecules that do not show any fluorescence emission when they are well

solubilized (present as monomers in solution). Upon changing the type and/or composition of
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the solvent, they become poorly soluble and start to aggregate as fluorescent clusters (Figure
1.7).11% This phenomenon is called aggregation-induced emission. It is a photophysical
process at molecular level. The mechanism of AIE is related to intramolecular restriction of
rotations in molecule.'® There are intramolecular rotations in the molecule which causes non-
radiative relaxation of the excited state forming non-emissive (non-fluorescent) molecules.
Upon aggregation, the intramolecular rotations are restricted blocking the non-radiative

emissions. As a result, the molecules become emissive (fluorescent).

®: 016 0.18 0.23 0.24 032 1.41 117

Figure 1.7 The photographs of the solutions of the dye under UV-vis light in THF/water mixtures
with at different composition ratio of water (fw, vol%) and the fluorescence quantum yields (FF, %) of
the dye. Adapted with permission from ref [94]. Copyright 2008, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

The AIE approach has been used for the detection of ions,*'!112 DNA''3 cancer
cells,'*+115>  proteins,!1%17 thiols,'*® ATP,Y® carbon dioxide,'?*® explosives,*?! and
environmental pollutants.’?> Selected examples of chemosensors based on AIE will be

discussed below.

The Tang group published a cysteine sensor using the AIE concept.!'® They
synthesized the non-fluorescent maleimide modified tetraphenylethene probe for this purpose
(Figure 1.8). When the molecule is exposed to the cysteine, it reacts with the cysteine and
transformed into a species which shows AIE behavior. They could be able to detect the
cysteine at about 1 ppb by naked eye.
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Figure 1.8 An AIE sensor for cysteine.
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Picric acid detection was achieved by the Kumar group using hexabenzocoronene-
based probes.'?® The probes include rotors at the corners of the coronones which enables the
aggregation-induced emission enhancement to occur (Figure 1.9). At a certain ratio of mixed
aqueous solvent (THF:H20), the probes start to aggregate with an enhancement in
fluorescence emission. They were able to selectively detect picric acid in mixed aqueous
solvents as well as in the vapor phase. In addition to this, they achieved the detection of picric

acid using fluorescent test strips with a detection limit in the attograms range.

Figure 1.9 The structure of coronene-based picric acid probes

1.3 Chemosensors Based on Analyte-Induced De-Aggregation

The analyte-induced de-aggregation approach is complementary to the analyte-
induced aggregation approach. In this approach, sensor molecules aggregate without
analyte.® 124125 Upon binding of an analyte to the sensor molecule, pre-assembled sensor
molecules start to de-aggregate, resulting in sensor-analyte complex formation. A sensor
molecule has already the ability to interact with an analyte molecule which requires no-
additional receptor. As a result of binding, the photophysical properties of the sensor
molecules change, such as fluorescent quenching or enhancement. Information about the

analyte is obtained by the measurement of the sensor response.
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Scheme 1.9 De-aggregation of the sensor molecules upon analyte addition.

This approach was successfully used by the Chang group.®® They used a modified
fluorescent BODIPY dye to sense the drug GBL (Gamma-butyrolactone). The dye showed
poor solubility in water, resulting in aggregation in polar solvents. Addition of GBL dis-
assembled the aggregates and resulted in a turn-on response of the dye. They used this

fluorescence response to quantify the concentration of the drug.

A different strategy of analyte-induced de-aggregation was used by the Pang group to
sense cysteine and homocysteine.'?® In this approach, they did not observe de-aggregation but
rather a change in the shape of aggregates (Scheme 1.10). They used squaraine (SQ) and 2-
cyano-6-methoxybenzothiazole (CBT) dyes and the cationic surfactant hexadecyl trimethyl
ammonium bromide (CTAB). Cyteine and homocysteine reacted with CBT and interact with
the CTAB micelles via electrostatic interactions. However, the products have differences in
amphiphilicity, resulting in different aggregation types. Upon interaction of homocysteine
products with spherical micelles, there was a transition from spherical to rod-like micelles
which was not the case for cysteine. The SQ dye gave a different response, allowing selective

detection of cysteine and homocysteine from the other potential analytes.
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Scheme 1.10 Analyte-dependent shape change of the aggregates for the sensing of cysteine
and homocysteine. Adapted with permission from ref [126]. Copyright 2013, Royal Society
of Chemistry (RSC).

The analyte-induced de-aggregation approach is also related to indicator displacement
assays (IDAs). Indicator displacement assays are sensing systems which keep receptor and
signaling unit together via self-assembly.*?” This approach has different design principles
compared to fluorescent chemosensors, which have covalently attached receptor and signaling
units (dye).'?® An IDA allows a synthetic receptor to be converted into a powerful optical
sensor.*?’ In an IDA, there is no covalent bond between the units, and a dye reversibly binds
to the receptor via non-covalent interactions such as electrostatic interactions, or hydrogen-
bonding. The sensing mechanism is based on a competition between dye and analyte for
binding to the receptor (Scheme 1.10). Upon addition of an analyte to a dye-receptor complex,
some of the bound dyes are exchanged for analyte and this displacement causes modulation of
the optical properties of the dye. The signal change can be used to obtain information about
the analyte qualitatively and quantitatively. The signal modulation could be based on different
mechanisms including photo-induced electron transfer (PET), fluorescence resonance energy

transfer (FRET), and electronic energy transfer (EET).128-129

d - +
Receptor Receptor ’

Scheme 1.11 Basic concept of an indicator displacement assay (IDA).
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There are some basic design requirements for IDA-type sensors. The dye and the
analyte should not have very different binding affinities towards a receptor.t?” 12° If the dye
has a much higher binding affinity than the analyte for the receptor, it will not be able to
exchange with the analyte. Therefore, no information can be obtained about the analyte. On
the contrary, if the analyte has much higher binding affinity than the dye to the receptor, all
the dyes will be exchanged with the analyte at even very low concentrations of the analyte.

IDAs have some advantages compared to classical chemosensors. From a synthetic
point of view, these systems are easier to make because one does not have to couple dye and
receptor together covalently. A sensing system is obtained by mixing the dye and receptor. In
general, commercial dyes are used as reporters in IDAs. Different species can be used as a
receptor including nanoparticles,® 130137 synthetic receptors,'?® 13%-143 and metal
complexes.1#-149 |t is important to design and synthesize a selective receptor for the analyte.
Also, one can use different indicators with same receptor.'#? It is also easy to optimize the
sensing system for the selectivity and sensitivity by modulating the concentration ratio of

dye/receptor.

Nanoparticles have been used extensively for IDA-type chemosensors.8? 130-137 NPg
are decorated with a binding unit (receptor) and reporter unit (fluorescent dyes) via different
interactions. Upon assembly, the fluorescence of the indicator is quenched. When the analyte
is added, it forms a complex with the NPs, removing dyes from the surface of the NPs and
causing fluorescent enhancement in the signal. The receptor is designed according to the
analyte. As indicators, fluorescent dyes, fluorescent conjugated polymers and green

fluorescent proteins can be used.

IDA-type chemosensors have been extensively studied and reviewed.'?” 12° Such
systems have been used for the detection of different analytes including anions,?8 134 148
aminoacids,'3" 149 chemical warfare agents,** citrate,'3 the dicarboxylate anion,'4¢ malate,'
metal cations (Cu?*,132 Hg?*13%L 133 pp2+130) nitric oxide,*° oxalate,'*® phosphate!®!
pyrophosphate,’*® peptides,'** and proteins.’?41% Below, we will discuss some selected

examples.

Eric Anslyn, one of the pioneers of this field, made IDA-based chemosensors to sense
the tartrate anion, which is a natural product found in grape juice and wines (Scheme 1.11).14?
The receptor contains a boronic acid and positively-charged guanidinium groups, and the

indicator alizarin has two carboxylate groups providing negative charges. The analyte tartrate
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has a diol and two carboxylate groups. In the design of the receptor, they anticipated that the
boronic acid would bind to this diol and the guanidinium groups could interact with the
carboxylate groups of the analyte electrostatically. Upon addition of the receptor to the dye
solution, the color of Alizarin changed from yellow to orange, with a 1:1 binding constant of
Ka=2.7x10* M1, Addition of a tartrate solution to the sensing ensemble changed the color of
the solution from orange to yellow, showing that tartrate formed a complex with the receptor.
They also tested structurally similar analytes including lactate, succinate, ascorbate, L-malate
and sugars. They observed good selectivity over potential competitors except for malate
(5.5x10* M for tartrate, 150 M for glucose, 350 M for succinate, 4.8x10* M for malate).
As an application of their sensing ensemble, they quantified the amount of tartrate/malate in
some grape derived beverages. They also used NMR experiments to quantify the amount of
tartrate/malate. The results showed that it was possbile to quantify the amount of

tartrate/malate correctly (difference is less than 10 %).
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Scheme 1.12 IDA-type chemosensor for the detection of tartrate.

The use of indicator displacement assays inside living cells is an attractive application
for these types of chemosensor. In one example of this approach, Nau et. al. detected the
uptake efficiencies of bioorganic analytes by living cells.'® Initially, different receptor/dye
combinations were tested to see whether they had the compatibility to be uptaken into the
cells (Chinese hamster ovary and fibroblast cells). They found that the p-sulfonatocalixarene
lucigenin pair had a good uptake into cells. This pair also possesses biocompatibility and low
toxicity, having no adverse effect on the cells upon incubation, which is an important issue for
cell studies. The receptor and the dye formed a stable complex in pure water (Ka = 2.8x10’

M-1), resulting in fluorescence quenching of the dye lucigenin. The pair was taken into cell
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and gave no emission. Analyte addition to the cell caused fluorescence to be recovered
depending on the type of analyte and incubation time. They selected choline and protamine as
analytes because of their efficient cellular uptake and strong binding affinity to the receptor.
Control experiments, which were done using betaine, showed that the sensor was analyte-
selective. This IDA allowed them monitoring the uptake efficiencies of choline and protamine

into the cell.

1.4 Micelle-Based Chemosensors

Micelles are aggregates of surfactant molecules in agueous media. A typical surfactant
molecule contains a hydrophilic ‘head group’ and a covalently linked hydrophobic ‘tail
group’.’®® Some surfactants can contain more than one head group, they are called
bolaamphiphiles.> The shape and size of a micelle depends on the structure of the surfactant
molecule and on different parameters such as concentration, temperature, pH and ionic
strength. Micelles have a size of 3 to 6 nm and can adopt different shapes (e.g. ellipsoids,
cylinders, bilayers). The concentration of the surfactant at which micelles start to form in
solution is defined as critical micelle concentration (cmc). In water, the hydrophobic effect is

the driving force for micelle formation

Chemosensors are often used to detect and quantify analytes in organic solvents.
However, the preparation of chemosensors which work in water is a challenging task. There
are two major problems. The first one is about the dye that is used for sensing. Many of the
fluorescent dyes are hydrophobic and they are poorly soluble in water. Therefore, one has to
modify the dye to make it water soluble and this requires synthetic effort. The second problem
is about binding: there is competition between receptor and water for binding to the analyte.
For instance, it is difficult to sense carbohydrates in water due to hydrogen bonding of sugars

with water.

Micelles can be used to solve some of the problems mentioned above and to sense
analytes in water. The advantage of using micelles is that one can form hydrophobic pockets

in water. Forming such pockets in water is highly important for sensors because they allow
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sensing unit and/or the analyte to be solubilized in case they are poorly soluble in water.
Solubilizing the fluorophore and the analyte inside a micelle or at a micelle-water interface
can increase the binding constant between the fluorophore and the analyte (e.g by increased
static or dynamic quenching).t>>1% Also, in reaction-based chemosensors, the reaction rate
can be increased, resulting in a shorter response time.1%1-163 The selectivity of the sensor can
also be changed by using different surfactants.'641%6 Furthermore, by changing the surfactant,
the size of the micelle can be adjusted to dye and analyte. For example, if a cationic dye is
used, anionic micelles can be used to facilitate the interaction. There are many examples of

micelle-based fluorescent chemosensors in the literature.167-168

The Akashi group, for example, published a Ba?* sensor that works in water (Figure
1.10).1% They synthesized a PET type hydrophobic chemosensor. In the absence of Ba?*, the
sensor does not show fluorescence emission because of electron transfer from the nitrogen
atom to pyrene. When Ba?* is coordinated to the sensor, it blocks the PET and fluorescence
intensity is enhanced. First, they examined the sensor in water and they did not see any
response upon addition of Ba?*. However, when they used triton X-100, they obtained a
strong fluorescence signal upon addition of Ba?*. Complex formation between the sensor and

Ba?* is improved by using the micellar environment.
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Figure 1.10 Fluorescence spectral changes in the absence/presence of Triton X-100 micelles.
Adapted with permission from ref [166]. Copyright 2003, Royal Society of Chemistry (RSC).

The Pallavicini group published a fluorescent sensor for lipophilicity.'>” They were
able to sense the lipophilicity of molecular fatty acids CH3(CH2)xCOOH (x=0-16) in water.
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They used 1-pyrenecarboxylic acid as a reporter and a lipophilic cyclen ligand as a receptor
that can bind to Zn?*. 1-Pyrenecarboxylic acid forms a complex with cyclen in the presence
of Zn?* inside triton X-100 micelles, and this complex is fluorescent. When they added fatty
acids to the solution, depending on the chain length (hydrophobicity), they participated in the
micelle formation or remained in water. Fatty acids that entered the micelles made a stable
complex with the receptor and resulted in fluorescence quenching of the dye. They
successfully characterized the lipophilicity of the fatty acids using this fluorescence response.

Amphiphiles with a long alkyl chain tail and a specific recognition group have also
been used in the presence of commercial surfactants and hydrophobic dyes to detect metal
cations.67-175 In these studies, the hydrophobic dye is encapsulated inside the micelles which
are formed by the chelating amphiphile and the surfactant. Upon complexation of a metal to
the receptor, there is fluorescence emission quenching of the dye. In an example published by
the Tonellato group, they were able to sense the Cu(ll) ion selectively in aqueous solutions in
the presence of CTAB micelles.t”® They synthesized a lipophilic ligand containing a long
alkyl chain and a dipeptide-based head group (Scheme 1.13). Mixing of the ligand and the
surfactant gave co-micellar aggregates in water. The commercial ANS dye, which is
negatively charged, was added to the micellar solution and it binds strongly to the micellar
aggregates resulting in strong fluorescence emission due to solubilization of the dye in the
less polar environment of the micelle. The mixture of the ligand, dye and surfactant was used
as a sensing system for the Cu(ll) ion. The addition of Cu(ll) to the micellar solution caused
the formation of a complex and the binding resulted in the quenching of the ANS dye. There
was no quenching of the dye in the absence of ligand upon addition of Cu(ll). They achieved
very selective binding because of Cu(ll)-mediated deprotonation of the amido nitrogen at
slightly acidic or neutral pH. In this study, they also changed the components of the sensing
system to optimize the properties of the sensor. They tested different surfactants and different

commercial dyes.
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Scheme 1.13 Complexation of amphiphile receptor to Cu?* in the presence of CTABT.
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There is another approach for preparing micelle-based fluorescence sensors. An
amphiphile which aggregates in the presence of the analyte is used to create micellar
aggregates.8 9293 176 Flyorescent amphiphiles or lipophilic fluorophores are used to get
information about the aggregation as a fluorescence signal. This approach is quite similar to
the approach discussed in section 1.2. The opposite approach has also been studied: addition
of the analyte de-aggregates the micelles resulting in a fluorescence response.l’6-1"7 This
approach was discussed in section 1.3.

1.5 Pattern-Based Sensing Systems

So far, the discussion has been limited to chemical sensors for individual analytes.
These types of systems are based on a lock and key principle. Generally, there is one receptor
(lock) which selectively and strongly binds a target analyte (key) resulting in an optical
change in the reporter unit. Rational design and synthetic effort is required to get a good
receptor. As we have mentioned in the previous sections, there are numerous applications of
such chemosensors.: 4 In these studies, the analytes are typically small molecules such as
organic compounds, metals ions, biogenic amines, and amino acids. However, there are some
other classes of analytes in nature which have large and complex structures such as
antibiotics, nucleic acids, and proteins. Also, there are some samples containing a mixture of
analytes that must be analyzed together such as beverages, and perfumes. In such cases,
classical chemosensors or IDAs are not very useful because it is not easy to design and
synthesize a receptor for complex molecules such as proteins. Also, it is not possible to sense
more than one analyte using one selective receptor. Sensing of complex analytes or analyzing
mixture of analytes requires different approaches to sensing. One possibility is to use pattern-
based sensing systems. Pattern-based sensing systems convert non-selective chemosensors
into powerful sensing systems. There are mainly two different approaches to pattern-based
sensing systems in the literature, which are sensor arrays and single sensing systems (dynamic

combinatorial library sensors) approaches which will be explained with the examples in the
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following sections. However, before going into detail, data treatment methods for pattern-

based systems will be discussed.

1.5.1 Pattern Recognition Tools

Sensor arrays often give multidimensional data sets which are difficult to interpret.
Multivariate analysis techniques are used to analyze data of such systems. These techniques
provide classification of the multidimensional data by using the similarities in the data sets
(Scheme 1.14).178180 As a result, the dimensionality of the data is reduced and useful
information is extracted from the multidimensional data sets. We use three different analysis
in our studies, namely linear discriminant analysis (LDA), principal component analysis
(PCA), and hierarchical cluster analysis (HCA).
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Scheme 1.14 Multivariate analysis of the data for PBS systems.

Linear discriminant analysis is a statistical method used to classify data according to
their similarities. It reduces the dimensionality of the data set for classification.'® LDA is a
supervised method because a prior knowledge is given to the system showing which data
belong together. Because of this reason, LDA often gives over-optimistic results compared to
principal component analysis (PCA). The quality of the LDA analysis can be evaluated by
using a jack-knife validation routine. In a jack-knife validation routine, one sample is left out
randomly and the remaining data is used for classification. Discrimination success is

evaluated by the proportion of the correct classification of the omitted sample.
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PCA is similar to LDA as it tries to classify the ungrouped data set according to their
similarities.’®® However, PCA is a non-supervised statistical method because the program
does not recognize which data belong to the same cluster. As a result, it allows the separation
of one sample from the other qualitatively. The data analysis uses orthogonal transformation
(orthogonal eigenvectors) for the conversion of a set of correlated variables into a set of
linearly uncorrelated variables (principal components). The number of components should be
equal to or less than the original variables. This can be defined such that the first principal
component has the highest degree of possible variance and each succeeding component has
the order of decreasing variance. Mostly, dimensionality of the data set is reduced to two or
three principal components which are enough to get information with minimal lost because

they contain at least 95% of the total variance.

Hierarchical cluster analysis (HCA) is different from PCA and LDA analysis. It tries
to build a hierarchy of clusters according to their origin and family.*®* There are two types of
strategies for this type of clustering which are agglomerative and divisive. In the
agglomerative type, a "bottom up" approach is used in such a way that each sample starts to
build its own cluster, and different clusters start to pair with each other, moving up a
hierarchy. However in the divisive type, the approach is "top down". All samples are in one
cluster at the beginning and start to split into different clusters as moving down the hierarchy.

1.5.2 Sensor Arrays

Inspired by the nature, sensor arrays are powerful sensing systems for complex
analytes and analyte mixtures.*®?18 Odor detection of the nose in humans and other mammals
uses a similar mechanism.*518 |n the biological olfactory system for odor detection, a
limited number of non-selective receptors can detect and distinguish many different analytes
and analyte mixtures. The olfactory systems of different species in nature have different
sensitivity and discriminatory power.'8? For example, mice can differentiate between pairs of
enantiomers'®” and honeybees are able to detect structurally similar odorant pairs.'e8
Similarly, a sensor array is composed of different non-selective and separated chemosensors

in an array format. Sensors of the array interact with analytes to a different degree. The
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interaction could be covalent or non-covalent depending on the type of the sensors in the
array. As a result, the combination of the array gives a characteristic signal pattern or so
called “fingerprint” for each analyte. Individual data of a sensor in the array do not provide
too much information about the analyte, but when a combination of all data is analyzed using
pattern recognition tools, qualitative as well as quantitave information about the analytes can
be obtained. A sensor in the array does not have to be selective for a specific analyte, which is
one advantage of the arrays because one can obtain a very selective sensing system using
different non-selective chemosensors in an array format. Individual sensors in the array can be
IDA type sensors, organic dyes or metal-dye complexes. Scheme 1.15 shows schematically a
small sensor array. It contains nine different sensors. For example, one coluld use nine
different dyes or IDASs in the array, or there could be three different dyes X, Y, and Z at three
different conditions C1, Cz, Ca. C could be anything that modulates the the interaction with the

analytes such as pH, solvent, temperature etc..

C; C, G4
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Scheme 1.15 A sensor array that contains nine separated sensors.

The sensor array field is expanding very fast because of its applicability for different
classes of analytes and analyte mixtures which are difficult to sense using classical
chemosensors. For example, sensor arrays were used to analyze anions,'8%-1% metal ions,*%7-2%8
heavy metals,’®® 200 neutral molecules,’®* amines,’> 7 209214 amino acids,?152%®
carboxylates,?1%?2>  chemical and biological hazards,??* drugs,?>>2% explosives,??/-22
carbohydrates,?3%-238 organophosphates,?3® peptides,?4%-246 proteins,?4-2% toxic chemicals,?60-263
toxic gases,?61-262 264266 samples containing complex mixtures (beer,?%” coffee,?®® soft

drinks, %9 odorants?’), bacteria,?’* and fungi.?’? Selected examples will be discussed below.

The Severin group has employed sensor arrays to sense different analyte classes

including amino acids,?%® short oligodeoxynucleotides,?”® and different peptides.?*>>*3 For

26



example, they have used an IDA-based sensor array for the discrimination 20 natural amino
acids in buffer solutions using UV-vis spectroscopy.?!® In the array, a water soluble
organometallic Cp*Rh complex was used as a receptor in combination with three different
dyes, which are gallocyanine, xylenol orange, and calcein blue (Figure 1.11). The sensor array
is formed by mixing the dyes and the metal complex at different ratios and different pH. Upon
binding of the dyes to the receptor, there is a strong color change in the UV-vis spectra of the
dyes. The Rh complex also forms stable complexes with amino acids. There is competition
between amino acids and dyes for binding to the Cp*Rh complex. The array is tested with the
amino acids. The data was analyzed using the pattern recognition tools linear discriminant
analysis (LDA) and principal component analysis (PCA). The sensor arrays enabled very
good separation of 20 different amino acids in aqueous solution. There was only overlap for

valine and isoleucine.

SO3Na /@
S @ o 164
c” O Ho OH OH

R= CHzN CH2CH202N3)2
Cp*Rh Complex Gallocyanine Xylenol Orange Calcein Blue

Figure 1.11 Ligand and dyes used in the sensor array.

Another powerful sensor array was published by Suslick.?6® In this study, they were
able to detect 19 different volatile toxic industrial gases using a calorimetric cross-reactive
nanoporous sensor array at low gas concentrations. This is an important study, because it is
difficult to sense gaseous samples at low concentration. In the array, there are four classes of
chemically responsive dyes (Figure 1.12), containing overall 36 dyes (6x6). The first class is
metalloporphyrins which are responsive to Lewis basicity. The second class is pH indicators
responding to Bronsted acidity/basicity. The third class is composed of vapochromic or
solvatochromic dyes which respond to local polarity, and the last class is metal salts
responding to redox reactions. They tested the sensor array with 19 toxic industrial chemicals
(TICs) at their IDLH (immediately dangerous to life or health) dose. The sensor array was
exposed to a diluted gas mixture for two minutes. It gave characteristic pattern for a given
TCI resulting in good separation between 19 different analytes. They also examined
guantitative analysis using their sensor array. They used principle component analysis (PCA)
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and hierarchical cluster analysis (HCA). HCA resulted in very good separation of 19 TCls

with no misclassification or error out of 140 cases.

® © & & ¥ | Metallo-porphyrins O Q Br o

o)

® o000 =3 I
Acid indicators O

(W 9 a

‘ Base indicators O O

- ‘ e Vapochromic N j& [ Q _] Pp2+
| | o

< ® ©® vetalsalts /J\l o o 2

Figure 1.12 Dyes used in the sensor array. Adapted with permission from ref [263]. Copyright 2009,
Nature Publishing Group.

Rotella and coworkers published a sensor array which was able to differentiate
proteins in human serum using nanoparticles and green fluorescent proteins.?®® It is a
challenging task to differentiate proteins in human serum because it contains more than
20000 proteins. The sensor array is composed of green fluorescent proteins (GFP) and
nanoparticles (NPs). It was able to detect the concentration of proteins in buffered solution
and human serum. They selected five serum proteins including human serum albumin,
immunoglobulin G, transferrin, fibrinogen and a-antitrypsin. The sensor array is based on the
electrostatic interaction between GFP and NPs. They had 5 positively charged nanoparticles
with different functionalities (NP1-NP5). Each modification has a specific capability in such a
way that NP1 has a cationic charge featuring electrostatic interaction, NP2 and NP4 have the
ability of hydrophobic interaction, NP3 can form hydrogen bonds, and NP5 has the ability of
n-1 interaction. GFP binds to nanoparticles with different binding constants and upon addition
of a target protein to the solution, there is a competition between GFP and the target analyte
for binding to NP. The binding modulates the fluorescence signal. The modulation depends
on the binding constant of the target protein to the GFP and NP complex. The system was
able to identify five of the serum proteins. And also it can distinguish a mixture of proteins

and a single protein at different concentrations.
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1.5.3 Single Sensing Systems

A sensor array contains multiple sensors in an array format. However, pattern-based
sensing can also be achieved by using a single sensing system. The requirement is to have a
characteristic pattern output upon addition of different analytes to the single sensing system.
In this context, there are two approaches which are dynamic combinatorial library (DCL)

sensors and single molecular probes.2*3 274

A DCL is a library of different building blocks that interact with each other resulting
in the formation of thermodynamically controlled aggregates.?*3 274-280 The interaction
between the building blocks can have covalent character, such as metal-ligand bonds, or non-
covalent character. The library products are sensitive to some external factors such as
temperature, pH, and solvent. This kind of library (DCL) can be used as a pattern-based
sensing system. Addition of an analyte to an equilibrated DCL-sensor solution disturbs the
equilibrium resulting in a re-equilibration process. Each analyte causes different re-
equilibrated products, which gives a characteristic spectral pattern for each analyte (Scheme
1.16). The data is analyzed using pattern recognition tools and analytes can be distinguished
from each other qualitatively and quantitatively. DCL sensors are also used to differentiate

pure analytes from their mixtures.

Analyte A

—_——
' |
Analyte B ‘ \

Single Sensing
System

Scheme 1.16 Single sensing system for different analytes.

There are some advantages of DCL sensors over sensor arrays. First of all, there is no
need to prepare many different solutions containing individual sensors (dyes, IDASs). There is
only one solution in which all sensors are added and the same solution is used for all analytes.
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Also, it is easy to prepare and optimize the DCL sensors in terms of selectivity and sensitivity

by varying the building blocks or by changing the ratio of building blocks of the library.

Our group has published different studies about DCL sensors.?40: 243, 246, 274, 281 The first
study about a DCL sensor was published in 2005.24° A DCL of a metal-dye complex was used
as a sensor to discriminate between closely related dipeptides. A library was formed by
mixing the commercially available dyes arsenazo I, methylcalcein blue, and cresol red with
CuClz and NiCl, in CHES buffer solution at pH 8.4 (Scheme 1.17).

HO o” Yo | cu?, DCL of
HACOOH N _-COOH NiZ Dye Complexes

Methylcalcein
Glycine Cresol Red Blue

Arsenazo |

Scheme 1.17 Building blocks of the DCL sensor.

In buffered aqueous solution, stable complexes were formed between dyes and metals.
They gave a characteristic UV-vis spectrum at different conditions indicating that a ground
state complex was formed between dyes and metals. There is a dynamic equilibrium between
the free dyes and metal ions in the DCL. Addition of an analyte disturbed the equilibrium,
resulting a characteristic change of the UV-vis spectrum. This change was used to obtain
information about the analyte. The system was able to distinguish between dipeptides
including Val-Phe, Gly-Ala, His-Ala, Ala/His, Phe/Pro and Pro/Gly. The system also
achieved a more challenging task: the differentiation of the very similar dipeptides Gly-Ala,
Val-Phe, Ala-Phe, Phe-Ala and p-Phe-Ala, as well as dipeptides at different concentrations.
The UV-vis data was analyzed with a pattern recognition tools. The resulting data showed that

the DCL sensor was able to clearly separate these very closely related dipeptides.

In the second approach towards a single sensing system, there is one molecular probe
that gives a characteristic pattern response upon addition of different analytes. The origin of
the pattern for different analytes could come from different mechanisms such as energy
transfer efficiencies between the units of the molecules,?®? or different aggregation products
(change of conformation)’ 7> 283 for different analytes depending on the type of molecular

probe.
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Margulies” group has published a DCL-type molecular probe (‘combinatorial
fluorescent sensor’) which has several recognition units containing four emission channels.??
This molecular probe was able to identify many pharmaceuticals including the macrolide,
cardiac glycoside, rifamycin and aminoglycoside drug families as well as drug concentrations
and different drug compositions in urine samples. The molecular sensor has four different
fluorophores (naphthalene, anthracene, dansyl and fluorenyl) with three boronic acid

functionalities.
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Figure 1.13 The structure of the ‘combinatorial fluorescent sensor’.

The recognition system is based on different photophysical processes in the molecule.
Boronic acids interact with the diol and four fluorescent molecules behave as receptors. They
also transform the binding into a measurable optical signal. Binding of each analyte affected
the photophysical communication between the fluorophores which are photo-induced electron
transfer (PET), internal charge transfer (ICT) and fluorescence resonance energy transfer
(FRET) processes. These processes created a characteristic pattern for each analyte. The
system provides very good differentiation between analytes. The system was also tested to
identify and quantify unknown drug samples (D-xylose and rifampycin) in urine. The
molecular sensor was able to clearly identify and distinguish unknown drug samples at
different concentrations with 97 % success.

Single sensing systems were used to analyze amines,’> 7> 209 drugs,?®? heavy metals,?34

nucleotides,?® peptides,?4% 243 246 grganic molecules,?® and thiols.?8
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2 Fluorescence Sensing of Spermine with a
Frustrated Amphiphile

In this chapter, a fluorescence-based chemosensor is presented for the sensing of
spermine. A charge-frustrated amphiphile composed of a pyrene-1,3,6-trisulfonate head group
and an eicosane side chain was used as a fluorescence chemosensor. The sensor allows the
detection of spermine down to the nanomolar concentration range with good selectivity over

closely related biogenic amines such as spermidine.

This study was published in:?®” “Fluorescence Sensing of Spermine with a Frustrated
Amphiphile” Ziya Kostereli and Kay Severin, Chem. Commun., 2012, 48, 5841-5843.
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2.1 Introduction

Spermine is a natural polyamine that is found in eukaryotic cells and body fluids
(Figure 2.1).288291 |t plays an important role in basic genetic processes such as DNA
synthesis.?% It also has a key role in cell migration, proliferation and differentiation in plants
and animals.?®3 Elevated spermine concentrations in urine may be indicative of the presence of
malignant tumors, and monitoring spermine in urine was proposed as a tool for early
diagnosis and to evaluate the effectiveness of cancer therapy.?®#2% Table 2.1 shows the

spermine and spermidine concentrations in normal tissues, solid tumors and blood tumors.?%

H
HZN/\/\/N\/\/NHz

Spermidine

H
HZN/\/\N/\/\/N\/\/NHZ

Spermine

Figure 2.1 Molecular structures of spermine and spermidine.

Table 2.1 Spermine and spermidine concentrations in normal tissues, solid tumors and blood tumors

[spermine] [spermidine]

mg/g pmol/L mg/g umol/L
creatinine creatinine

Normal | 0.18+0.04 1.2 1.32+0.05 11.9

Solid
tumors | 1-23+0.24 7.93 2.90+0.40 26.0
Blood
4.77+0.91
tumors 1.47+0.50 9.47 0.9 42.8

Spermine concentrations are typically determined by immunoassays, electrophoresis,
or by chromatographic techniques.?®’-3% Qptical methods based on fluorescence or UV-vis
spectroscopy are interesting alternatives because measurements are fast and easy to perform.
A number of studies on optical spermine chemosensors have been reported in recent
decades.’® 8209, 301-305 Among these studies, the most sensitive systems described so far are
BODIPY-decorated gold nanoparticles,>? a montmorillonite-hydrogel composite material,3%*
a coumarin-based molecular probe,®! and anthranyl-doped conjugated polyelectrolytes.8
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These sensors allow the detection of spermine in the micromolar concentration range. In all
cases, a moderate selectivity for spermine over the closely related biogenic amine spermidine

was observed. Selected examples will be discussed below.

A turn-on fluorescent chemosensor for polyamines was published by the Kim
group.22 In this study, gold nanoparticles were modified with citrate to give negatively
charged nanoparticles. As pairs to the negatively charged nanoparticles, positively charged
water soluble fluorescent BODIPY dyes were synthesized (Figure 2.2). Upon addition of Au-
Nps to the BODIPY containing solution, there is a transition in the color of the particles from
blue to red due to aggregation of Au-NPs with BODIPY dyes. As a result, the fluorescence of
the dyes was completely quenched. Upon addition of spermine, the aggregates recovered the
fluorescence of the BODIPY dyes as spermine binds to the NPs stronger than the dyes, and
consequently, exchanges with the dyes on the surface of the NPs. As a result, dyes become
free in solution with a fluorescent emission. This system enables selective detection of the
spermine and spermidine over other structurally similar polyamines. Their system was also
quite sensitive: they were able to detect low micromolar concentrations of spermine and

spermidine.

® ©)]
R = (CHy)4P(CgHs)3 Br
® C)]

R = (CH2)4N(CH3)s Br

Figure 2.2 Cationic BODIPY derivatives for the sensing of spermine and spermidine.

Our group published a reaction-based probe for the sensing of biogenic amines in
aqueous media (AP 1, Figure 2.3).3%! The probe was used in the presence of SDS micelles due
to poor solubility. Addition of an amine to a solution containing AP 1 and SDS caused
changes in the UV-vis and fluorescence spectra. Different responses were observed for five
different amines including spermine, spermidine, cadaverine, putrescine, and histamine,
among many other biogenic amines and amino acids. The most pronounced effect was
observed for spermine and cadaverine. Further analysis gave information about possible

products of the reaction between amines and the probe. It was concluded that the products A,
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B, and C was formed by the reaction of the probe and the primary amines (Figure 2.3). The
probe was found to be very sensitive: it was possible to detect biogenic amines in a

micromolar concentration range.

I I I I
_N o0 _N 00 _N 00 _N 0.0
= H = H 4 H = H
I |
cl o OH N. wNH O oNH N
AP 1 A B c

Figure 2.3 The amine probe (AP 1) and the reaction products: imine (A), enamine (B) and double
condensation product (C).

Below, we describe a conceptually novel fluorescent sensor for spermine-based on a
charge-frustrated amphiphile. The sensing system relies on the analyte-induced aggregation
concept. The sensor allows the detection of spermine in the nanomolar concentration range
with very good selectivity over other biologically relevant amines. In our system, we have
used amphiphile 1 which was synthesized from the commercially available dye trisodium-8-
hydroxypyrene-1,3,6-trisulfonate (HPTS). HPTS is a fluorescent dye with a high quantum
yield (nearly one).3%® By alkylation with 1-bromoeicosane, it can be converted into the
amphiphile 1 (Scheme 2.1).307-30

2.2 Results and Discussion

The photophysical properties and the aggregation behavior of 1 have been studied by
Sasaki and Murata.3® Despite its very long alkyl chain, 1 displays a rather large critical
micelle concentration (cmc ~ 3 mM). The high cmc can be attributed to the electrostatic
repulsion of the highly charges pyrene head group.3%® Dye 1 can thus be regarded as a charge-
frustrated amphiphile. Interestingly, the cmc of 1 can be reduced dramatically by addition of
methylviologen, which forms a complex with the sulfonated pyrene.2%® We hypothesized that

a related substrate-induced aggregation of 1 could be used for sensing purposes, because
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micellization of 1 results in pronounced attenuation of its fluorescence. Spermine appeared to
be a suitable analyte to test this hypothesis. Under physiological conditions, spermine exists
predominantly as a tetracation. It therefore has the potential to act as ‘charge-neutralizing

glue’ facilitating the aggregation of 1 (Scheme 2.1).

H
HZN/\/\N/\/\/N\/\/NHZ
H

Spermine

o iS

Scheme 2.1 The presence of spermine promotes the micellization of the fluorescent amphiphile 1.

When spermine was added to a buffered aqueous solutions (0.8 mM MOPS, pH 7.0)
of dye 1, the fluorescence emission at 430 nm (dex = 350 nm) was reduced. Screening of
different concentrations revealed that fluorescence quenching can be observed down to the
nanomolar concentration range. The relative fluorescence intensity of solutions containing 1
(250 nM) and different amounts of spermine (0-400 nM) are depicted in Figure 2.4 and 2.5.
Only 93 nM of spermine are required to induce a 50% reduction of the emission signal. The
dynamic range of the sensing system can easily be adjusted by variation of the amphiphile
concentration. Using 2.0 uM of dye 1, it is possible to sense spermine in the high nanomolar
concentration range, whereas 5.0 UM and 8.0 uM allow the detection of spermine in the low

micromolar concentration range (Figure 2.6, see also Annex, Figures Al - A6).
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Figure 2.4 Fluorescence emission spectra (lex: 350 nm) of buffered aqueous solutions (0.8 mM
MOPS, pH 7) containing dye 1 (250 nM) and different amounts of spermine (0-400 nM).
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Figure 2.5 Fluorescence emission quenching (lex = 350 nm, Aem = 430 nm) of buffered aqueous

solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (250 nM) and different amounts of spermine
(0-400 nM).
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Fluorescence emission quenching (4ex =350 hm, Aem = 430 nm) of buffered aqueous

solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (black: 250 nM; red: 2.0 uM; green: 5.0 uM;
blue: 8.0 uM) and different amounts of spermine.

There is 2:1 binding in this system because nearly complete fluorescence quenching is

achieved at a dye 1 to spermine ratio of 2:1. This observation indicates that at saturation, each

analyte molecule is bound to two dye molecules. Fitting of the fluorescence titration data

obtained with dye 1 at 250 nM to an equation describing a 2:1 binding model**° gave apparent
binding constants of K1 = 2.1x10% M-t and K, = 5.1x10° M- (Figure 2.7).
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Figure 2.7 Fluorescence titration data of dye 1 (black) and the calculated binding isotherm (red).
(lo-1) is the difference in emission intensity.

The effect of ionic strength was investigated using buffered solutions containing dye 1
(8.0 uM), NaCl (0, 50 or 100 mM) and spermine (0 or 3.75 UM). Increasing the salt
concentration from 0 to 100 mM led to an overall decrease of the fluorescence intensity.
However, the spermine-induced fluorescence quenching was nearly constant with values
between 88 and 97% (Table 2.2). Changing the pH of the solution from 7.0 to 8.0 had a small

effect on the sensor response (Table 2.2).

Table 2.2 Fluorescence emission quenching (Aex = 350 nm, Aem = 430 nm) under different conditions
(E.Q. is Emission Quenching)

/[a.u]
Solutions (no spermine/plus| E.Q. [%]
spermine)
dye 1 (8 uM ) + spermine (0 or 3.75 uM) 436/52 88
dye 1 (8 uM ) + NaCl (50mM) + spermine (0 or 3.75 yM) 318/11 97
dye 1 (8 uM ) + NaCl (100mM) + spermine (0 or 3.75 pM) 161/8 95
dye 1 (8 uM ) + spermine (0 or 3.75 uM), pH 8 461/48 90
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To verify that the amphiphilic nature of dye 1 is crucial for the sensor, we performed
control experiments with the dye trisodium-8-methoxypyrene-1,3,6-trisulfonate containing a
methyl group instead of an eicosane side chain. Even high concentrations of spermine (15 uM
or 68 uM) resulted in only minor quenching of the fluorescence (< 5% or 12%). Furthermore,
solutions containing 1 (66 uM) with and without spermine (0 or 66 pM) were analyzed by 'H
NMR spectroscopy (D20, phosphate buffer, pD = 7.0). In the presence of spermine, the
signals of the aromatic protons of the pyrene head group vanished in line with aggregation-

induced line broadening (Figure 2.8).
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Figure 2.8 'H NMR spectra (600 MHz) of solutions (D,0) containing: (a) dye 1 (66 uM) in the
presence of equimolar amounts of spermine, or (b) only dye 1 (66 uM). The intense peaks at 4.7 and
7.2 ppm are due to water and chloroform (CDCls was used as reference in a shigemi tube which was
inserted). The spectra were acquired using a pulse sequence for suppression of the water peak.

We attempted to use dynamic light scattering (DLS) to observe spermine-induced
aggregation of 1 but the measurements were not successful. Only data of poor quality were
obtained, presumably due to the low solubility of spermine/1 mixtures (< 80 uM). However,
transmission electron microscopy images of stained samples on a carbon-coated copper grid
revealed inhomogeneous aggregates with a size of ~ 15 nm and larger (see Annex, Figure
A32).
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Spermine-induced aggregation of 1 was further evidenced by using the hydrophobic
dye Nile Red, which can be used as an indicator for micellation. In the presence of spermine
(3.75 pM), the fluorescence emission intensity of solutions containing dye 1 (8.0 uM) and
Nile Red was enhanced by 298 % (Figure 2.9).
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Figure 2.9 Fluorescence emission spectra (lex: 520 nm) of buffered aqueous solutions (0.8 mM
MOPS, pH 7) of Nile Red in the presence of dye 1 (red, 8.0 pM) and spermine (black, 0 pM and blue,
3.75 uM).

The selectivity of the sensor was examined using a variety of biologically relevant
amines including the biogenic amines spermidine, tyramine, cadaverine, putrescine, and
histamine, the amino acids histidine, cysteine, lysine, and phenylalanine, the neuroactive
amines ephedrine and serotonin, as well as the simple diamines 1,3-diaminopropane and 1,2-
diaminoethane. Solution containing dye 1 (250 nM) and the respective amine (200 nM) were
analyzed by fluorescence spectroscopy. In all cases, the analyte-induced fluorescence
quenching was small compared to what was observed for spermine (Figure 2.10). The largest
response was found for spermidine. However, the selectivity for tetramine spermine (84%
quenching) over the closely related triamine spermidine (16% quenching) is still very good.
Due to the high quantum yield of 1, it is even possible to distinguish solutions containing 200
nM spermine or spermidine by the naked eye. It is worthwhile to note that methylviologen
lead to a rather low fluorescence quenching (17%). The selectivity of the sensing system was

also examined at a higher concentration of dye 1 (2.0 uM). The sensor maintained a very
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good selectivity over all amines except spermidine, which resulted in 48% fluorescence
quenching (Figure 2.11).
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Figure 2.10 Fluorescence emission quenching (Aex = 350 nm, Aem = 430 nm) of buffered aqueous
solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (250 nM) and different amines (200 nM). The
values are averages from three independent measurements.
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Figure 2.11 % Fluorescence emission quenching (dex = 350 nm, Aem = 430 nm) of buffered aqueous
solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (2.0 uM) and different amines (840 nM).
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At the end, we have examined if we can use our system for the sensing of spermine in
artificial urine. For this purpose, we prepared two solutions of artificial urine containing
either 2.24 or 3.26 pM of spermine. For comparison, we made solutions of MOPS buffer
containing the same concentrations of the analyte. The solutions were mixed with amphiphile
1 and fluorescence spectra were recorded. The values obtained for artificial urine were in
good agreement with the values obtained for MOPS buffer solutions (difference < 8%, Figure

2.12). These results demonstrate that sensor 1 allows the sensing of spermine in a complex
matrix.
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Figure 2.12 Fluorescence emission quenching (lex = 350 nm, Aem = 430 nm) of solutions containing

dye 1 (2.0 uM and 5.0 uM) and spermine (2.24 uM and 3.26 mM) in artificial urine or buffer (0.8 mM
MOPS, pH 7.0).

2.3 Conclusion

In summary, we have described a conceptually new chemosensor for the biogenic amine
spermine. The sensor is based on a charge-frustrated amphiphile with a highly fluorescent
head group. There is analyte-induced aggregation upon addition of spermine and it results in

pronounced fluorescence quenching. The sensor displays remarkable sensitivity: the
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detection of spermine is possible down to the low nanomolar concentration range.
Furthermore, it displays a very good selectivity over spermidine and other biological relevant
amines. Preliminary tests with artificial urine are evidence that sensing is also possible in a

complex matrix.

2.4 Experimental

All chemicals and solvents were purchased from standard suppliers and used without
further purification. Stock solutions were prepared with bidistilled water and were stored at 4
°C. For phosphate buffer solutions (100 mM phosphate buffer, pD 7.0), appropriate amounts
of K:HPO4 and KH2PO4 were dissolved in D.O. MOPS buffer (0.8 mM MOPS buffer, pH
7.0) was prepared by dissolving 3-(N-morpholino)propanesulfonic acid in water. HCI, DCI
and NaOH solutions were used to adjust the pH of the buffers. Fluorescence measurements
were performed on a Varian Cary Eclipse fluorescence spectrophotometer at room
temperature. *H NMR spectra were recorded on a Bruker Advance DPX 400 instrument or a
Bruker Advance DRX 600 instrument at 25 °C. TEM imaging was performed with a FEI
Tecnai G2 F30. High resolution mass spectra were recorded with a waters Q - TOF Ultima
(ESI-TOF) instrument.

Stock solutions of dye 1 (trisodium 8-eicosyloxypyrene-1,3,6-trisulfonate), MPTS
(trisodium 8-methoxypyrene-1,3,6-trisulfonate) and the analytes were prepared in MOPS
buffer (0.8 mM, pH 7) and kept at 4 °C. For the fluorescence titration experiments, solutions
containing different concentration of dye 1 (0.25, 2, 5, 8 UM) were prepared in quartz cuvettes
by mixing aliquots of a stock solution of dye 1 with buffer (final volume of 1.5 mL). The
solutions were equilibrated for 2 h before starting the titration. For each titration, different
stock solutions of the analyte spermine were used (10 uM for 0.250 nM dye, 45 uM for 2 uM
dye, 120 uM for 5 pM dye, 201 uM for 8 uM dye). Appropriate amounts of analyte were
added to the solution of dye 1 and a fluorescence spectrum was recorded after 5 min (Zex: 350
nm, dem: 430 nm). Dilution effects were neglected as the total volume of analyte solution that

was added did not exceed 50 pL. It should be noted that plastic cuvettes should be avoided
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when using low dye concentrations. We encountered problems of reproducibility when using

plastic cuvettes, probably because the dye sticks to the walls.

Binding constants were calculated using fluorescence titration data obtained with
dye 1 (0.25 uM) and different amounts of spermine. The data was fitted to an equation
describing a 2:1 binding model (Figure 2.7).3° The resulting binding constants were K; =
2.1x10° M1 and Kz = 5.1x10° M1,

For selectivity tests, stock solutions (10 uM) of the analytes were prepared in MOPS
buffer (0.8 mM, pH 7). An aliquot of analyte stock solution (30 uL) was added to a solution
of dye 1 (200 nM, Vot = 1.5 mL) in a quartz cuvette. A fluorescence spectrum was recorded
5 min after addition of the analyte (Aex: 350 nm, Aem: 430 nm). Selectivity was also tested at
higher concentration of dye 1 (2.0 uM) and analytes (840 nM). The results are depicted in
Figure 2.9 and Figure 8.8.

Sensitivity of the system was also tested in artificial urine. For this purpose, artificial
urine was prepared as described in the literature.3* It contained potassium dihydrogen
phosphate (7.0 mM), dipotassium hydrogen phosphate (7.0 mM), sodium sulfate (10 mM),
magnesium sulfate (2.0 mM), lactic acid (1.1 mM), citric acid (2.0 mM), calcium chloride
(2.5 mM), sodium chloride (90 mM), urea (170 mM), sodium bicarbonate (25 mM), and
ammonium chloride (25 mM ). All compounds were dissolved in bi-distilled water. The pH
of the solution was 6.8. Stock solutions of dye 1 (50 uM) and spermine (120 uM) in MOPS
buffer (0.8 mM, pH 7) were employed. An aliquot of the dye stock solution (60 pL) was
added to artificial urine ([1]fina = 2.0 UM, Viow = 1.5 mL) in a quartz cuvette, and a
fluorescence spectrum was recorded after equilibration for 20min. Subsequently, an aliquot
of the spermine stock solution was added (28 uL, [spermine]fina = 2.24 pM), and a
fluorescence spectrum was recorded after equilibration for 5 min (Zex: 350 nm, Aem: 430 nm).
For measurements with a total dye concentration of 5uM, the amounts of added dye and
spermine were increased accordingly. For comparison, measurements with identical dye and
spermine concentrations were performed in MOPS buffer instead of artificial urine. The

results are depicted in Figure 2.12.

Control experiments with trisodium 8-methoxypyrene-1,3,6-trisulfonate (MPTS): an
aliquot of a stock solution of spermine was added to a solution of MPTS in MOPS buffer (0.8
mM MOPS, pH 7, [spermine]fina = 80 UM, [MPTS]fina = 8 UM). A fluorescence spectrum

was recorded after 5 min (Zex: 370 nm, Aem: 430 nm).
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Chracterization of the aggregates were studied using different methods including Nile
Red, TEM and NMR. For the Nile Red study, a stock solution of the dye Nile Red (1.0 mM)
was prepared in ethanol. An aliquot of this stock solution ([Nile Red]fina = ~ 8 UM, 12 pL)
was pipetted in a vial. The ethanol was removed by evaporation. Subsequently, aliquots of
stocks solutions of dye 1 ([1]fina = 8 UM, 240 pL in 0.8 mM MOPS, pH 7) and spermine
([spermine]fina = 0 or 3.75 UM, o or 28 pL in 0.8 mM MOPS, pH 7) were added and the
volume was completed to 1.5 mL with MOPS buffer (0.8 mM, pH 7). The vial was sonicated
for 10 min and the resulting mixture was filtered. A fluorescence spectrum of the clear
solution was recorded (lex: 520 nm ). The results are depicted in figure 2.9. The increased

fluorescence emission in the presence of spermine is indicative of micelle formation.

Diluted sample were placed on a Lacey carbon coated 300 mesh copper grid for the
TEM measurement. Uranyl acetate solution (2 wt%) was used for staining. 20 pL of a
solution containing dye 1 and spermine ( [1] = [spermine] = 66 uM, 0.8 mM MOPS, pH 7)
was put on a parafilm sheet. The grid was placed on the top of the drop with its upper side
down and kept there for 2 min. Then, 20 pL of a uranyl acetate solution (2 wt%) was put on a
parafilm sheet. The grid was placed on the top of the drop with its upper side down and kept

there for 5 min. Stained grids were dried in the fume hood at room temperature.

The effect of aggregation was also seen in NMR. A 'H NMR spectrum (600 MHz) of
a solution of dye 1 (66 uM) in DO was recorded. A second spectrum was recorded shortly
after addition of an aliquot of a spermine stock solution ([spermine]fina = 66 UM). The results
are depicted in figure 2.8.

NaO3S OH
O DIPEA
MeOH, reflux
(1) g 2ot
9

NaO3S SO;3Na

Trisodium 8-eicosyloxypyrene-1,3,6-trisulfonate (1) was synthesized in a similar
fashion as described in the literature:3° 1-bromoeicosane (2.21 g, 6.11 mmol) and N,N-
diisopropylethylamine (630 pL, 3.81 mmol) were added to a refluxing solution of trisodium
8-hydroxypyrene-1,3,6-trisulfonate (400 mg, 763 pmol) in MeOH (50.0 mL). The reaction
mixture was heated under reflux with stirring for 6 days. The mixture was then cooled to

room temperature, filtered, and concentrated under reduced pressure. The resulting solid was
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washed several times with diethyl ether. Further purification was achieved by column

chromatography (SiOz; eluent: NH4OH : IPA - 1 : 2) to give dye 1 as a yellow solid (184 mg,
0.229 mmol, 30%).

IH-NMR (400 MHz, CDsOD): 5= 0.92 (t, J = 6.8 Hz, 3 H, CHa), 1.20-1.48 (m, 30 H, CHy),
1.52 (M, 2 H, CHy), 1.70 (p, J = 7.5 Hz, 2 H, CHy), 2.08 (p, J = 7.0 Hz, 2 H, CHy), 4.47 (t, J =
6.4 Hz, 2 H, CHy), 8.42 (s, 1 H, CHarom), 8.68 (d, J = 9.6 Hz, 1 H, CHarom), 9.12 (d, J = 9.6
Hz, 1 H, CHarom), 9.20 (d, J = 9.6 Hz, 1 H, CHarom), 9.26 (d, J = 9.6 Hz, 1 H, CHarom), 9.40 (s,
1 H, CHarom); ESI-MS calcd. for C3sHagS3010 [(M-3Na+H)?] m/z = 368.1210 found 368.1205.

49



50



3 Pattern-Based Sensing of
Aminoglycosides with Fluorescent
Amphiphiles

In this chapter, we describe a conceptually new ‘one-cuvette’ sensing system for the
pattern-based analysis of aminoglycoside antibiotics. A mixture of two amphiphiles with
fluorescent head groups was used as a sensing ensemble. In buffered aqueous solution, the
amphiphiles form a dynamic mixture of micellar aggregates. In the presence of
aminoglycosides, the relative amount and the composition of the micelles is modified. The re-
equilibration of the system is analyte-specific, and characteristic fluorescence spectra are
obtained for different aminoglycosides. Accurate differentiation in the low micromolar

concentration range can be achieved by a principal component analysis of the spectral data.

This work was published in:3!! “Pattern-based sensing of aminoglycosides with fluorescent
amphiphiles” Ziya Kostereli, Rosario Scopelliti and Kay Severin, Chem. Sci., 2014, 5, 2456-
2460.
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3.1 Introduction

Aminoglycosides are organic molecules which possess amino-modified sugars in their
structure. They have biological significance because they are antibacterial agents and they
play an important role in the inhibition of protein synthesis in bacteria.3> They are
polycationic compounds at neutral pH. Sensing of such analytes is still a challenging task
because of their complex structures. Pattern-based sensing systems can be used to sense these

kinds of complex analytes.

As we have mentioned in general introduction chapter, pattern recognition tools allows
an ensemble of differential but non-selective chemosensors to be converted into remarkably
powerful sensing systems.2*3-318 Qur group has used sensor arrays and single sensing systems

in this context to sense different classes of analytes and analyte mixtures.

In one of the studies published by our group, a coumarin-based molecular probe (AP
2, Scheme 3.1) was used for the pattern-based sensing of the aminoglycosides antibiotics
paromomycin, kanamycin A and B, gentamicin, neomycin, and apramycin.3*® The reaction of
the probe AP 2 with antibiotics gave different covalent products. Each product has a
characteristic color, resulting in a complex UV-vis spectrum. The PCA analysis of the UV-vis
data enabled identification of the closely related antibiotics. The system also enabled

quantitative and purity information about analytes to be obtained.
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Scheme 3.1 The structure of probe AP 2, and different covalent adducts with amine containing
analytes.

In this chapter, we describe a conceptually new 'one-cuvette' sensing system (single
sensing system) for the pattern-based analysis of aminoglycosides. We use an analyte-induced
micellization process to form a pattern-based sensing system. Characteristic fluorescence
spectra are obtained by analyte-induced aggregation of fluorescent amphiphiles. We selected

seven aminoglycosides as analytes for this study (Figure 3.1).
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Figure 3.1 The aminoglycoside analytes used in this study.

3.2 Results and Discussion

In chapter 2, we have shown that a fluorescent amphiphile with a sulfonated pyrene

head group can be used as a sensitive sensor for the biogenic amine spermine.?®” Interaction

of the negatively charged dye with the polycation spermine results in charge compensation

and micelle formation. The latter is associated with fluorescence quenching, which allows the

quantification of spermine down to the nanomolar concentration range.?®” We hypothesized

that an analyte-induced micellization process could also be used for the creation of a pattern-

based sensing system (Scheme 3.2).
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Scheme 3.2 Two amphiphilic dyes can form micellar aggregates. The relative amount and the
composition of the micelles is influenced by the nature of the analyte. The different equilibrium
distribution for each analyte is reflected by a characteristic fluorescence spectrum.

In order to obtain a complex, information-rich spectrum, two or more amphiphiles
with distinct fluorescent properties would be required. We expected that a mixture of these
dyes could result in the formation of a dynamic combinatorial library (DCL)?"® 280 320-323 of
micellar aggregates. Therefore, we could observe a characteristic fluorescence spectrum, if

the total amount and/or the composition of these micelles is affected by an analyte.

To examine the feasibility of such an approach, we synthesized the amphiphilic dyes 2
and 3 (Figure 3.2). Dye 2 contains a disulfonated naphthalene head group and a hexadecane
side chain. It was obtained in two steps by alkylation of naphthalene-2-ol, followed by
sulfonation. Dye 3 has a monosulfonated BODIPY head group and an heptadecane side chain.

We achieved its synthesis in two steps following standard procedures.324-325

SO;Na

N:\O SO3NH4

SO3NH,
2

D

Emission at 376 nm ..
Emission at 505 nm

Figure 3.2 Structures and optical properties of the dyes 2 and 3.
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The amphiphiles 2 and 3 were characterized by NMR spectroscopy, mass
spectrometry and fluorescence spectroscopy. In addition, dye 2 was characterized by single
crystal X-ray diffraction (Figure 3.3). In the solid state, the hexadecane side chains show a
regular zig-zag conformation, pointing away from the naphthalene chromophore (Figure
Ab58). As expected, one can observe hydrogen bonds between the ammonium ions and the

sulfonate groups.

Figure 3.3 Molecular structure of dye 2 in the crystal.

Dye 2 displays good solubility (~ 2.4 mM) in water (10 mM MOPS, pH 7.0). The
solutions are fluorescent, with an emission maximum at 376 nm (lex = 335 nm, Figure A7).
Dye 3 is less soluble than 2, but low micromolar concentrations, as required for sensing
applications, can be achieved without problems. Buffered aqueous solutions of 3 show a
broad emission with a maximum at 505 nm (Jex = 460 nm, (Figure A8). Under a UV-vis light,
solutions of 2 appear blue, whereas solutions of 3 are yellow. Using two dyes with distinct
fluorescence properties was part of our design strategy, because the sensing ensemble would
show emission over a broader spectral range. One should also note that there is some overlap
between the emission spectrum of 2 and the absorption spectrum of 3 (Figure 3.4). As a
consequence, fluorescence resonance energy transfer (FRET) from 2 to 3 is possible. The
efficiency of a FRET process is strongly distance dependent. Analyte-induced micellization
and/or compositional re-organization of a micelle (as schematically depicted in Scheme 3.2)
would alter the FRET efficiency. The resulting spectral changes can potentially contribute to

the differentiation of analytes.
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Figure 3.4 Normalized UV-vis spectrum of a buffered aqueous solution (10 mM MOPS, pH 7.0)
containing dye 3 (black line, [3] = 10 uM), and normalized fluorescence spectrum of a solution
containing dye 2 (red line, [2] = 10 uM, Aex: 335 nm).

The aggregation of dye 2 and 3 in buffered aqueous solution (10 mM MOPS, pH 7.0)
was investigated using fluorescence spectroscopy, transmission electron microscopy (TEM)
and dynamic light scattering (DLS). We observed a red shift for the emission maxima of 2
and 3 upon increasing the concentration (Figure 3.5). Using this shift, a critical micelle
concentration (cmc) of 13 uM was determined for dye 2, whereas a value of 5 uM was
observed for dye 3 (Figure 3.6). The lower cmc of 3 (5 uM) as compared to that of 2 (13 uM)
can be explained by the reduced negative charge of the head group and longer alkyl side
chain. We observed spherical inhomogeneous aggregates with a size of 8-30 nm in TEM
images of stained samples of dye 2 on a carbon-coated copper grid (Figure A35).
Unfortunately, we could not observe aggregation of dye 3 by TEM due to low solubility of
dye 3 in water. DLS measurements of buffered aqueous solutions revealed the presence of
polydisperse aggregates with a size of ~ 6 nm for dye 2 (1.0 mM) and a size of ~ 12 nm for
dye 3 (50 uM) (Figure A 36 and A 37).
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Figure 3.5 Fluorescence emission spectra of buffered aqueous solutions (10 mM MOPS, pH 7.0)
containing dye 2 (left, Aex: 335 nm, 1-256 uM) and 3 (right, Aex: 460 nm, 1-45 pM). The red arrows
indicate the changes with increasing concentration.
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Figure 3.6 Fluorescence emission maxima of buffered aqueous solutions (10 mM MOPS, pH 7.0)
containing increasing amounts of dye 2 (lex: 335 nm, 1-512 uM) or 3 (dex: 460 nm, 1-45 uM) and
critical micelle concentration (cmc) of dye 2 and 3. The graphs are plotted on a logarithmic scale.

We have also recorded the UV-vis spectra of solutions containing dye 3 (30 uM) and
different amounts of dye 2 (0-30 uM). The absorption of the BODIPY chromophore was
found to depend on the concentration of dye 2 (Figure 3.7), indicating an interaction between
the two dyes in solution. Taken together, these data show that both dyes form micellar
aggregates in the low micromolar concentration range. Importantly, micellization is
associated with a change of the optical properties, which is of importance for sensing

applications.
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Figure 3.7 UV-vis spectra of buffered aqueous solutions (10 mM MOPS, pH 7.0) containing dye 3
(30 uM) and different amounts of dye 2 (0-30 uM). The red arrow indicates the changes with
increasing concentration of dye 2.

Next, we have examined whether a mixture of dye 2 and 3 would be suited for the
pattern-based analysis of the aminoglycoside antibiotics amikacin, kanamycin A and B,
paromomycin, neomycin, apramycin, and gentamicin (Figure 3.1).23* 3%6 These analytes were
selected because of their biological significance, and because they are polycationic
compounds at neutral pH. The positive charges of the analytes were expected to induce a

multivalent interaction with the polyanionic micellar aggregates.®?’

A concentration of 4 uM was chosen for dye 2. This value is slightly lower than the
cmc of 2, allowing an analyte-induced aggregation process to occur. The concentration of dye
3 was set higher (30 uM) because of its lower fluorescence compared to that of 2. Solutions
containing a mixture of 2, 3 and the respective aminoglycoside (10 puM) were analyzed by
fluorescence spectroscopy. The results for five analytes are shown in Figure 3.8, and the
remaining two spectra are depicted in Annex, Figure A 10 and A 11. In all cases, we observed
two main emission maxima around 375 and 540 nm. The emission at 375 nm can be attributed
to dye 2, whereas the emission at 540 nm is caused by the BODIPY fluorophore of dye 3.
Compared to the emission of the mixture in the absence of aminoglycosides, one can observe
an analyte-induced quenching effect for the band of 2, and a shift towards longer wavelengths
for the band of 3. These observations suggest that the analytes promote micellization.
Importantly, all seven analytes give rise to a characteristic fluorescence spectrum. The

differences are apparent when comparing the results obtained for paromomycin, kanamycin
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B, neomycin, and gentamicin. The sample containing neomycin (Figure 3.8, blue curve) and
gentamicin (Figure 3.8, pink curve) show a very similar emission at 375 nm, but the curves
are well separated in the region around 540 nm. The opposite trend is observed for
paromomycin (Figure 3.8, black curve) and kanamycin B (Figure 3.8, red curve). In addition,

there are more subtle differences in the shape of the curves of the different analytes.
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Figure 3.8 Fluorescence spectra (lex: 335 nm) of solutions containing a mixture of dye 2 and 3 ([2] =
4 uM; [3] = 30 uM) and the analytes paromomycin (black line), kanamycin B (red line), neomycin
(blue line), gentamicin (pink line), or apramycin (green) ([analyte] = 10 uM; 10 mM MOPS, pH 7.0).

Five independent measurements were performed for each analyte. The fluorescence
data were then analyzed using the statistics software SYSTAT 11. A stepwise variable
selection algorithm was used to select a sub-set of four relevant wavelengths (380, 515, 545,
and 615 nm). The emission values at these wavelengths (Figure 3.9) were used as an input for
a principal component analysis (PCA). The corresponding score plot shows that the sensing
system is able to distinguish the seven aminoglycosides at a concentration of 10 uM (Figure
3.10). The same data set was used to perform a linear discriminant analysis (LDA) in
combination with a jack knife validation procedure. When 50 % of data set was randomly
omitted and the remaining data set was used as a training set for the LDA, the omitted data

was classified correctly in all cases (100%).
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Figure 3.9 Fluorescence emission intensities (Aex: 335 nm) at 380 nm (black), 515 nm (red), 545 nm
(blue), and 615 nm (green) of solutions containing a mixture of dye 2 and 3 ([2] = 4 uM; [3] = 30 uM)
and the analytes paromomycin (black), kanamycin B (red), neomycin (blue), gentamicin (green), or
apramycin (green) ([analyte] = 10 uM; 10 mM MOPS, pH 7.0). The values represent averages of five
independent measurements.
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Figure 3.10 Two-dimensional PCA score plot for the analysis of seven different aminoglycosides.
The data were obtained as described in the main text.

Next, we examined a more difficult analytical task: the differentiation of pure analytes
from mixtures. For this study, we used the three aminoglycosides apramycin, paromomycin,
and kanamycin B. In addition to samples containing the pure analytes at a concentration of 10

UM, we used samples containing equimolar mixtures of either two or all three analytes
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([analyte]tota = 10 uM). We observed two main emission maxima around 375 and 540 nm for
the mixture of analytes as in pure analyte spectra (Figure 3.11). However, there was
difference in emission intensities for different analytes (Figure 3.12).
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Figure 3.11 Fluorescence emission spectra (ex: 335 nm) of solutions containing a mixture of dye 2

and 3 ([2] = 4 uM; [3] = 30 uM) and the analytes apramycin (A), paromomycin (P), kanamycin B
(KB), or equimolar mixtures of these aminoglycosides ([analyte]iwta = 10 uM; 10 mM MOPS, pH 7.0).

As before, we performed five independent measurements for each sample, and the data
were used as an input for PCA. Well separated clusters were observed in the corresponding
score plot (Figure 3.13), indicating that the sensing ensemble is able to differentiate the pure

samples from the mixtures.
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Figure 3.12 Fluorescence emission intensities (dex: 335 nm) at 380 nm (black), 515 nm (red), 545
nm (blue), and 615 nm (pink) of solutions containing a mixture of dye 2 and 3 ([2] = 4 uM; [3] = 30
M) and the analytes apramycin (A), paromomycin (P), kanamycin B (KB), or equimolar mixtures of
these aminoglycosides ([analyte]iw = 10 uM; 10 mM MOPS, pH 7.0). The values represent averages
of five independent measurments.
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Figure 3.13 Two-dimensional PCA score plot for the analysis of apramycin (A), paromomycin (P),
kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as
described in the main text.

In order to examine the benefits of using a mixture of two amphiphiles, we evaluated
the ability of the individual dyes 2 and 3 to sense individual aminoglycosides and mixtures
thereof. As expected, solutions containing only one amphiphilic dye (either 2 or 3) gave also

an optical response upon addition of the aminoglycoside analytes. However, the
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discrimination was poor. With dye 2 alone, for example, it was not possible to differentiate

paromomycin and apramycin (Figure 3.14), and it was also not possible to distinguish the

mixtures from pure analytes (Figure 3.15 and 3.16).
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Figure 3.14 Fluorescence emission spectra (lex: 335 nm) of solutions containing dye 2 (4 uM) and
the analytes paromomycin, kanamycin B, kanamycin A, amikacin, neomycin, gentamicin, or

apramycin ([analyte] = 10 uM; 10 mM MOPS, pH 7.0).
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Figure 3.15 Fluorescence emission spectra (lex: 335 nm) of solutions containing dye 2 (4 uM) and
the analytes apramycin (A), paromomycin (P), kanamycin B (KB), or equimolar mixtures of these
aminoglycosides ([analyte]ita = 10 pM; 10 mM MOPS, pH 7.0).
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Figure 3.16 Two-dimensional PCA score plot for the analysis of apramycin (A), paromomycin (P),
kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as
described above using only dye 2.

The situation was even worse with dye 3, which gave very similar fluorescence spectra
for the seven analytes (Figure 3.17 and 3.18). Attempts to use solutions of 3 for the

differentiation of mixtures from pure samples were also not successful (Figure 3.19).
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Figure 3.17 Fluorescence emission spectra (Aex: 335 nm) of solutions containing dye 3 (30 uM) and

the analytes paromomycin, kanamycin B, kanamycin A, amikacin, neomycin, gentamicin, or
apramycin ([analyte] = 10 uM; 10 mM MOPS, pH 7.0)
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Figure 3.18 Fluorescence emission spectra (lex: 335 nm) of solutions containing dye 3 (30 uM) and
the analytes apramycin (A), paromomycin (P), kanamycin B (KB), or equimolar mixtures of these
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Figure 3.19 Two-dimensional PCA score plot for the analysis of apramycin (A), paromomycin (P),
kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as
described above using only dye 3.

We also tested dye 3 alone with pure analytes at a concentration below its cmc. The
resulting spectra were same for five analytes in the first band and very similar in the second

band (Figure 3.20). These control experiments provide evidence that the utilization of a

Factor 1 (56.4 %)

dynamic mixture of micellar aggregates is crucial for a successful analysis.
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Figure 3.20 Fluorescence emission spectra (ex: 335 nm) of solutions containing dye 3 (5 uM) and

the analytes paromomycin, kanamycin B, kanamycin A, amikacin, neomycin, gentamicin, or
apramycin ([analyte] = 10 pM; 10 mM MOPS, pH 7.0)

3.3 Conclusion

The utilization of dynamic combinatorial libraries of molecular assemblies as
chemosensors has emerged as an interesting new concept in supramolecular analytical
chemistry. DCLs can be used as sensors if the addition of an analyte results in a re-
equilibration of the system, and if this re-equilibration is associated with a detectable signal.
Due to the inherent complexity of DCLs, pattern-based recognition tools are particularly well
suited for data analysis. So far, DCL sensors were often based on dynamic mixtures of metal-
dye complexes, and read-out was achieved by UV-vis spectroscopy.’® Here, we have
described a novel approach to create an adaptable system for pattern-based sensing. A mixture
of only two compounds, the fluorescent amphiphiles 2 and 3, was shown to constitute a
sensing ensemble, which allows aminoglycosides in the low micromolar concentration range
to be differentiated by fluorescence spectroscopy. The molecular basis for the sensor response
is the multivalent interaction of the polycationic analytes with the polyanionic micellar

aggregates formed from 2 and 3. Overall, our results demonstrate the potential of fluorescent
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amphiphiles for the creation of DCL sensors. By using different types of host-guest

interactions, it should be possible to extend this approach towards other classes of analytes.

3.4 Experimental

All chemicals and solvents were purchased from standard suppliers and used without
further purification. Stock solutions were prepared with bidistilled water and were stored at
4 °C. MOPS buffer (10 mM MOPS buffer, pH 7.0) was prepared by dissolving 3-(N-
morpholino) propanesulfonic acid in bidistilled water. HCI and NaOH solutions were used to
adjust the pH of the buffer. Fluorescence measurements were performed on a Varian Cary
Eclipse fluorescence spectrophotometer at room temperature. Absorption spectra were
measured on a Cary 50 bio spectrometer (Varian). Quartz cuvettes were used for the
absorbance and fluorescence measurements. *H and *C NMR spectra were recorded on a
Bruker Advance DPX 400 and 500 instruments at 25 °C. Multiplicities of the *H NMR signals
are assigned as following: s (singlet), d (doublet), t (triplet), dd (doublet of doublet), m
(multiplet), (pp pseudo pentet). DLS measurements were performed with Zetasizer nano ZS90
(Malvern) instrument. High resolution mass spectra were recorded with a waters Q-TOF
Ultima (ESI-TOF) instrument.

Stock solutions of dye 2 (2.0 mM) and 3 (50 uM) were prepared in 10 mM MOPS
buffer (pH 7.0). For the fluorescence measurements, aliquots of the stock solutions were
diluted with MOPS buffer (10 mM MOPS, pH 7.0). The final volume in all samples was 1.5
mL. The fluorescence spectra of the resulting solutions were recorded at room temperature
(Aex: 335 nm for 2, Zex: 460 nm for 3). The fluorescent signal was measured 10 min after
sample preparation. A mixture of dye 2 and 3 ([2]fina = 4 UM; [3]fina = 30 UM) in buffered
aqueous solutions (10 mM MOPS, pH 7.0) was used as the sensing system. Seven different
analytes (apramycin, paromomycin, neomycin, amikacin, kanamycin B, kanamycin A, and
gentamicin) were employed. These analytes were also tested with dye 2 (4 uM) and dye 3 (5
and 30 uM) individually. The three aminoglycosides apramycin (A), paromomycin (P), and
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kanamycin B (KB), as well as equimolar mixtures of A+KB, A+P, P+KB and A+P+KB (total
conc. = 10 uM) were selected for selectivity test.

The CMC values was calculated using the shift in the emission of the dye 2 and 3. In
detail, the fluorescence emission maxima of solutions of dye 2 shift from 378 to 390 nm upon
increasing the concentration from 1 to 256 pM (Figure 3.5, left side). Similarly, the
fluorescence emission maxima for solutions of 3 shift from 503 to 529 nm upon increasing the
concentrations from 1 to 45 uM (Figure 3.5, right side). The cmc was determined by linear

extrapolation as described in the literature.3?8

A solution of dye 3 (2.4 mM, 10 mM MOPS, pH 7.0) was measured in TEM (Figure
A 35). In detail, samples were placed on a Lacey carbon coated 300 mesh copper grid. Uranyl
acetate solution (2 wt%) was used for staining. A drop of the respective solution (20 pL) was
put on a parafilm sheet. The grid was placed on the top of the drop with its upper side down
and kept there for 2 min. Then, an aliquot of the uranyl acetate solution (20 pL, 2 wt%) was
put on a other parafilm sheet. After 2 minutes the grid was taken and placed on the top of the
drop with its upper side down and kept there for 5 min. Stained grids were dried in the fume

hood at room temperature.

For DLS measurements, buffered aqueous solutions of dye 2 (1.0 mM) and dye 3 (50
uM) were prepared (10 mM MOPS, pH 7.0) and then filtered (PTFE filter, 0.22 puM). The
solutions were found to contain polydisperse aggregates with an average size of 6 nm (2) and

12 nm (3), respectively.

Five independent fluorescence measurements were performed for each sample for the
multivariate analysis. The data were analyzed with the help of the statistics software SYSTAT
11. A stepwise variable selection algorithm was used to select appropriate wavelength for the
multivariate analyses. Fluorescence emission values in the region between 365 and 620 nm
with incremental steps of 5 nm (365, 370, 375, etc) were used as input for the variable
selection algorithm. Four wavelengths were selected: 380 nm, 515 nm, 545 nm, and 615 nm.
The emission values at these four wavelengths were used as input for linear discriminant

analyses (LDA) and principal component analyses (PCA).

Sensing was also tested with the dye 2 and dye 3 alone. The solutions were prepared
as described above. For the dye 2 alone, a stepwise variable selection algorithm was
employed to select three wavelengths: 375, 390, and 410 nm. The emission values at these

wavelengths were used as input for linear discriminant analyses (LDA) and principal
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component analyses (PCA). For the dye 3 alone, a stepwise variable selection algorithm was
employed to select three wavelengths: 380, 515, and 545 nm. The emission values at these
wavelengths were used as input for linear discriminant analyses (LDA) and principal

component analyses (PCA).

K,COg, KI
OH 7 Acetone, Reflux OAM

7
N

Compound N was synthesized in a similar fashion as described in the literature for a
related compound:®?° 1-Bromohexadecane (5.28 g, 17.3 mmol), potassium carbonate (3.59,
26.0 mmol) and potassium iodide (~ 5 mg) were added to a refluxing solution of naphthalen-
2-0l (2.50g, 17.3 mmol) in acetone (200 mL). The reaction mixture was heated under reflux
with stirring for 24 h. The mixture was then cooled to 4 °C, resulting in the formation of a
white precipitate. The precipitate was isolated by filtration and dissolved in chloroform (50
mL). After filtration of salts, the solvent was removed under reduced pressure to give
compound N as a white solid (5.12 g, 13.9 mmol, 81%). Compound N was used for the

synthesis of dye 2 without further purification.

IH NMR (400 MHz, CDCls): 5= 0.81 (t, J = 4.0 Hz, 3 H, CHs), 1.17-1.34 (m, 24 H, CHy),
1.43 (pp, J = 6.6 Hz, 2 H, CH,), 1.77 (pp, J = 6.6 Hz, 2 H, CHy), 4.00 (t, J = 6.6 Hz, 2 H,
OCH3), 7.03-7.08 (m, 2 H, CHurom), 7.22-7.27 (m, 1 H, CHarom), 7.32-7.37 (m, 1 H, CHarom),
7.62-7.69 (m, 3 H, CHarom). 3C NMR (100 MHz, CDCls): & = 14.12, 22.70, 26.13, 29.27,
29.37, 29.44, 29.61, 29.62, 29.68, 29.71, 31.94, 68.05, 106.57, 119.03, 123.43, 126.25,
126.67, 127.62, 128.88, 129.28, 134.63, 157.12. ESI-MS calcd. for CasHaO [(M)] m/z =
369.3157 found 369.3168.

Chlorosulfonic Acid H4NO3S
ErTe—— 99
O/\(\/‘); Chloroform \”\O/\G/)\
7

N SO3NH,

2
Dye 2 was synthesized in a similar fashion as described in the literature for a related
compound:3% A solution of chlorosulfonic acid (3.44 mL, 51.8 mmol) in CHCI3 (40 mL) was
added dropwise over 1 h under stirring to a cooled (0 °C) solution of compound N (1.73 g,

4.71 mmol) in CHCI3 (20 mL). The ice bath was then removed and the mixture was stirred for
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additional 2 h at room temperature resulting in the formation of a white precipitate. The
precipitate was isolated by filtration, washed with chloroform, and redissolved in water (~ 50
mL). The pH of the solution was adjusted to pH 7 by addition of aqueous NaOH (8 M), and
the solution was dried under vacuum. Purification by column chromatography (SiOz; eluent:
ammonia (25 %) : isopropanol; 1 : 2) gave dye 2, which still contained minor amounts of a
second isomer. After recrystallization from methanol/hexane for three times and drying in
vacuum, dye 2 was obtained as pure product (0.61 g, 1.08 mmol, 23%).

'H NMR (400 MHz, CD3s0D): 6§=0.92 (t, J = 6.3 Hz, 3 H, CH3), 1.28-1.50 (m, 24 H, CH>),
1.56 (p, J = 6.6 Hz, 2 H, CH»), 1.88 (p, J = 6.6 Hz, 2 H, CH>»), 4.21 (t, J = 6.4 Hz, 2 H,
OCHy), 7.24 (dd, J = 9.0, 2.5 Hz, 1 H, CHarom), 7.90 (d, J = 9.0 Hz, 1 H, CHarom), 8.26 (d, J =
2.5 Hz, 1 H, CHarom), 8.35 (d, J = 1.9 Hz, 1 H, CHarom), 8.62 (d, J = 1.9 Hz, 1 H, CHarom).
13C NMR (100 MHz, CD3s0D): & = 14.44, 23.74, 27.27, 30.38, 30.48, 30.58, 30.76, 30.80,
33.08, 69.21, 107.18, 121.04, 124.77, 129.24, 130.00, 131.59, 132.53, 139.86, 141.12, 160.20.
ESI-MS calcd. for CosH3sS207Naz [(M-2NH4+2Na)] m/z = 573.1932 found 573.1946.

o)
Et;N, BF3.0Et,
N
H

8 DCM, RT

Compound B1 was synthesized in a similar fashion as described in the literature:324
Stearoyl chloride (490 uL, 1.46 mmol) was added under N> to a stirred solution of 2,4-
dimethyl pyrrole (300 uL, 2.91 mmol) in dry CH2Cl> (100 mL). After 4 h, triethylamine (1.01
mL, 7.28 mmol) and BFsxOEt; (1.29 mL, 10.2 mmol) were added. After stirring for 30
minutes, the mixture was washed with water (3 x 100 mL) and dried over Na;SOas. The
solvent was the removed under vacuum and the product was purified by column
chromatography (SiO2; eluent: EtOAcC : Hexane, 1 : 20) to give compound B1 as a red solid
(354 mg, ~0.73 mmol, ~25%). The product contained small impurities but it was used without
further purification. *H NMR (400 MHz, CD30OD): 6= 0.81 (t, J = 7.0 Hz, 3 H, CHj3), 1.18-
1.32 (m, 26 H, CH2), 1.36-1.46 (m, 2 H, CH2), 1.51-1.61 (m, 2 H, CH2), 2.34 (s, 6 H, CH3),
2.44 (s, 6 H, CHs), 2.83—2.89 (m, 2 H, CH2), 5.98 (s, 2 H, CHarom) . ESI-MS calcd. for
CsoH49BF2N2Na [(M+Na)] m/z = 509.3860 found 509.3844.
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CISOzH

B1 3

Dye 3 were synthesized in a similar fashion as described in the literature:*>* A solution
of chlorosulfonic acid (26.6 pL, 0.4 mmol) in CH2Cl, (5 mL) was added dropwise over 20
min under stirring to a cooled (=50 °C) solution of compound B1 (100 mg, 0.20 mmol) in
CHCl, (20 mL). The ice bath was then removed and the mixture was stirred to reach room
temperature resulting in the formation of a red precipitate. The precipitate was isolated by
filtration, washed with CH2Cl», and redissolved in aqueous bicarbonate solution (10 mL, 40
mM). The solution was dried under vacuum. Purification by column chromatography (SiOz;
eluent: SiO; eluent: CHClz : MeOH : H.O - 7 : 3 : 0.5) gave 3 as a red solid (28 mg, 0.046
mmol, 24%).

IH NMR (400 MHz, CDsOD): 6= 0.80 (t, J = 7.0 Hz, 3 H, CHs), 1.15-1.35 (m, 28 H, CHy),
1.44 (p, J = 7.5 Hz, 2 H, CH,), 1.50-1.65 (m, 2 H, CH>), 2.38 (s, 3 H, CHs), 2.39 (s, 3 H,
CHz), 2.62 (s, 3 H, CH3), 2.64 (s, 3 H, CH3), 2.98-3.04 (M, 2 H, CHy), 6.14 (s, 1 H, CHarom).
13C NMR (125 MHz, CDs0OD): & = 12.61, 12.92, 13.12, 15.45, 22.24, 28.02, 28.97, 29.26,
29.79, 31.50, 31.58, 122.58, 129.17, 132.59, 132.84, 137.30, 142.93, 148.61, 150.60, 156.38.
ESI-MS caled. for CaoHasBF2N20sS [(M-Na+H)] m/z = 565.3452 found 565.3448.
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4 Selective Detection of AlI** and Citric Acid
with a Fluorescent Amphiphile

AlR*
AR citrate
n{ —3 — ;
AR AP
fluorescent non-fluorescent fluorescent

In this chapter, we present a fluorescence chemosensor based on analyte-induced
aggregation/de-aggregation concept for the sensing of Al** and citric acid in buffered aqueous
solution. An amphiphilic dye with a disulfonated BODIPY head group and a heptadecane side
chain is used for this purpose. In buffered aqueous solution, the amphiphile can form
aggregates and the aggregation of the dye is associated with a strong quenching of its
fluorescence. AI®* promotes aggregation, whereas other metal ions have a much smaller
effect, in particular when histidine is added as masking agent. The Al**-induced aggregation
process can be used to sense AI®* in the low micromolar concentration range with high
selectivity. Furthermore, we demonstrate that a dye-Al** mixture can be used as a sensing
ensemble for the detection of citric acid. The assay allows the citric acid content of

commercial beverages such as energy drinks to be quantified.

This work was published in:33 “Selective detection of AI** and citric acid with a fluorescent
amphiphile” Ziya Kostereli and Kay Severin, Org. Biomol. Chem., 2015, 13, 252-257.
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4.1 Introduction

As we have discussed in previous chapters, the analyte-induced aggregation and de-
aggregation (disassembly) of photoluminescent molecules has been used extensively for
sensing purposes. In chapter 2 and 3, we have shown that amphiphiles with polysulfonated
fluorescent head groups can be employed as molecular probes for the detection of spermine
and aminoglycosides. In both cases, the polycationic analytes are assumed to undergo a
multivalent interaction with the anionic amphiphile, thereby facilitation micellation. This
process is associated with a change of the optical properties of the fluorescent head group,
thereby allowing the detection of the analyte (Scheme 4.1). We hypothesized that a similar

approach could be used for the detection of Al** ions.

Analyte

Scheme 4.1 The analyte-induced aggregation of amphiphiles can be used for sensing purposes if
aggregation induces a change in the optical properties of the amphiphile.

N
Q
S
&

Aluminum is a ductile metal and it is the third most abundant element on the surface
of the Earth.®3 It is not an essential element for living systems.332-333 |n the bodly, it is found
as a trivalent cation, AI**. AI** has pharmacological effects. At high doses, AI** can be
neurotoxic.232-3%3 Furthermore, the accumulation of AIP* in the human body has been
associated with Alzheimer’s disease.3*43%° The world health organization (WHO) limit of AI**
in safe drinking water is 7 uM.3% Given its biological relevance, it is not surprising that
numerous optical probes for AI** have been reported.102 108 337361 However, these sensing
systems often require substantial amounts of organic co-solvents337: 340, 344, 346, 349-355, 357, 359-361
or they suffer from interference from other metal ions.337: 357-358 So far, there are few studies

about the detection of AI** by analyte-induced aggregation of fluorophores.102 343,345
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The Kim group has published a fluorescence assay for the sensing of aluminum and
cyanide ions.® The probe is based on a phenol-naphthol (Figure 4.2), which has no emission
in water. However, addition of AI** to the probe caused a turn-on response of the probe
complexation. There was no significant change upon addition of other metal ions. However, if
same probe was used in methanol, there was a turn-off response upon addition of cyanide
ions. The probe was selective for cyanide over potential ions such as H.PO4 =, CH3COO ~,
F~,Br~, 1" and ClI".

=
Turn on AR N O CN° Turn off
Response Water OH o Response

HO O Methanol
PNI

Scheme 4.2 The structure of the PNI probe used for the detection of A** and CN-

Another chemosensor for AI** was published by Govindaraju et.al. They synthesized a
quinoline-coumarin fluorescent probe based on an ICT mechanism (Figure 4.3).34" The probe
has weak emission in mixed solvents (acetonitrile : water = 9 : 1). Addition of different metal
cations caused different responses in the emission of the probe. The most pronounced
difference was seen upon addition of Zn?* and AI®*. Zn?* addition caused emission
enhancement and AI3* addition caused a 84 nm blue shift and a four fold enhancement in the
emission of the probe. These two distinct responses of the probe for Zn?* and AI** enabled

two different metal ions to be monitored using the same chemosensor.

M = AI®*  Blue Fluorescence

|v| L---O M = Zn?* Green Fluorescence

Scheme 4.3 The structure of the fluorescent probe for the detection of AI** and Zn?*

Below, we show that an amphiphilic dye with a disulfonated BODIPY head group and
a heptadecane side chain can be used to sense low micromolar concentrations of AI®* in
buffered aqueous solution with high selectivity. Furthermore, we show that an

amphiphile/AI** mixture can be used as a sensing ensemble for the detection citric acid.3% 362
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369 The system is based on analyte-induced aggregation/de-aggregation concept which was

discussed in chapter 1.2 and 1.3.

4.2 Results and Discussion

For this study, we synthesized the amphiphilic dyes 4 and 5 containing a disulfonated
BODIPY head group and alkyl side chains of different lengths (4: undecyl; 5: heptadecyl).
The dyes were obtained by sulfonation of the easily accessible precursors B2 and B1 with
chlorosulfonic acid in analogy to a known procedure (Scheme 4.4).%%* The sulfonated
BODIPY was chosen as fluorescent head group because of the high quantum vyield of this
fluorophore. Furthermore, we expected an emission maximum of higher than 500 nm, which
would be well suited for sensing applications because of reduced interference from

background fluorescence.3"°

1. CISO4H
DCM. -50 °C

2. NaHCO

2T e Naois—

—

Scheme 4.4 Synthesis of the fluorescent dyes 4 and 5.

Both amphiphiles were characterized by NMR spectroscopy and mass spectrometry.
The aggregation of the dyes in buffered aqueous solution (10 mM MOPS buffer, pH 7.0) was
investigated by concentration-dependent fluorescence spectroscopy. For dye 5, we observed a
shift of the fluorescence emission maximum from 504 to 534 nm (Jex. = 490 nm) upon
increasing the concentration from 0.21 to 105 puM (Figure 4.1). A critical micelle
concentration (cmc) of ~20 uM was determined by linear extrapolation of the relative

fluorescence emission intensity at 534 and 505 nm (Figure 4.2).
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Figure 4.1 Normalized fluorescence emission spectra (1ex = 490 nm) of buffered aqueous solutions
(20 mM MOPS, pH 7.0) containing different amounts of dye 5 (0.21-105 uM).
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Figure 4.2 Relative fluorescence intensity at 534 and 505 nm of the buffered aqueous solutions (10
mM MOPS, pH 7.0) containing different amounts of dye 5 (0.21-105 uM).

Similar experiments were performed with dye 4, which features a shorter undecy! side
chain. No evidence for aggregation was observed in the concentration range between 1 uM
and 1 mM. The formation of micellar aggregates by dye 5 at concentrations above 20 uM was

substantiated by dynamic light scattering (DLS) experiments. At a concentration of [5] = 50
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uM, we were able to observe aggregates with an average hydrodynamic diameter of 13 nm
(Figure 4.3).
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Figure 4.3 The size distribution of dye 5 aggregates as determined by DLS (average size is ~ 13
nm).

We hypothesized that metal cations could induce the aggregation of 5. Therefore, we
measured the fluorescence spectra of solutions containing dye 5 in the presence of different
metal salts ([M™] = 60 uM; stock solutions in MeOH). For these studies, a dye concentration
of [5] = 4.0 uM was chosen. This value is slightly below the cmc of the amphiphile. Most
metal salts had a very small effect on the fluorescence emission. For CuClz and for AICIs,
however, substantial fluorescence quenching was observed (Figure 4.4). The most
pronounced change was found for AICIs, the addition of which resulted in nearly complete

quenching of the fluorescence.

81



100

80

60

40 -

Emission Quenching / %

20

o e
YR PSP S e
Analytes

Figure 4.4 Fluorescence emission quenching (lex = 490 nm; Zem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H,O with 0.6 vol% MeOH) of dye 5 (4.0 uM) in the presence
different metal cations (60 uM). The values are averages of three independent measurements.

Control experiments with dye 4 support the hypothesis of analyte-induced
aggregation. Only minor fluorescence quenching was observed with AI®* (Figure 4.5),
indicating that a simple complexation between the BODIPY head group and
AIP* is not responsible for the optical changes observed for5. Experiments with the
solvatochromic probe Nile Red are in line with these results. When AI** was added to
solutions containing dye 5 (4.0 uM) and Nile Red (6.0 uM), an increased fluorescence at 660
nm was observed in the presence of AI** (Figure 4.6). This increase can be attributed to the
encapsulation of Nile Red in a hydrophobic domain.3’* Additionally, the change in UV-vis
spectrum of dye 5 upon addition of AI** indicates the formation of complex between the dye 5
and AI®* (Figure 4.7). Because of the low concentration of dye 5 under sensing conditions, we
were not able to confirm aggregation by DLS.
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Figure 4.5 Fluorescence emission quenching (lex = 490 nm; Jem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H,O with 0.6 vol% MeOH) of dye 4 (4.0 uM) in the presence of
different metal cations (60 uM).
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Figure 4.6 Fluorescence spectra (dex: 520 nm) of buffered aqueous solutions (10 mM MOPS, pH

7.0) of Nile Red (6.0 pM) and dye 5 (4.0 pM) in the absence (red) and in the presence (black) of AI**
(60 pM).
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Figure 4.7 Absorption spectra of buffered aqueous solutions (10 mM MOPS, pH 7.0, H,O with
0.6 vol% MeOH) containing dye 5 (4.0 uM) and histidine (5.0 mM) in the absence (black) and in the
presence (red) of A" (6uM).

In order to enhance the selectivity for AI3*, we explored different masking agents. The
amino acid histidine, a known chelate ligand for transition metal ions,®”? was found to give
good results. In the presence of 5.0 mM histidine, none of the metal ions gave a significant
fluorescence change apart from AI®* (Figure 4.8). For the latter, an emission quenching of

nearly 90% was observed.

Fluorescence titration experiments with solutions of 5 and different amounts of AIClIs,
CuClz, ZnCly, NiCly, and Cd(NO3)2 (0-135 uM) showed that it is possible to selectively sense
low micromolar concentrations of AI** with a detection limit of approximately 3 pM (30o)
(Figure 4.9).
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Figure 4.8 Fluorescence emission quenching (lex = 490 nm; Aem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H,O with 0.6 vol% MeOH) of dye 5 (4.0 uM) with the masking

agent histidine (5.0 mM) in the presence different metal cations (60 uM). The values are averages of
three independent measurements.
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Figure 4.9 Fluorescence emission quenching (Aex = 490 nm; Aem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H,O with 0-1.3 vol% MeOH) containing dye 5 (4.0 uM), histidine
(5.0 mM), and different amounts of AlI**(red symbols), Cd** (cyan symbols), Cu? (olive symbols),

Ni** (blue symbols), or Zn?* (violet symbols). The data points are averages of three independent
measurements. The errors are less than 4%.
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The good selectivity was further confirmed by measuring the fluorescence of solutions
containing dye 5 (4.0 uM), histidine (5.0 mM), AIClz (20 uM) and an additional metal salt (20

uM). In all cases a fluorescence quenching of around 40% was observed (Figure 4.10).
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Figure 4.10 Fluorescence emission quenching (lex = 490 nm; Aem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H,O with 0.4 vol% MeOH) containing dye 5 (4.0 uM), histidine
(5.0 mM), AI** (20 uM) and different metal cations (20 uM).

Citric acid is known to bind AI** with high affinity and selectivity.%® 373 Therefore, it
seemed possible to use citric acid for the disassembly of dye 4-Al3* aggregates. This is indeed
the case. When citric acid was added to a buffered aqueous solution containing dye 5 (4.0
uM) and AICIz (120 uM), an increased fluorescence emission at 505 nm was observed (Figure
4.11), suggesting the formation of monomeric 5. It is thus possible to use a mixture of 5 and
AlP* as a sensing ensemble for the detection of citric acid via a turn-on fluorescence signal.1%
364-365, 367-368 The titration data depicted in Figure 4.11 and 4.12 could be used to sense citric

acid in the low micromolar concentration range with a detection limit of approximately 5 uM
(30'0).
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Figure 4.11 Fluorescence emission spectra (dex = 490 nm; Aem =505 nm) of buffered aqueous

solutions (10 mM MOPS, pH 7.0, H,O with 1.2 vol% MeOH) containing dye 5 (4.0 uM),
APP* (120 uM), and different amounts of citric acid (0—400uM).
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Figure 4.12 Fluorescence emission intensity (lex = 490 nm; lem = 505 nm) of buffered aqueous
solutions (10 mM MOPS, pH 7.0, H.O with 1.2 vol% MeOH) containing dye 5 (4.0 uM), AI** (120
uM), and different amounts of citric acid (0-400 puM). The data points are averages of three
independent measurements. The errors are less than 4%.

The selectivity of this assay turned out to be very good. Several biological relevant

carboxylic acids were tested (400 uM), most of which gave a negligible optical response
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(Figure 4.13). Only tartaric acid resulted in a fluorescence signal, but its intensity was only
1/3 of that of citric acid. We have also tested the influence of glucose, fructose, or sucrose
(400 uM in each case) on the sensing system. These carbohydrates gave a negligible

fluorescence response.
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Figure 4.13 Fluorescence emission intensity (lex = 490 nm; Aem = 505 nm) of buffered agueous
solutions (10 mM MOPS, pH 7.0, H,O with 1.2 vol% MeOH) of dye 5 (4.0 uM) and AI** (120 uM) in
the presence different analytes (400 uM). The values are averages of three independent measurements.

The good selectivity and sensitivity of our citric acid assay prompted us to examine
the possibility of detecting and quantifiying citric acid in commercial beverages. Three energy
drinks, two soft drinks, and one mineral water were chosen as representative samples. First,
we have determined the content of citric acid in these samples by *H NMR spectroscopy. This
analytical technique is well suited for such an analysis because the signals of the CH2 group
of citric acid are well separated in the spectra, allowing for a reasonably precise integration
(see Annex, Figure A51-A57). We then determined the citric acid concentration of the
samples using a mixture of dye 5 and AICIs as a sensing ensemble. The fluorescence signal
was converted into a concentration value by using the calibration curve depicted in Figure
4.12. As shown in Figure 4.14, the match between the values obtained by NMR and by

fluorescence spectroscopy is remarkably good.
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Figure 4.14 Concentration of citric acid in drinks as determined by *H NMR spectroscopy (black
bars) and by the dye 5-Al** sensing ensemble (red bars). Experimental details are given in the Chapter
4.4,

4.3 Conclusion

The amphiphilic fluorescent dye 5 with a disulfonated BODIPY head group and a
heptadecyl side chain can be used to sense AlI®*in the low micromolar concentration range
with high selectivity. The optical response is due to analyte-induced aggregation of the dye.
From an application point of view, it is noteworthy that the assay can be performed in
aqueous solution at neutral pH without the need of large amounts of organic co-solvents.
Citric acid, a known chelator for AI®*, can reverse the aggregation of 5. It is thus possible to
use a mixture of 5and Al**as a turn-on fluorescence sensor for citric acid. As proof of
concept, we have shown that it is possible to detect the citric acid concentration in
commercial beverages. Overall, our results provide further evidence for the utility of

fluorescent amphiphiles in supramolecular analytical chemistry.
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4.4 Experimental

All chemicals and solvents were purchased from standard suppliers and used without
further purification. Stock solutions of respective dye 4 (1 mM) and dye 5 (105 uM) were
prepared in 10 mM MOPS buffer (pH 7.0). Stock solutions of histidine (100 mM) and
carboxylic acid analytes (citric acid: 20 mM; citric acid, adipic acid, aspartic acid, glutamic
acid, lactic acid, maleic acid, succinic acid, tartaric acid: 200 mM) were prepared in bidistilled
water. Stock solutions of metal analytes (2 mM and 10 mM) were prepared in methanol.
NiCl,, ZnCly, AICls, CuCly, CaCl,, KCI, NaCl, AgCl, Ga(acac)s, Cd(NOs)2, Fe(ClO4)2,
Co(C2H302), salts were used to prepare metal stock solutions. All solutions were stored at
4°C. MOPS buffer (10 mM MOPS buffer, pH 7.0) was prepared by dissolving
3—(N—morpholino) propanesulfonic acid in bidistilled water. HCl and NaOH solutions were
used to adjust the pH of the buffer. The samples were prepared by mixing aliquots of the
corresponding stock solutions with MOPS buffer in quartz cuvettes. The final volume of all
samples was 1.5 mL. The fluorescent signal was measured 3 minutes after sample
preparation. Dye 4 (4.0 uM) was used in control experiments with the same analytes. A
mixture of dye 5 (4.0 uM) and AICIz (120 pM) in buffered aqueous solutions (10 mM MOPS,
pH 7.0) was used as a sensing system for citric acid detection. Fluorescence measurements
were performed on a Varian Cary Eclipse fluorescence spectrophotometer at room
temperature. Absorption spectra were measured on a Cary 50 bio spectrometer (Varian).
Quartz cuvettes were used for the absorbance and fluorescence measurements. 'H and 13C
NMR spectra were recorded on a Bruker Advance DPX 400 and 800 instruments at 25 °C.
Multiplicities of the 'H NMR signals are assigned as following: s (singlet), d (doublet), t
(triplet), m (multiplet). DLS measurements were performed with Zetasizer nano ZS90
(Malvern) instrument. High resolution mass spectra were recorded with a waters Q—TOF
Ultima (ESI-TOF) instrument.

For determining the cmc, a stock solution of dye 5 (105 puM) was prepared in 10 mM
MOPS buffer (pH 7.0). Aliquots of the stock solutions of dye 5 were diluted with MOPS
buffer (10 mM MOPS, pH 7.0). The fluorescence spectra of the resulting solutions were
recorded at room temperature (Lex: 490 nm). The fluorescence emission maxima of solutions
of dye 5 shift from 504 to 534 nm upon increasing the concentration from 0.21 to 105 uM

(Figure 4.1). The cmc was determined by linear extrapolation as described in the literature.3?®
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A value of cmc = 20 uM was obtained (Figure 4.2). For dye 4, no evidence for aggregation

was observed in the concentration range between 1 uM and 1 mM.

For the DLS measurements, a solution of dye 5 (50 uM) in buffer (10 mM MOPS, pH
7.0) was prepared and then filtered (PTFE filter, 0.22 uM). The solution contained
polydisperse aggregates according to the measurements, but the results met the data quality
criteria. For dye 4, we were not able to detect aggregate by DLS. Nile Red was also used as

described in section 8.3.

For the real world sample testing, the following commercial beverages were used:
energy drink 1 (Denner energy drink), energy drink 2 (Migros energy drink, sugar free),
energy drink 3 (Red Bull, sugar free), soft drink (Yedigun from Pepsi Co.), ice tea (Lipton ice
tea, peach), and mineral water (Henniez drinking water). 'H NMR spectroscopy in
combination with isopropanol as internal standard was used to determine the concentration of
citric acid in the samples. First, a reference sample containing 50 mM citric acid and 50 mM
isopropanol in a mixture of H20O and D20 (9:1) was analyzed by 'H NMR spectroscopy. The
citric signals at 2.75 ppm and 2.97 ppm and the isopropanol signal at 1.10 ppm were
integrated as a calibration set. For the analysis of the beverages, we have mixed 0.9 mL of the
respective drink with 0.10 mL of D20 and 3.85 pL of isopropanol (conc.fina = 50 mM). The
concentration of citric acid was then determined by integration of the citric acid and
isopropanol peaks while taking into account the relative signal intensities of the reference
sample. Three independent measurements were performed for each sample. A representative
spectrum for each type of sample is shown in Figures A 51-A 57. For the fluorescence
measurements, we have added 5 pL of the respective beverage to buffered aqueous solutions
(10 mM MORPS, pH 7.0, H20 with 1.2 vol% MeOH, final volume: 1.5 mL) containing dye 5
(4.0 pM) and AICI3 (120 puM). After 3 minutes, a fluorescence spectrum was recorded and the
emission intensity at 505 nm was determined (Aex = 490 nm). The signal intensity was
converted into a concentration value by using the calibration curve shown in Figure 4.12.

Three independent measurements were performed for each sample.

(0]
EtsN, BF3.0Et,
/[f + C|)L€/‘)\ — >
N 5
H
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Compound B2 was synthesized in a similar fashion as described in the literature:32*
Dodecanoyl chloride (231 pL, 0.97 mmol) was added under N> to a stirred solution of 2,4-
dimethyl pyrrole (200 uL, 1.94 mmol) in dry CH2Cl> (50 mL). After 4 h, triethylamine
(0.71 mL, 6.31 mmol) and BFsxOEt, (0.86 mL, 6.80 mmol) were added. After stirring for 30
minutes, the mixture was washed with water (3 x 50 mL) and dried over NaSOa. The solvent
was the removed under vacuum and the product was purified by column chromatography
(SiO2; eluent: EtOAC : Hexane, 1 : 20) to give compound B2 as a red solid (210 mg, ~0.52
mmol, ~27%). The product contained small impurities but it was used without further
purification. *tH NMR (400 MHz, CDs0D): 6= 0.81 (t, J = 7.0 Hz, 3 H, CH3), 1.16-1.30 (m,
14 H, CHy), 1.35-1.46 (m, 2 H, CH>), 1.49-1.59 (m, 2 H, CH>), 2.32 (s, 6 H, CH3), 2.43 (s, 6
H, CHzs), 2.80—2.86 (m, 2 H, CH>), 5.96 (S, 2 H, CHarom) . ESI-MS calcd. for C24H37BF2N>
[(M+H)] m/z = 403.3101 found 403.3109.

CISO4H
DCM, -50 °

Dye 4 were synthesized in a similar fashion as described in the literature:32* A solution
of chlorosulfonic acid (49.8 uL, 0.75 mmol) in CH2Cl> (5 mL) was added dropwise over 20
min under stirring to a cooled (=50 °C) solution of compound B2 (100 mg, 0.25 mmol) in
CH2ClI2 (30 mL). The ice bath was then removed and the stirred mixture was warmed to room
temperature, resulting in the formation of a red precipitate. The precipitate was isolated by
filtration, washed with CH.Cl,, and redissolved in aqueous bicarbonate solution (10 mL, 40
mM). The solution was dried under vacuum. Purification by column chromatography (SiO;
eluent: SiO; eluent: CHCIl3:MeOH:H-0; 7:3:0.5) gave 4 as a red solid (61 mg, 0.087 mmol,
35%). 'H NMR (400 MHz, CDs0D): §=0.80 (t, J = 7.0 Hz, 3 H, CH3), 1.15-1.35 (m, 14 H,
CH2), 1.46 (p, J = 8.0 Hz, 2 H, CHy), 1.55-1.64 (m, 2 H, CH>), 2.65 (s, 6 H, CH3), 2.69 (s, 6
H, CHs), 3.09-3.13 (m, 2 H, CH,). 13C NMR (100 MHz, CDs0D): ¢ = 13.00, 13.03, 13.39,
22.32, 28.20, 29.06, 29.29, 29.31, 29.84, 31.55, 31.65, 130.57, 134.34, 139.61, 150.99,
153.49. ESI-MS calcd. for C24H35BF2N206S, [(M-2Na)?] m/z = 280.1001 found 280.1006.
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CISO3H
DCM, -50 °

Dye 5 were synthesized in a similar fashion as described in the literature:*>* A solution
of chlorosulfonic acid (39.9 uL, 0.60 mmol) in CH2Cl, (5 mL) was added dropwise over 20
min under stirring to a cooled (—50 °C) solution of compound B1 (100 mg, 0.20 mmol) in
CH>ClI> (30 mL). The ice bath was then removed and the stirred mixture was warmed to room
temperature, resulting in the formation of a red precipitate. The precipitate was isolated by
filtration, washed with CH2Cl», and redissolved in aqueous bicarbonate solution (10 mL, 40
mM). The solution was dried under vacuum. Purification by column chromatography (SiO;
eluent: SiOo; eluent: CHCIl3:MeOH:H.0; 7:3:0.5) gave 5 as a red solid (20.7 mg, 30 pmol,
15%). *H NMR (800 MHz, CDs0OD): 6=10.80 (t, J = 7.0 Hz, 3 H, CH3), 1.15-1.35 (m, 26 H,
CH2), 1.46 (p, J = 8.0 Hz, 2 H, CHy), 1.55-1.61 (m, 2 H, CH>), 2.65 (s, 6 H, CH3), 2.69 (s, 6
H, CHs), 3.10-3.12 (m, 2 H, CH,). 3C NMR (200 MHz, CD3;0D): § = 13.0, 13.07, 13.39,
22.36, 28.21, 29.10, 29.27, 29.35, 29.38, 29.41, 29.90, 31.56, 31.69, 130.57, 134.32, 139.62,
151.02, 153.47. ESI-MS calcd. for C3oHa7BF2N206S, [(M-2Na)?] m/z = 322.1471 found
322.1469.
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5 Fluorescence Sensing of Vitamin Kz using
a Simple Micelle-Based Assay

QD i S
—» Vit KD

High Fluorescence Low Fluorescence

In this chapter, we describe a simple micelle-based assay for the fluorescence sensing
of Vitamin Ki. It enables the detection of vitamin Ki in the low micromolar concentration
range. As a sensing ensemble, we employ a mixture of the surfactant triton X-100 and
1-aminopyrene in buffered aqueous solution. Vitamin Ki co-localizes with the fluorescent
pyrene dye in the micelle, resulting in fluorescence attenuation by dynamic quenching. The
assay displays good selectivity and can be used to determine the concentration of vitamin K

in a commercial preparation.
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5.1 Introduction

Vitamin Ky is a fat-soluble vitamin which is needed for the production of proteins
involved in blood coagulation.®” It is synthesized in plants, and high concentrations are found
in the green leaves of vegetables such as spinach, cabbage, and kale.2”>-376 In case of vitamin
K. deficiency, it can be supplied to the body by intramuscular injection or oral
administration.®* Vitamin K is mainly analyzed by chromatographic techniques.33% 374-38
The post-column detection by fluorescence spectroscopy is possible, but only after reduction
of the naphthoquinone group to the highly fluorescent hydroquinone form,375-376. 382-385 The
chemical reduction of vitamin Ki; by Ti%* has also been used for the spectrophotometric
detection of vitamin K1.38¢ A sensing system based on micelles could be an alternative way of

detection method for this hydrophobic analyte.

Below, we describe a simple and fast assay for the optical detection of vitamin Ki. The
assay does not require a chemical reaction of the analyte. Fluorimetric detection of vitamin K1
is achieved by combining the surfactant triton X-100 with the fluorescent dye 1-aminopyrene
in buffered aqueous solution. Addition of vitamin K: to this sensing ensemble results in
fluorescence quenching, allowing the selective detection of vitamin Ky in the low micromolar

concentration range.

5.2 Results and Discussion

Optical chemosensors typically feature a recognition unit and a sensing unit. The
development of a selective recognition unit for vitamin K; is a challenging task because a
large part of the molecule is highly flexible. Furthermore, it only features two C=0 functional
groups, which are difficult to exploit for molecular recognition. We therefore decided to build
a fluorescent sensor based on a dynamic instead of a static quenching process. In view of the

intrinsic lipophilicity of vitamin K1, we explored mixtures of dyes and surfactants as sensing
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ensembles. Our hypothesis was that the naphthoquinone part of vitamin K could induce

fluorescence quenching of a dye upon co-localization inside a micelle (Scheme 5.1).

Naphthalene Anthracene
i i NH, i
&2 5% OO0 O X
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o Pyrene Aminopyrene  Pyrene dione
=
Vitamin K, O‘ 3 OO
) 99

Perylene Coronene

Scheme 5.1 A micelle-based sensing ensemble for the detection of vitamin K; and the structures of
the dyes used for sensiticity test.

To test our hypothesis, we used buffered aqueous solutions of the surfactant triton X-
100 (0.90 mM) in combination with different lipophilic fluorophores (4.0 uM) as potential
sensing ensembles (Scheme 5.1). In order to get a first impression of the selectivity of the
sensor, we used the target vitamin K1 as well as the potential interferents vitamin E and
carotene as analytes. Upon addition of the vitamin Ki (final conc. = 4.0 puM) to the
surfactant/dye mixtures, we observed pronounced fluorescence quenching between 30 and 71
% (Figure 5.2). The potential interferents vitamin E and carotene also resulted in a reduced
fluorescence, but the amount of quenching was lower than what was observed for vitamin K.
The best selectivity was observed for 1-aminopyrene, which gave a very small response for
vitamin E and a reasonably good selectivity for vitamin Ki over carotene. Since selectivity
appeared to be more crucial than small differences in sensitivity, we focused on 1-

aminopyrene for further studies.
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Figure 5.1 Fluorescence emission quenching of buffered aqueous solutions (100 mM MOPS, pH
7.0, H2O with 0.8 vol% EtOH or 0.8 vol% EtOH:DMSO, 1:1) containing triton X-100 (0.90 mM),

different aromatic dyes (4.0 uM), and the analytes (4.0 pM) vitamin K; (red), vitamin E (cyan) or
carotene (blue).

First, we examined whether other surfactants would give better results. The
amphiphiles, hexadecyltrimethylammonium bromide (Ci6TABr), sodium dodecyl sulfate
(SDS), and polysorbate 20 (Tween 20) were chosen for comparison. As in the case of triton
X-100, a surfactant concentration slightly above the critical micelle concentration was
employed. Out of the four surfactants, triton X-100 gave the best results (Figure 5.2).

Having identified triton X-100/1-aminopyrene as the 'best' mixture, we optimized the
concentration of triton X-100 micelles to obtain good sensing condition (Figure 5.3). Then,
we performed a more detailed analysis of the selectivity of the system. In addition to the
analytes mentioned above, we employed the synthetic vitamin Ks, vitamin D and B, and a
series of different lipophilic molecules including common fatty acids. The results are depicted
in Figure 5.4. The sensor is remarkably selective for vitamin K, with most competing

analytes resulting in less than 5% fluorescence quenching (carotene: 13%, Vitamin Ks: 9%)

99



50

Emission Quenching / %

I T T
Triton x-100 Tween 20 C16TABr SDS

Figure 5.2 Fluorescence emission quenching (Aex = 350 nm, xem = 432 nm) of buffered aqueous
solutions (100 mM MOPS, pH 7.0, H20 with 0.8 vol% EtOH) containing 1-aminopyrene (4.0 pM)
and the surfactant triton X-100 (0.90 mM), Tween 20 (70 uM), CicTABr (1.0 mM), or SDS (9.0 mM)
upon addition of vitamin K; (4.0 uM). The values are averages of three independent measurements.
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Figure 5.3 Fluorescence emission quenching and fluorescence emission intensity (ex = 350 nm, Aem
= 432 nm) of buffered aqueous solutions (100 mM MOPS, pH 7.0, H,O with 0.8 vol% EtOH)
containing triton X-100 (0.22—4.0 mM) and 1-aminopyrene (4.0 uM) upon addition of vitamin Ki
(4.0 pMm).
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Figure 5.4  Fluorescence emission quenching (lex =350 nm, Aem = 432nm) of buffered aqueous

solutions (100 mM MOPS, pH 7.0, H-O with 0.8 vol% EtOH) containing triton X-100 (0.90 mM), 1-

aminopyrene (4.0 uM) and different analytes (4.0 uM). The values are averages of three independent
measurements.

Fluorescence titration experiments (Figure 5.6 and 5.7) with different amounts of
vitamin Ky show that the system allows sensing in the low micromolar concentration range
with a limit of detection around 0.13 uM (360) (Figure 5.8). A Stern-Volmer plot revealed a
linear relationship between lo/l and concentration (Figure 5.8, inset). Fitting to a linear model

gave a Stern-Volmer constant of Ksy = 1.95x10° M2,
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Figure 5.5 Fluorescence emission spectra (lex: 350 nm) of buffered aqueous solutions (100 mM

MOPS, pH 7.0, H,O with

0-3.5 vol% EtOH) containing triton X-100 (0.90 mM), 1-aminopyrene

(4.0 uM), and different amounts of vitamin K; (0—31 uM).

300 +

250

- 200 -

xS

[$)]

o
1

100

Emission Intensity, a.u.

50

Figure 5.6
solutions (100 mM MOPS,

[ Vitamin K11/ uM

Fluorescence emission intensity (lex = 350 nm, Aem = 432 nm) of buffered aqueous

pH 7.0, H,O with 0-3.5 vol% EtOH) containing triton X-100 (0.90 mM),

1-aminopyrene (4.0 uM), and different amounts of vitamin K; (0—31 uM).
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Figure 5.7  Fluorescence emission quenching (Lex =350 nm, Aem = 432nm) of buffered aqueous
solutions (100 mM MOPS, pH 7.0, H.O with 0-3.5 vol% EtOH) containing triton X-100 (0.90 mM),
1-aminopyrene (4.0 uM) and different amounts of vitamin Ki. The inset shows a Stern-Volmer plot
obtained for low concentrations of vitamin Ki. The line was obtained by fitting to a linear model. The
values are averages of three independent measurements.
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Figure 5.8 UV-vis spectra of buffered aqueous solutions (100 mM MOPS, pH 7.0, H,O with 0.8
vol% EtOH) containing 1-aminopyrene (4.0 puM) and triton X-100 (0.90 mM) in the presence of
vitamin K; (4.0 pM, red line), and the sum of the UV-vis spectra of 1-aminopyrene (4.0 pM) and
vitamin K; (4.0 uM, black line) in buffered aqueous solutions (100 mM MOPS, pH 7.0, H,O with 0.4
vol% EtOH) containing triton X-100 (0.90 mM).

Control experiments were performed to confirm that fluorescence quenching is indeed

based on a dynamic encounter between dye and analyte inside the micelle (as depicted in
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Scheme 5.1). Since the dye features an amino group and the analyte two carbonyl groups, the
formation of a covalent connection via an imine bond appears to be a possibility. The
following experiments suggest that imine bond formation is not contributing to the sensor
response. The absorption spectrum of a dye/analyte mixture in a micellar solution is a
superposition of the individual dye and analyte spectra (Figure 5.8). If imine bond formation
would occur to a significant extent, a difference in the UV-vis spectrum should be detected.
The results of *H NMR spectroscopy measurements at higher concentrations are in line with
these data. A mixture of 1-aminopyrene (25 mM) and vitamin K3 (a functional analogue of
vitamin Ky, 25 mM) in CD2Cl; (simulating the lipophilic micelle interior) showed no signs of

imine bond formation after an equilibration time of 2 h (Figure 5.9).
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Figure 5.9 'H NMR spectra of 1-aminopyrene (bottom, 25 mM), vitamin Ks (middle, 25 mM), and
of a mixture of 1-aminopyrene and vitamin Kz (top, 25 mM 1-aminopyrene + 25 mM vitamin Ks) in
CDCl>.

The importance of the co-localization inside the micelle was substantiated by control

experiments with the dye 6 (trisodium 8-aminopyrene-1,3,6-trisulfonate, Figure 5.10). The
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three sulfonate groups render the aminopyrene derivative highly water soluble, preventing a
partitioning inside the micelle. As expected, no significant fluorescence quenching was

observed when this dye was employed instead of 1-aminopyrene (Figure 5.11).

NaO3S l SO3Na

NaO3;S NH,

Trisodium 8-aminopyrene-1,3,6-trisulfonate (6)

Figure 5.10 The structure of the dye 6 (trisodium 8-aminopyrene-1,3,6-trisulfonate)
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Figure 5.11 Fluorescence emission quenching of buffered aqueous solutions (100 mM MOPS, pH
7.0, H20 with 0.8 vol% EtOH) containing triton X-100 (0.90 mM) and 1-aminopyrene (4.0 uM) or
APTS (4.0 UM, Zex: 410 nm, Aem: 502 nm) upon addition of vitamin K; (4.0 uM). Excitation and
emission wavelengths: APTS: Aex: 410 nm, Aem: 502 nm, 1-aminopyrene: Aex = 350 nm, Aem = 432 nm.
The values are averages of three independent measurements.

The co-localization of 1-aminopyrene and vitamin K inside the micelle is expected to
result in a high local concentration. Such an increase in apparent concentration would not be
expected for mixtures of 1-aminopyrene and vitamin Ki in bulk organic solvents.
Accordingly, less quenching was observed when the dye and the analyte were mixed in
normal organic solvents (Figure 5.13, fluorescence emission intensities of 1-aminopyrene in
different organic solvents is given in appendix, Figure A19).
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Figure 5.12 Fluorescence emission quenching (lex = 350 nm) of 1-aminopyrene (4.0 uM) upon
addition of vitamin Ky (4.0 uM) in different organic solvents.

In order to evaluate if our sensing system could be used to quantify vitamin Ky in a
'real world" sample, we have performed an analysis of a vitamin Ki preparation.
Phytomenadione is a solution of synthetic vitamin Ki sold by Roche. It is used for the
treatment of hypoprothothrombinemia and vitamin K deficiency. According to the vendor, the
phytomenadione ampoule contains 2 mg/0.2 mL of vitamin K mixed with N-cholylglycine
and lecithin, among others. For the analysis of phytomenadione, an aliquot was diluted with
ethanol to give a solution with a concentration of 0.50 mM. Parts of this solution were then
added to the sensing ensemble of triton X-100 and 1-aminopyrene and a fluorescence
spectrum was recorded. The concentration of vitamin K; was calculated using the Stern-
Volmer constant determined before. The measurements suggest a concentration of 1.91+0.09
mg/0.2 mL for the phytomenadione solution. This value is in close agreement with what is
given on the package, indicating that we can use our system to sense vitamin K in a
moderately complex matrix.
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5.3 Conclusion

We have described a simple assay for the detection of vitamin Ky in the low micromolar
concentration range by fluorescence spectroscopy. The assay is based on the dye
1-aminopyrene, which is solubilized in buffered aqueous solution with the help of the
surfactant triton X-100. The addition of vitamin K; to this sensing ensemble results in co-
localization of the dye and the analyte in the micellar sub-phase. This confinement induces
dynamic quenching of the fluorescence of 1-aminopyrene. The assay displays good selectivity
for vitamin Ky over other lipophilic compounds. As proof or principle for the applicability of
our assay, we have shown that it can be used to determine vitamin Ki in a commercial

preparation.

5.4 Experimental

All chemicals and solvents were purchased from standard suppliers and used without
further purification. MOPS buffer (100 mM MOPS buffer, pH 7.0) was prepared by
dissolving 3-(N-morpholino) propanesulfonic acid in bidistilled water. Surfactant stock
solutions were prepared by dissolving an appropriate amount of the surfactant in 100 mM
MOPS buffer, pH 7.0. HCI and NaOH solutions were used to adjust the pH of the buffers.
Due to the light sensitivity of vitamin Kj the solutions were handled in subdued light.
Fluorescence measurements were performed on a Varian Cary Eclipse fluorescence
spectrophotometer at room temperature. Absorption spectra were measured on a Cary 50 bio
spectrometer (Varian). Quartz cuvettes were used for the absorbance and fluorescence
measurements. *H NMR spectra were recorded on a Bruker Avance DPX 400 instrument.
Multiplicities of the 'H NMR signals are assigned as following: s (singlet) and d (doublet).
High resolution mass spectra were recorded with a waters Q-TOF Ultima (ESI-TOF)

instrument.
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Stock solutions (1.0 mM) of the different dyes were prepared in ethanol (naphthalene,
1-aminopyrene, and pyrene dione) or DMSO (anthracene, pyrene, perylene, and coronene).
Stock solutions of the three test analytes (1.0 mM) vitamin Ky, vitamin E, and carotene were
prepared in ethanol. An aliquot of the respective dye stock solution (6 uL) was added to a
quartz cuvette containing a buffered aqueous solution of triton X-100. After 15 min, a
fluorescence spectrum was recorded (Jex: 350 nm, Aem: 432 nm). Subsequently, an aliquot (6
ML) of the respective analyte stock solution was added to the mixture, and a second
fluorescence spectrum was recorded after 5 min. The emission quenching was calculated by
comparing the emission intensity at 432 nm with and without the analyte. Final
concentrations: MOPS (100 mM, pH 7.0), triton X-100 (0.90 mM), [analyte] = 4.0 uM, [dye]
= 4.0 uM, Viota = 1.5 mL, 0.8 vol% EtOH or 0.4 vol% EtOH and 0.4 vol% DMSO. Due to the

light sensitivity of vitamin Ky, the solutions were handled in subdued light.

For the selectivity test, stock solutions of the analytes (1.0 mM) including vitamin B,
vitamin E, vitamin D, vitamin Ks, carotene, dodecanal, dodecanone, lauric acid, stearic acid,
linoleic acid, oleic acid, and myristic acid were prepared in ethanol. An aliquot (6 pL) of the
respective analyte stock solution was added to a buffered aqueous solution of 1-aminopyrene
and triton X-100. Final concentrations: MOPS (100 mM, pH 7.0), triton X-100 (0.90 mM),
[analyte] = 4.0 uM, [dye] = 4.0 UM, Viota = 1.5 mL, 0.8 vol% EtOH.

Fluorescence titration was also done using a buffered aqueous solution containing 1-
aminopyrene and triton X-100 as a sensing system for vitamin K at different concentrations.
For the low concentrations of vitamin Kz, a second stock solution with a concentration of 250
UM was prepared (in EtOH). Aliguots of the two vitamin K stock solutions were added to the
sensor solution and fluorescence spectra were recorded. Final concentrations: MOPS (100
mM, pH 7.0), triton X-100 (0.90 mM), [vit. Ki] = 0-31 uM, [dye] = 4.0 uM, Viota = 1.5 mL,
0-3.5 vol% EtOH.

Control experiments were done using UV-vis spectra of a mixture of 1-aminopyrene
and vitamin K; and of 1-aminopyrene and vitamin Ki: which were taken under same
condition. The sum of the individual 1-aminopyrene and vitamin K1 spectra is a superposition

of the spectrum of the mixture (Figure 5.8).

NMR experiments were performed to evidence that there is no imine formation
between the dye and analyte. For the NMR study, 25 mM of 1-aminopyrene, 25 mM of
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vitamin K3 and their equimolar mixtures were prepared in CD2Cl, and *H NMR spectra of all

samples were recorded (Figure 5.9).

Phytomenadione was analyzed in one commercial product using our sensing system.
The fluorescence of 1l-aminopyrene/triton X-100 solutions is quenched upon addition of
vitamin Kj. A Stern-VVolmer plot revealed a linear relationship between lo/l and concentration
(Figure 5.4). Fitting to a linear model gave a Stern-Volmer constant of Ks = 1.95x10° M.
This value was used to determine the vitamin K concentration in phytomenadione, a solution
of synthetic vitamin K sold by Roche. The sample contains potential interferents such as
N-cholylglycine and lecithin, among others. For the analysis, a stock solution of
phytomenadione (0.5 mM) was prepared by dissolving the liquid content of an ampule from
Roche (according to the package: 2 mg/0,2 mL) in ethanol (8.87 mL). An aliquot of this stock
solution (15 pL) was then added to a quartz cuvette containing a buffered aqueous solution of
triton X-100 (0.9 mM) and 1-aminopyrene (4.0 uM). After 5 min, a fluorescence
measurement was performed (lex: 350 nm), and the fluorescence intensity | at 432 nm was
used to calculate the concentration of vitamin Ky in solution using the Stern-Vomer equation.

I
(70) = 1+ Ky, [Vitamin K, ]

By taking the dilution into account, the concentration of the liquid in the ampule was
then calculated. Three independent measurements were performed using aliquots from the
three phytomenadione stock solutions. An averaged value of 1.91+0.09 mg/0.2 mL was

obtained, in close agreement with what is stated on the package (2 mg/0.2 mL).

NaO3S SO3Na
O conc. Hy,SO,4 NaOH O
—_— —_—
“ fuming H,SO, H,O “
CL e C
NH

60°C,30h NaO;S NH,

6

Trisodium 8-aminopyrene-1,3,6-trisulfonate (6) was synthesized in a similar fashion
as described in the literature:*8” Na,SO4 (4.00 mmol, 565 mg) and conc. H2SO4 (2.5 mL) were
added to a 100 mL round bottom flask equipped with a drying tube (charged with drierite and
NaOH pellets). 1-Aminopyrene (1.00 mmol, 217 mg) was then added, followed by the
addition of fuming H2SO4 (20%, 3.0 mL). The reaction mixture was stirred at 60 °C for 30 h.

The mixture was then carefully poured into 50 mL of water, neutralized with 50% NaOH
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solution to pH 7.0, and concentrated under reduced pressure. The resulting slurry was
extracted with MeOH (via sonication) and filtered. Further purification was achieved by
column chromatography (SiO2; eluent: NH4OH : IPA - 1 : 2) to give the trisulfonated dye 6 as
an orange powder (378 mg, 0.722 mmol, 72 %).

'H NMR (CD30D, 400 MHz) &= 8.07 (s, 1H, CHarom), 8.31 (d, J = 9.63 Hz, 1H, CHarom),
8.81 (d, J =9.73 Hz, 1H, CHarom), 8.94 (d, J = 9.66 Hz, 1H, CHarom), 9.05 (d, J = 9.72 Hz, 1H,
CHarom), 9.20 (s, 1H, CHaom). 3C NMR (100 MHz, CDCls): § = 113.44, 116.29, 118.03,
120.66, 122.72, 123.52, 124.69, 126.35, 126.60, 127.45, 130.02, 130.50, 134.75, 135.15,
140.98, 144.43. ESI-MS calculated for C16HgNS309 [(M-3Na+H)?] m/z = 227.4725 found
227.4720.
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6 Array-Based Sensing of Purine
Derivatives with Fluorescent Dyes
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In this chapter, we describe a sensor array which can be used to differentiate
pharmacologically important purine derivatives with good accuracy. The array is composed of
four polysulfonated fluorescent dyes, all of which can bind purines via =-Stacking
interactions. The complexation of the analytes resulting in partial quenching of the
fluorescence. The fluorescence response of the four dyes provides a characteristic signal
pattern, enabling the identification of thirteen purine derivatives at low millimolar
concentration. Furthermore, it is possible to use the array for obtaining information about the

quantity and purity of purine samples.

This work was published in:388 “Array-based sensing of purine derivatives with fluorescent
dyes” Ziya Kostereli and Kay Severin, Org. Biomol. Chem., 2015, 13, 9231-9235.
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6.1 Introduction

Naturally occurring purine alkaloids are pharmacologically important compounds.
Caffeine is a stimulus of the central nervous system (CNS) and “the world’s most popular
drug”.38 The structurally related theophylline is a bronchodilator which is used by people
suffering from respiratory problems such as asthma.3%-3%! The isomers theobromine and
paraxanthine are — like caffeine — stimulants of the CNS.392-3% Some synthetic purine
derivatives have also gained importance as drugs. 8-Chlorotheophylline, for example is given
in combination with the antihistamine diphenhydramine as a drug against motion sickness.3%+-
3% The simple 6-mercaptopurine is an immunosuppressive drug which is used during the
treatment of leukemia and inflammatory bowel disease, among others.3% The N9-alkylated
purine derivatives cladribine and penciclovir are important drugs as well, the former being
used against hairy cell leukemia and multiple sclerosis,®’ whereas the latter is a key

component for the treatment of herpesvirus.3%8-3%
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Figure 6.1 Purine and some biological and pharmacological important derivatives

Given the biological and pharmacological importance of purine derivatives, it is not
surprising that substantial efforts have been devoted to create synthetic receptors and optical
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sensors for these compounds.*® Caffeine has been a particularly popular target, and numerous
studies about the selective recognition®-4% and/or sensing?07-412413-414 of this drug have
appeared over the last years. Other investigations have focused on the binding of natural
methylxanthines (caffeine, theophylline and theobromine) to RNA*>-416 or DNA,*’ on the
complexation and the fluorescence sensing of theobromine via hydrogen bonds,*#41° and on

the binding of purine derivatives by molecularly imprinted polymers.420-424

A key difficulty in the preparation of selective receptors or chemosensors for purine
derivatives is the structural similarity of these compounds. This is nicely illustrated by the
published chemosensors for caffeine, which typically show a poor selectivity for caffeine over
theophylline.407-412413-414 However, the selectivity of caffeine over theophylline was improved

over the last years as discussed below with an example.

The Chang group has published a turn-on caffeine sensor, namely, “Caffeine Orange”
based on fluorescence.*'° The poorly-fluorescent BODIPY -based dye was used to selectively
detect caffeine in aqueous solution as well as in commercial drinks (Figure 6.2). Addition of
caffeine results in 250-fold enhancement in fluorescence emission. Poorly water soluble dyes
aggregates in water resulting in self-quenching. Addition of caffeine de-assembles the dye
aggregates and triggers the formation of larger fluorescent aggregates. As a result,
fluorescence of dye molecules shows up. They also described a non-toxic kit for the detection
of caffeine in commercial beverages. It was possible to detect various concentrations of
caffeine by naked-eye using a laser pointer. Lastly, they set up a microfluidic device for

automated and quick detection of caffeine.

(0]

A

7
Y
N=/

Caffeine Orange Dye-theobromine complex

QA /

Z-I--
O--I-Z

Figure 6.2 The strcutures of the caffeine and theobromine sensor.

The selectivity for the detection of other purine derivatives such as theophylline,
theobromine is still a challenging task in the literature examples. For example, in a fluorescent

theobromine sensor developed by the Fun group, a simple 2,6-diaminopyridine modified dye
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was used to detect theobromine in acetonitrile solution (Figure 6.2).%> The dye binds
theobromine via hydrogen bonding resulting in fluorescence quenching. Quantification of
theobromine was possible by using UV-vis or fluorescence spectroscopy. The selectivity of

the sensor over xanthine alkaloids was good except for caffeine.

In this chapter, we demonstrate that a small set of polysulfonated fluorescent dyes can
be used to create a powerful sensor array for purine derivatives. The array allows the
identification of a series of important purines with good precision in the low millimolar
concentration range. Furthermore, we show that it is possible to differentiate samples
containing different amounts of caffeine or theophylline and samples containing mixtures of

these compounds.

6.2 Results and Discussion

In 2011, the Severin group has reported that the commercially available fluorescent
dyes trisodium 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) and tetrasodium pyrene-1,3,6,8-
tetrasulfonate (PTS) can be used as molecular probes for the detection of caffeine in water
(Figure 6.3).41 The recognition of caffeine occurs via m-stacking interactions, which lead to
partial quenching of the fluorescence. Both dyes display a moderate selectivity for caffeine
over the dimethylxanthine derivatives theophylline and theobromine. In line with these
results, it was found that the apparent binding constant of HPTS for caffeine (Ka ~ 250 M) is
approximately twice as high as those for theophylline and theobromine. Guided by
computational chemistry,*? the fluorescent dye disodium 3,4:3°,4’-bibenzo[b]thiophene-2,2’-
disulfonate (TDS, Figure 6.3) was subsequently synthesized. This dye was found to display a
unique fluorescence response upon addition of caffeine, which was attributed to non-covalent
interactions of caffeine with the dye in the ground state and in the excited state.*?® As a
consequence, it was possible to use the dye for ratiometric measurements, thereby increasing

the selectivity for caffeine over theophylline.
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TDS

Figure 6.3 The polysufonated fluorescent dyes used in this study.

Following these first investigations, we have examined the optical response of
trisodium 8-methoxypyrene-1,3,6-trisulfonate (MPTS) upon addition of caffeine and
theophylline (20 MM MOPS buffer, pH 7.0). These investigations were performed merely as
control experiments, because we expected very similar results as observed for the structurally
related dyes HPTS and PTS. Surprisingly, however, the selectivity profile of MPTS was
inversed: a stronger fluorescence quenching was observed for theophylline than for caffeine
(Figure 6.4). These results were corroborated by NMR titration experiments in D20, which

showed that MPTS binds theophylline stronger than caffeine (Figure 6.5 and 6.6).

75

Emission Quenching / %

MPTS HPTS

Figure 6.4 Fluorescence emission quenching of buffered aqueous solutions (20 mM MOPS, pH 7.0)
containing MPTS (dex: 350 nm, Jem: 430 nm) or HPTS (Lex: 460 nm, Aem: 511 nm) upon addition of

caffeine (blue) or theophylline (red) ([dye]fina = 2.0 UM, [analyte]sina = 5.0 mM). The values represent
averages of 3 independent measurements.
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Figure 6.5 'H NMR spectra of solutions containing MPTS (1.0 mM) and different amounts of
caffeine (1.0 - 20.0 mM) in D2O. The derived binding is K, : 98 M2,
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Figure 6.6 'H NMR spectra of solutions containing MPTS (1.0 mM) and different amounts of
theophylline (1.0 - 20.0 mM) in D,0. The derived binding is Ka : 120 M1,
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The different selectivity of MPTS when compared to HPTS or PTS, and the unique
optical response of TDS suggested to us that it might be possible to use a sensor array
approach for the differentiation of structurally related purine derivatives. To test this
hypothesis, we analyzed the ten purine derivatives shown in Figure 6.1 using the dyes HPTS,
PTS, MPTS and TDS (Figure 6.7). This small array of four fluorescent dyes was used to
generate a five-dimensional signal output, with TDS fluorescence being recorded at two
different wavelengths (424 and 546 nm). The fluorescence measurements were performed in
buffered aqueous solution (20 mM MOPS, pH 7.0) with a dye concentration of 2.0 uM and an
analyte concentration of 1.0 mM. For each analyte, five independent measurements were

performed.

600

450 +

Figure 6.7 Changes of the fluorescence emission intensities of buffered aqueous solutions (20 mM
MOPS, pH 7.0) containing the dyes MPTS (Aex: 350 nm, Aem: 430 nm, black), HPTS (Aex: 460 nm, Aem:
511 nm, red), TDS (lex: 350 nm, Aem: 424 nm, blue; Zem: 546 nm, pink) or PTS (Jex: 364 nM, Aem: 384
nm, green) upon addition of caffeine, theophylline, theobromine, purine, hypoxanthine, paraxanthine,
8-chlorotheophylline, 6-mercaptopurine, cladribine or penciclovir ([dye]sina = 2.0 UM, [analyte]sina =
1.0 mM). The values represent averages of five independent measurements.

A characteristic signal pattern was obtained for each of the thirteen analytes (Figure
6.7). As expected, the signal pattern is rather similar for the isomers theophylline,
theobromine and paraxanthine, but on close inspection one can clearly detect differences in

relative and absolute signal intensity. However, other analytes clearly stand out. 8-
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Chlorotheophylline, for example, leads to a rather selective quenching of HPTS fluorescence,

and 6-mercaptopurine is an efficient and selective quencher for MPTS.

The array data was then processed by using a principal component analysis (PCA).*?
The corresponding two-dimensional score plot shows well separated data clusters (Figure
6.8), confirming that the individual purine analytes can be identified correctly. It is worth to
point out that the two main principal components combined account for only 82.2% of the
variance of the system. Factor 3 contributes 14.6% and factor 4 still 1.3%. These values

indicate a rather high dimensionality, even though we have only used a small array.
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Figure 6.8 Two-dimensional PCA score plot for the analysis of samples containing different purine
derivatives ([dye]sina = 2.0 UM, [analyte]sina = 1.0 mM). The data were obtained as described above.

To quantify the similarity of the signal patterns, we have used a hierarchical cluster
analysis (HCA). The resulting HCA dendrogram confirms the similarity of the data from the
isomers theophylline, theobromine and paraxanthine, and the unique position of the analyte 6-

mercaptopurine (Figure 6.9).
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Figure 6.9 HCA dendrogram derived from the array data.

To demonstrate the scope of the sensor array, we examined a more difficult analytical
task: the differentiation of samples containing either caffeine or theophylline at different
concentrations (1.0 - 5.0 mM). In addition, we have used five samples containing mixtures of
caffeine and theophylline with a fixed total concentration of 5.0 mM. The entire set of 19
samples was then subjected to a sensor array analysis as described above and the fluorescence
data is depicted in Figure 6.10. The PCA score plot indicates that it is possible to identify the
samples containing pure caffeine or theophylline at a given concentration and to distinguish

the samples which contain different caffeine-theophylline ratios (Figure 6.11).
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Figure 6.10 Fluorescence emission intensities of the dyes ([dye]fina = 2.0 M) including MPTS (Jexc:
350 nm, Aems: 430 nm, black), HPTS (Aexc: 460 NM, Aems: 511 nm, red), TDS (Aexc: 350 NM, Aems: 424 nm
(blue) and 546 nm, pink) and PTS (dexc: 364 nm, Aems: 384 nm) in the presence of the analytes
([caffeine]fina = 1.0 - 5.0 mM; [theophylline]sina = 1.0 - 5.0 mM; [caffeine - theophylline]sina = 5:0 - 0:5
mM in 20 mM MOPS, pH 7.0). The values represent averages of five independent measurments.
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Figure 6.11 Two-dimensional PCA score plot for the analysis of samples containing caffeine and/or
theophylline at different concentrations and ratios ([dye] = 2.0 pM, [caffeine] = 1.0 - 5.0 mM;
[theophylline] = 1.0 - 5.0 mM; [caffeine:theophylline mix] = 5.0:0 mM - 0:5.0 mM). The data were
obtained as described in the main text.
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In addition to the PCA, we have used the same data set to perform a linear
discriminant analysis (LDA). A “Jack-knifed matrix” validation procedure was then
performed, randomly omitting one measurement at a time. The remaining data were used as
the training set for the LDA, and the omitted observation was classified. This procedure
resulted in a correct classification in 98% of all cases. For a real application (e.g.
simultaneous quantification of caffeine and theophylline in a sample of unknown
composition), it would be necessary to record a more comprehensive data set using additional
test samples. The data could then be used to train an artificial neural network. The trained

network would be able to make a prediction regarding the composition of unknown samples.

In order to estimate the limit of detection for a quantitative analysis, we have
examined the response of the four dyes with theophylline samples of 0.50 and 0.25 mM. A
good signal-to-noise ratio was observed for 0.50 mM, but the 0.25 mM sample provided a too
weak response with the dyes HPTS and TDS. It is thus recommended to use sample

concentration of 0.50 mM or higher.

6.3 Conclusion

A small sensor array composed of four polysulfonated fluorescence dyes was used for
the optical analysis of purine derivatives. The discriminatory power of the system is
remarkably high, allowing the differentiation of thirteen different purines at a concentration of
1.0 mM with good precision. Furthermore, we have shown that it is possible to obtain
information about the quantity and the purity of samples. This point was demonstrated by the
analysis of samples containing different amounts of caffeine and/or theophylline. In terms of
potential applications, one should note that an array approach with cross-reactive receptors is
prone to interference from a complex matrix. However, it could be a well suited method to
achieve a fast and cheap quality control of synthetic samples. From a more fundamental point
of view, it is noteworthy that an intrinsically non-specific interaction such as m-stacking can

be used to differentiate structurally closely related compounds.
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6.4 Experimental

All chemicals and solvents were purchased from standard suppliers and used without
further purification. Stock solutions were prepared with bi-distilled water and were stored at
4 °C. MOPS buffer (20 mM MOPS buffer, pH 7.0) was prepared by dissolving 3-(N-
morpholino) propanesulfonic acid in bidistilled water. HCIl and NaOH solutions were used to
adjust the pH of the buffer. The dyes MPTS, HPTS, and PTS were obtained from commercial
sources, and TDS was synthesized as described earlier.#?® Fluorescence measurements were

performed on a Varian Cary Eclipse fluorescence spectrophotometer at room temperature.

Stock solutions of dyes (0.20 mM) including MPTS, HPTS, TDS, PTS and the
analytes (1.0 - 5.0 mM) were prepared in 20 MM MOPS buffer (pH 7.0). The dye solution is
added to the corresponding analyte containing buffered aqueous solutions (Vita = 1.5 mL, in
20 mM MOPS buffer, pH 7.0). The fluorescent signal was measured 5 min after sample
preparation. Ten different analytes (caffeine, theophylline, theobromine, xanthine,
hypoxathine, paraxanthine, 8-chlorotheophylline, 6-mercaptopurine, cladribine, ATP,
adenosine, guanosine and penciclovir) were employed ([dy€]fina = 2.0 uM; [analyte]fina = 1.0
mM in 20 mM MOPS buffer, pH 7.0). Also, the two analytes, caffeine and theophylline, were
analyzed at different concentrations ([dye]fina = 2.0 pM; [analyte]fina = 0.25 - 5.0 mM) and
the mixtures of caffeine and theophylline at different ratio ([dye]sina = 2.0 uM; [caffeine :
theophylline]fina = 5:0 - 0:5 mM in 20 mM MOPS, pH 7.0).

Five independent fluorescence measurements were performed for each sample with
four different dyes (MPTS, HPTS, TDS, PTS) for multivariate analysis. The data were
analyzed with the help of the statistics software SYSTAT 11. The wavelength of the emission
maxima of the dyes (lexc, mpts: 350 NM, Aems, MpTs: 430 NM, Aexc, HpTs: 460 NM, Jems, HPTs: 511
NM, Aexc, Tos: 350 NM, Aems, Tos: 424 nm and 546 nm (excimer), Aexc, pTs: 364 NM, Aems, p1s: 384
nm) were used for the multivariate analyses. The emission values at these wavelengths were
used as input for principal component analyses (PCA), linear discriminant analyses (LDA),

and hierarchical cluster analysis (HCA).

H NMR titration experiments were performed to calculate the binding constant of
MPTS-caffeine complex and MPTS-theophylline complex. The first titration experiment
(Figure 6.5) was performed with MPTS in the presence of different amount of caffeine
(IMPTS] = 1.0 mM; [caffeine] = 1.0 - 20.0 mM) and the second titration (Figure 6.6) was
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performed with MPTS in the presence of theophylline ([MPTS] = 1.0 mM; [theophylline] =
1.0 - 20.0 mM). The labelled signals were used to calculate binding constant using
Winegnnmr software assuming a 1:1 complexation. The derived binding was 98 M- for
MPTS-caffeine complex and MPTS-theophylline 120 M
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7 General Conclusion
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In this thesis, different approaches of fluorescent-based chemosensors are presented
for the detection of important analytes in buffer solutions. These approaches include analyte-

induced aggregation/de-aggregation, pattern-based sensing and micelled-based sensing.

In chapter 2, we have described a conceptually new chemosensor for the biogenic
amine spermine. A charge-frustrated amphiphile (dye 1) composed of a highly fluorescent
head group and an eicosane side chain was used as a chemosensor. Addition of spermine
causes analyte-induced aggregation and it results in pronounced fluorescence quenching. The
sensor showed a very good selectivity over closely related biogenic amines such
as spermidine. It was also very sensitive. Low nanomolar concentration of spermine could be
detected. The sensing of spermine was also achieved in a complex matrix (in artificial urine)

using same sensing system.

We have presented a conceptually new ‘one-cuvette’ sensing system for the pattern-
based analysis of seven aminoglycosides in the following chapter 3. It is a novel approach to
create an adaptable system for pattern-based sensing. We used a mixture of two fluorescent
amphiphiles 2 and 3, to constitute a sensing ensemble. The amphiphiles form a dynamic
mixture of micellar aggregates. Addition of aminoglycosides modifies the relative amount and
the composition of the micelles. The re-equilibration of the system is analyte-specific, and
characteristic fluorescence spectra are obtained for different aminoglycosides. Likely, there is
a multivalent interaction of the polycationic analytes with the polyanionic micellar aggregates
formed from 2 and 3. These interactions affects the optical response of the system. The
sensing system allowed accurate differentiation in the low micromolar concentration range. It
was also possible to distinguish pure aminoglycosides from their mixtures. Overall, our

results demonstrate the potential of fluorescent amphiphiles for the creation of DCL sensors.

In chapter 4, we used the amphiphilic fluorescent dye 5 for the sensing of AI®* in the low
micromolar concentration range. In the presence of AI®*, there was analyte-induced
aggregation of the dye 5, and the aggregation of the dye resulted in a strong quenching of its
fluorescence. From an application point of view, it is noteworthy that the assay can be
performed in aqueous solution at neutral pH without the need of large amounts of organic co-
solvents. It displays remarkable selectivity when histidine is added as masking agent. The
nonfluorescent dye-Al** complex was used as a sensing ensemble for the detection of citric
acid, a known chelator for AI®*. It reversed the aggregation of 5 resulting in an increase in the
fluorescence emission (turn-on response). The sensing ensemble was used to detect the citric
acid concentration in commercial beverages.
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In chapter 5, we have described a simple micelle-based assay for the detection of vitamin
K1 in the low micromolar concentration range by fluorescence spectroscopy in chapter 5. A
mixture of the surfactant triton X-100 and 1-aminopyrene was used as a sensing assay in
buffered aqueous solution. Vitamin K; co-localizes with the fluorescent pyrene dye in the
micelle and it results in fluorescence emission decrease via dynamic quenching. The assay is
selective for vitamin Ky over other potential analytes. We have shown that the sensing assay
can also be used to detect the concentration of vitamin Ky in a commercial preparation.

In chapter 6, a small sensor array was described for the optical analysis of ten purine
derivatives. The array is based on fluorescence response of the four dyes, which provides a
characteristic signal pattern. The array enables the differentiation of thirteen different purines
at a concentration of 1.0 mM with good precision. It was also possible to obtain information

about the quantity and the purity of samples using same array.
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8 Annex

8.1 UV and Fluorescence Spectra

Emission Intensity, a.u.

400 420 440 460 480 500 520
Wavelength / nm

Figure A1  Fluorescence emission spectra (lex: 350 nm) of buffered aqueous solutions (0.8 mM
MOPS, pH 7) containing dye 1 (2.0 uM) and different amounts of spermine (0-1.44 uM).
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Figure A2 Fluorescence emission quenching (dex = 350 nm, Aem = 430 nm) of buffered aqueous

solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (2.0 uM) and different amounts of spermine
(0-1.44 uMm).

350
300
250:
200
150

100

Emission Intensity, a.u.

50 —

T T T
460 480 500

Wavelength / nm

. T T
400 420 440

Figure A3  Fluorescence emission spectra (dex: 350 nm) of buffered aqueous solutions (0.8 mM
MOPS, pH 7) containing dye 1 (5.0 uM) and different amounts of spermine (0-3.20 uM).
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Figure A4 Fluorescence emission quenching (dex = 350 nm, Aem = 430 nm) of buffered aqueous

solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (5.0 uM) and different amounts of spermine
(0-3.20 pM).
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Figure A5 Fluorescence emission spectra (lex: 350 nm) of buffered aqueous solutions (0.8 mM
MOPS, pH 7) containing dye 1 (8.0 uM) and different amounts of spermine (0-5.36 puM).
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Figure A6 Fluorescence emission quenching (dex = 350 nm, dem = 430 nm) of buffered aqueous
solutions (0.8 mM MOPS, pH 7.0) containing dye 1 (8.0 uM) and different amounts of spermine

(0-5.36 uM).
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Figure A7 Normalized UV-vis (black) and fluorescence (red) spectra (dex: 335 nm) of buffered
aqueous solutions (10 mM MOPS, pH 7.0) containing dye 2 (10 uM).
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Figure A8 Normalized UV-vis (black) and fluorescence (red) spectra (lex: 470 nm) of buffered
aqueous solutions (10 mM MOPS, pH 7.0) containing dye 3 (10 uM).
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Figure A9 Fluorescence emission spectra (1ex: 335 nm) of solutions containing a mixture of dye 2

and 3 ([2] = 4 uM; [3] = 30 uM) in MOPS buffer (10 mM, pH 7.0). The inset shows the fluorescence
emission of dye 3. This spectrum was obtained using a slightly larger slit width on the spectrometer.
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Figure A10 Fluorescence emission spectra (lex: 335 nm) of solutions containing a mixture of dye 2
and 3 ([2] = 4 uM; [3] = 30 pM) and the analytes gentamicin (blue line), kanamycin A (red line), or

kanamycin B (black line) ([analyte] = 10 uM; 10 mM MOPS, pH 7.0).
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Figure A11 Fluorescence emission spectra (ex: 335 nm) of solutions containing a mixture of dye 2
and 3 ([2] = 4 uM; [3] = 30 puM) and the analytes neomycin (blue line), paromomycin (red line),
apramycin (black line), or amikacin (pink line) ([analyte] = 10 uM; 10 mM MOPS, pH 7.0).

134

T T T
550 600




800 -

Emission Intensity, a. u.

Analytes

Figure A12 Fluorescence emission intensities (Lex: 335 nm) at 375 nm (black), 390 nm (red), and 410
nm (blue) of solutions containing dye 2 (4 uM) and the analytes paromomycin, kanamycin B,
kanamycin A, amikacin, neomycin, gentamicin, or apramycin ([analyte] = 10 uM; 10 mM MOPS,
pH 7.0). The values represent averages of five independent measurments.
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Figure A13 Fluorescence emission intensities (dex: 335 nm) at 375 nm (black), 390 nm (red), and 410
nm (blue) of solutions containing dye 2 ([2] = 4 uM) and the analytes apramycin (A), paromomycin
(P), kanamycin B (KB), or equimolar mixtures of these aminoglycosides ([analyte]iow = 10 uM;
10 mM MOPS, pH 7.0). The values represent averages of five independent measurments.
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Figure A14 Fluorescence emission intensities (lex: 335 nm) at 380 nm (black), 515 nm (red), 545 nm
(blue), and 615 nm (pink) of solutions containing dye 3 (30 uM) and the analytes paromomycin,
kanamycin B, kanamycin A, amikacin, neomycin, gentamicin, or apramycin ([analyte] = 10 pM;
10 mM MOPS, pH 7.0). The values represent averages of five independent measurments.
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Figure A15 Fluorescence emission intensities (dex: 335 nm) at 380 nm (black), 515 nm (red), 545 nm
(blue), and 615 nm (pink) of solutions containing dye 3 (30 pM) and the analytes apramycin (A),
paromomycin (P), kanamycin B (KB), or equimolar mixtures of these aminoglycosides ([analyte]iot =
10 uM; 10 mM MOPS, pH 7.0). The values represent averages of five independent measurments.
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Figure A16 Fluorescence emission intensities (Aex: 335 nm) at 380 nm (black), 515 nm (red), 545 nm
(blue), and 615 nm (pink) of solutions containing dye 3 (5 uM) and the analytes paromomycin,
kanamycin B, kanamycin A, amikacin, neomycin, gentamicin, or apramycin ([analyte] = 10 pM;
10 mM MOPS, pH 7.0).
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Figure A17 Normalized UV-vis (black) and fluorescence (red) spectra (dex: 490 nm) of buffered
aqueous solutions (10 mM MOPS, pH 7.0) containing dye 4 (4.0 uM).
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Figure A18 Normalized UV-vis (black) and fluorescence (red) spectra (1ex: 490 nm) of buffered
aqueous solutions (10 mM MOPS, pH 7.0) containing dye 5 (4.0 uM).
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Figure A19 Fluorescence emission intensity (lex = 350 nm) in different organic solvents containing
1-aminopyrene (4.0 uM).
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Figure A20 Fluorescence emission spectra (dex: 350 nm) of solutions containing a mixture of MPTS
(IMPTS] = 2.0 pM) and the analytes dye (black line), caffeine (red line), theophylline (blue line),
theobromine (pink line), purine (green line) and paraxanthine (violet line) ([analyte] = 1.0 mM;

20 mM MOPS, pH 7.0).
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Figure A21 Fluorescence emission spectra (lex: 350 nm) of solutions containing a mixture of MPTS
(IMPTS] = 2.0 uM) and the analytes dye (black line), hypoxanthine (red line), 8-chlorotheophylline
(blue line), 6-mercaptopurine (pink line), cladribine (green line) and penciclovir (violet line) ([analyte]

= 1.0 mM; 20 mM MOPS, pH 7.0).
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Figure A22 Fluorescence emission spectra (lex: 460 nm) of solutions containing a mixture of HPTS

([HPTS] = 2.0 uM) and the analytes dye (black line), caffeine (red line), theophylline (blue line),

theobromine (pink line), purine (green line) and paraxanthine (violet line) ([analyte] = 1.0 mM;
20 mM MOPS, pH 7.0).
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Figure A23 Fluorescence emission spectra (ex: 460 nm) of solutions containing a mixture of HPTS
(IHPTS] = 2.0 uM) and the analytes dye (black line), hypoxanthine (red line), 8-chlorotheophylline

(blue line), 6-mercaptopurine (pink line), cladribine (green line) and penciclovir (violet line) ([analyte]
=1.0 mM; 20 mM MOPS, pH 7.0).
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Figure A24 Fluorescence emission spectra (1ex: 350 nm) of solutions containing a mixture of TDS
(ITDS] = 2.0 yM) and the analytes dye (black line), caffeine (red line), theophylline (blue line),
theobromine (pink line), purine (green line) and paraxanthine (violet line) ([analyte] = 1.0 mM;

20 mM MOPS, pH 7.0).
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Figure A25 Fluorescence emission spectra (dex: 350 nm) of solutions containing a mixture of TDS
(ITDS] = 2.0 uM) and the analytes dye (black line), hypoxanthine (red line), 8-chlorotheophylline
(blue line), 6-mercaptopurine (pink line), cladribine (green line) and penciclovir (violet line) ([analyte]

=1.0 mM; 20 mM MOPS, pH 7.0).
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Figure A26 Fluorescence emission spectra (dex: 364 nm) of solutions containing a mixture of PTS
([PTS] = 2.0 uM) and the analytes dye (black line), caffeine (red line), theophylline (blue line),
theobromine (pink line), purine (green line) and paraxanthine (violet line) ([analyte] = 1.0 mM;
20 mM MOPS, pH 7.0).
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Figure A27 Fluorescence emission spectra (dex: 364 nm) of solutions containing a mixture of PTS
([PTS] = 2.0 uM) and the analytes dye (black line), hypoxanthine (red line), 8-chlorotheophylline

(blue line), 6-mercaptopurine (pink line), cladribine (green line) and penciclovir (violet line) ([analyte]
= 1.0 mM; 20 mM MOPS, pH 7.0).
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8.2 LDA Plots
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Figure A28 Two-dimensional LDA score plot for the analysis of seven different aminoglycosides.
The data were obtained as described in experimental part of chapter 3 using the solutions containing a
mixture of dye 2 and 3 ([2] = 4 uM; [3] = 30 uM)
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Figure A29 Two-dimensional LDA score plot for the analysis of apramycin (A), paromomycin (P),
kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as

described in experimental part of chapter 3 using the solutions containing a mixture of dye 2 and 3 ([2]
=4 uM; [3] = 30 pM).
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Figure A30 Two-dimensional LDA score plot for the analysis of apramycin (A), paromomycin (P),
kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as
described in experimental part of chapter 3 using only dye 2.
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Figure A31 Two-dimensional LDA score plot for the analysis of apramycin (A), paromomycin (P),

kanamycin B (KB), and equimolar mixtures of these aminoglycosides. The data were obtained as
described in experimental part of chapter 3 using only dye 3.
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Figure A32 Two-dimensional LDA score plot for the analysis of six different purine derivatives
([dye]finar = 2.0 uM; [analyte]sina = 1.0 mM). The data were obtained as described in experimental part
of chapter 6.
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Figure A33 Two-dimensional LDA score plot for the analysis of samples containing caffeine and/or
theophylline at different concentrations and ratios ([dye] = 2.0 uM, [caffeine] = 1.0 - 5.0 mM,;
[theophylling] = 1.0 - 5.0 mM; [caffeine:theophylline mix] = 5.0:0 mM - 0:5.0 mM). The data were
obtained as described in experimental part of chapter 6.
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8.3 TEM and DLS images

Figure A34 TEM image of a sample containing amphiphile 1 and spermine. The image reveals
aggregates with a size of ~ 15 nm and larger (scale bar = 20 nm).

Figure A35 TEM image of a sample containing dye 2 (for sample preparation see text above). The
image reveals inhomogeneous spherical aggregates with the size between 830 nm (scale bar =
100 nm). The black spots are due to accumulation of the staining agent.
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Figure A36 Typical DLS size distribution for solutions of dye 2 (1.0 mM)
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Figure A37 Typical DLS size distribution for solutions of dye 3 (50 uM).
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8.4 NMR Data
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Figure A38 'H NMR spectrum of dye 1 (400 MHz, CDCls).
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Figure A39 'H NMR spectrum of compound N (400 MHz, CDCls).
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Figure A40 *C NMR spectrum of compound N (100 MHz, CDCl5).
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Figure A41 'H NMR spectrum of dye 2 (400 MHz, CD;0D).
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Figure A42 *3C NMR spectrum of dye 2 (100 MHz, CD3;0D).
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Figure A43 'H NMR spectrum of dye 3 (400 MHz, CD;0D).
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Figure A44 *C NMR spectrum of dye 3 (125 MHz, CD3;0D). The quality of the spectrum is not very
good because of the poor solubility of 3.
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Figure A45 H NMR (400 MHz, CD;OD) spectrum of dye 4.
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Figure A46 *C NMR (100 MHz, CDCls) spectrum of dye 4.
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Figure A47 H NMR (800 MHz, CDsOD) spectrum of dye 5.
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Figure A48 *C NMR (200 MHz, CDCls) spectrum of dye 5.
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Figure A49 'H NMR spectrum of dye 6 in CD3OD.
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Figure A50 *C NMR spectrum of trisodium 8-aminopyrene-1,3,6-trisulfonate (6) in CD30D
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Figure A51 'H NMR (400 MHz, 90% H,0 : 10% D,0) spectrum of citric acid (50 mM) and
isopropanol (50 mM, 3.85 pL). The peak at 4.75 ppm corresponds to the solvent.
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Figure A52 'H NMR (400 MHz) spectrum of a solution containing energy drink 1 (90%), D,O
(10%) and isopropanol (50 mM, 3.85 uL). The peak at 4.75 ppm corresponds to the solvent.
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Figure A53 'H NMR (400 MHz) spectrum of a solution containing energy drink 2 (90%), D,O
(10%) and isopropanol (50 mM, 3.85 uL). The peak at 4.75 ppm corresponds to the solvent.
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Figure A54 'H NMR (400 MHz) spectrum of a solution containing energy drink 3 (90%), D,O
(10%) and isopropanol (50 mM, 3.85 pL). The peak at 4.75 ppm corresponds to the solvent.
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Figure A55 'H NMR (400 MHz) spectrum of a solution containing soft drink (90%), D,O (10%) and
isopropanol (50 mM, 3.85 pL). The peak at 4.75 ppm corresponds to the solvent.
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'H NMR (400 MHz) spectrum of a solution containing ice tea (90%), D,O (10%) and

Figure A56
isopropanol (50 mM, 3.85 uL). The peak at 4.75 ppm corresponds to the solvent.
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Figure A57 'H NMR (400 MHz) spectrum of a solution containing mineral water (90%), DO (10%)
and isopropanol (50 mM, 3.85 uL). The peak at 4.75 ppm corresponds to the solvent.

8.5 Crystallographic data

Single crystals of dye 3 were obtained by liquid-liquid diffusion in a test tube (uper
layer: hexane, low layer: methanol). The data collection of compound dye 3 was measured at
room temperature using Cu K, radiation on an Agilent Technologies SuperNova dual system
in combination with an Atlas CCD detector. Data reduction was carried out with CrysAlis
PRO. The solution and refinement were performed by SHELX.*?® The crystal structure was
refined using full-matrix least-squares based on F? with all non hydrogen atoms
anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the
“riding” model. In the final stages of the refinement, some restraints (SHELX cards: SIMU
and SADI) were applied to disordered solvent (CH3OH) and to the geometry of cations
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(NH4*). The crystallographic data have been deposited at the Cambridge Crystallographic
Data Center (CCDC 991057).

Figure A58 Packing of dye 3 in the crystal.

Table Al. Crystal data and structure refinement for dye 3.

Identification code Dye 3

Empirical formula C27Hs50N20sS:

Formula weight 594.81

Temperature 293(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=6.53547(18) A o =83.956(3)°.

b =9.4651(4) A R = 84.790(3)°.
c=26.1930(10) A  y=89.716(3)".
Volume 1604.59(10) A3z 2

Density (calculated) 1.231 Mg/m3
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Absorption coefficient

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correctionAnalytical
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

1.892 mm-1 F(000) 644

0.49 x 0.10 x 0.06 mm3

3.41 to 73.28°.

-4<=h<=7, -11<=k<=11, -30<=1<=32
10534

6205 [R(int) = 0.0164]

99.6 %

0.909 and 0.568

Full-matrix least-squares on F2

6205 /79 /396

1.037
R1 =0.0335, wR2 = 0.0935
R1 =10.0375, wR2 = 0.0980

0.0012(2)

0.408 and -0.349 e.A-3
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