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Abstract

In this thesis, novel sensors for the measurement of cations are presented. The
sensors are based on fluorescent molecules (fluoroionophores) which change their
spectral properties upon interaction with ions. Fluoroionophores consist of two
building blocks: the receptor and the chromophore. The receptor is based on an aza-
crown ether which acts as the recognition unit for cations and can quench the
fluorescence of the chromophore by photoinduced electron transfer (PET). Upon
interaction with ions, this PET is inhibited leading to an increase of fluorescence
which is determined by the chromophore. Both building blocks of the
fluoroionophore can be independently modified leading to a modular design of new
sensing molecules. The versatility of this concept is demonstrated by preparation of
new BODIPY dyes with adjusted photophysical properties (green to red excitation,
red to NIR emission) and diverse crown-ethers, capable of sensing a variety of
analytes (e.g. Na', K").

Immobilisation of the fluoroionophores could be achieved by physically entrapping
them in various hydrogel matrices and polymer based nanoparticles. This yields in
robust and high performance sensing materials, which are capable of the continuous
measurement of clinically important analytes such as K or Na'. Moreover, we were
also able to develop an innovative new sensing method for the selective

measurement of highly toxic NH3s.

Finally, practical applicability of the new sensors is exemplified by measurement of
K" in serum, determination of seawater salinity using Na* Optodes and visualisation
of K" fluxes in live cell imaging, making them valuable new analytical tools in

clinical diagnostics, marine research and life sciences.
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Kurzfassung

In dieser Arbeit werden neuartige Sensormaterialien fiir die Messung von Kationen
prasentiert. Diese Sensoren bestehen aus fluoreszierenden Molekiilen
(Fluoroionophore), welche bei Interaktion mit einem Ion ihre optischen
Eigenschaften verédndern. Die Fluoroionophore bestehen aus zwei Einheiten: dem
Rezeptor und dem Farbstoff. Die Basis des Rezeptors bildet ein aza-Kronenether, der
einerseits als Erkennungselement fiir Kationen dient, sowie andererseits
verantwortlich fiir die Loschung der Fluoreszenz des Farbstoffes durch den
photoinduced electron transfer (PET-) Effekt ist.

Die Interaktion des Rezeptors mit einem Kation hebt den PET-Effekt auf und fiihrt
zu einer Steigerung der Fluoreszenz, welche durch die Farbstoffeinheit gesteuert
wird. Beide Einheiten der Fluoroionophore konnen unabhdngig voneinander
modifiziert werden, welches zu einem modularen Design neuer Indikatoren fiihrt.
Die Vielseitigkeit dieses Konzepts konnte durch die Herstellung verschiedener
BODIPY Farbstoff demonstriert werden, wobei die photo-physikalischen
Eigenschaften (griine bis rote Anregung, rote bis nahinfrarote Fluoreszenz)
eingestellt und die Sensitivitdt gegeniiber verschiedener Analyten durch den Einsatz
unterschiedlicher Kronenether gesteuert werden konnte (z.B. Na®, K").

Durch die Immobilisierung der Fluoroionophore, die durch physikalische Einbettung
in verschiedenen Hydrogel Matrizen und Polymer-Nanopartikel erfolgte, konnten
neue leistungsfahige Sensormaterialien hergestellt werden. Diese Sensoren
ermoglichen das kontinuierliche Messen von klinisch relevanten Parametern wie K*
oder Na'. Des Weiteren konnten wir erfolgreich eine neue und innovative

Messmethode fiir die selektive Messung von Ammoniak (NH3) entwickeln.

Praktische Anwendungsbeispiele der neuen Sensoren konnten durch die Messung
von K" im Serum, die Bestimmung der Salinitit im Meerwasser mittels Na'-Optoden
und durch die Visualisierung von K'-Strdmen in neuronalen Zellen mittels
Fluoreszenzmikroskopie demonstriert werden. Die in dieser Arbeit entwickelten
Sensoren sind wertvolle und neue analytische Werkzeuge fiir die vielseitige
Anwendung in den Bereichen der klinischen Diagnostik, der Marineforschung und
der Biowissenschaften.
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1 Scope and Outline of the Thesis

Given the physiological and ecological relevance of metal cations such as sodium
(Na"), potassium (K*) and calcium (Ca"), it is not surprising that they belong
amongst the most popular targets for the development of new sensors. Even though
potentiometric sensors such as ion selective electrodes are well established,
fluorescent sensors offer numerous advantages concerning miniaturisation, cost-
effectiveness and multi-analyte sensing. Moreover, they enable fluorescence imaging

applications which is of major relevance in biomedical research.

Although there are many fluorescent dyes for cation sensing reported, high
performance dyes, solid state sensors and real applications are not yet fully
developed. The aim of this thesis was to address this and to develop new sensors and
sensing concepts based on cation-sensitive fluorescent dyes.

This thesis is written in a cumulative manner and the manuscripts presented are
already accepted, under revision or are prepared for submission in peer reviewed
journals. Additionally, a preface to the manuscripts will explain the framework of the
work and will refer to important section in the theoretical part. Also, it will describe
important unsuccessful experiments which led to the positive results presented in the
publications afterwards. Future prospect and outlooks after each manuscript will
describe follow up work and results, but also present new ideas and concepts for

future work.

First, a theoretical background will give a basics knowledge about optical sensing,
fluorescence and supramolecular chemistry which is necessary for understanding the

concepts dealt with in this thesis.

Chapter 3 (p. 33) presents the foundation of all newly developed sensing materials
throughout this thesis. Hereby, a family of new fluoroionophores based on differently
substituted BODIPY chromophores and an 18-crown-6 ether as receptor were
prepared. The indicators possess tuneable optical properties (green to red excitation,
red to NIR emission) and PET efficiencies. By immobilisation of them into
biocompatible hydrogel matrices or polymer based nanoparticles we obtained stable
and fast responding sensor materials for various applications. This is demonstrated

by measurement of K* in fetal bovine serum.



Scope and Outline of the Thesis

Chapter 4 (p. 69) describes the development of a Na" sensor. Substituting the 18-
crown-6 of the K sensor with a smaller sized 15-crown-5 makes the sensor
reversible respond to Na' ions in water. Using the same immobilisation concepts as
presented in chapter 3, we successfully prepared a referenced sensor (Optode) which

was then used in a field trip in Kiel (Germany) to determine seawater salinity.

Chapter 5 (p. 99) demonstrates the applicability of the elaborated nanoparticle based
K" sensors in collaboration with the University College Cork in Ireland. Together
with Dr. Ruslan Dmitriev we were able to show for the first time, that polymeric
RL100-based nanoparticles provide efficient staining of primary neural cells
(astrocytes and neurons) and 3D tissue cancer and stem cell-based models.
Additionally, detailed evaluation of the K" nanosensors in quantitative live cell
imaging and in vivo brain imaging applications were performed.

Chapter 6 (p. 137) introduces a new innovate sensing mechanism for measurement
of dissolved ammonia (NH3). By taking advantage of the acid/base equilibrium
between NHs/NH4* and the ability of the fluoroionophore to complex NH4", we were
able to design a highly selective NH3 sensor over other volatile bases.

Finally, chapter 7 (p. 153) will present a critical evaluation of the detection of the
marine biotoxin Saxitoxin using fluoroionophores. During our work to improve
published results, we identified an interfering artefact during measurements and were
able to identify a fluorescent degradation product of STX caused by UV illumination.
Additionally, a possible new route of STX detection using highly reactive singlet
oxygen (*O.) generated by photosensitizer is presented.
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2 Theoretical Background

2.1 Chemical Sensors

Chemical sensors are miniaturized analytical devices capable of delivering real-time
and on-line information on the presence of a specific compound (analyte) in a
sample. The typical layout of a chemical sensor is a receptor unit and a transducer
unit. The receptor reacts to the presence of the analyte or interacts with the analyte
itself and the transducer converts the obtained chemical information into a
measurable electrical or optical signal. In recent years, there has been a growing
interest in the development of chemical sensors, as they allow for continuous
monitoring of various analytes in applications such as industrial processes,

environmental monitoring or academia research.!
An ideal sensor should fulfil certain criteria:

e (Conversion of chemical information to an electrically measurable signal
e Fast and reversible response to the change of the analyte concentration

e High selectivity and sensitivity towards the analyte of interest

e A low-cost small device which is simple to fabricate and is user-friendly

e (Good stability both operational and a shelf life

Traditional analytical chemistry involves the manual collection of a sample, transport
and the subsequent analysis in a laboratory. This is labour and time intensive,
expensive, and can only be performed by qualified personnel. In contrast, a sensor
can be brought directly to the sample or to the field and enables immediate
measurement. Additionally, tedious sample preparation can be overcome by the use
of a sensor. This makes sensors perfect candidates for on-line or in-line monitoring
of industrial processes or environmental monitoring over a long period of time,
leading to a huge and growing demand for low-cost sensors. In general, sensors take
advantage of a wide range of measurement principles and are typically classified by
the applied transduction method. In this thesis, there will be a focus on optical
sensors which are based on the phenomenon of fluorescence and will be described in
more detail. An overview of other methods for ion sensing will additionally cover
electrochemical sensors as they represent the state-of-the art technology for ion

SEnSsors.



2 Theoretical Background

2.2 Optical Chemical Sensors

In an optical sensor, the component responsible for the analyte recognition is called
the receptor, whereas the component responsible for generating a measurable signal
depending on this analyte recognition is called the fransducer. This transduction can
be based on the change of optical proprieties such as refractive index, absorption
(infrared or UV-VIS), Iluminescence or Raman spectroscopy and are

comprehensively described in several reviews, 2343678910

In the case of luminescent sensors, the sensor typically consists of a light source (e.g.
LED), the sensing material and a detector (photodiode) to quantify the received
signal. Additional optical elements such as filters are placed between the sensing
material and the detector, which can provide different light properties before and
after interaction with the sensing material (e.g. wavelength selection). Not all parts
are essential for an optical sensor, but generally, optical sensors are based on the
measured parameter as an optical signal which is altered by the transducer in the

sensing material.>!!

A clear advantage of optical sensors over electrical and electrochemical sensors is
that they function without the need of a reference electrode. This makes them robust
against electromagnetic influences and makes miniaturisation of the sensor possible.
For this reasons, optical sensors can be fabricated in various formats ranging from
nanoscale (e.g. nanoparticles)'? to macroscale (e.g. sensor foils for imaging over a
big area)'>. Moreover, as light is used for the transport of information about the
analyte, it is possible to separate the sensing unit entirely from the read out unit. As
they are physically separated, the requirements for the read-out device are less
pronounced when measuring in sterile samples or in applications where elevated

temperatures, pressures or chemically aggressive environments can occur.
Some of the significant parameters of an optical sensor are:

e Selectivity, meaning that only the analyte of interest should generate a signal
in the transducer. This is usually controlled by a receptor.

o Sensitivity, which is described as the increase of the generated signal with
increasing analyte concentration. This parameter effects further
characteristics such as dynamic range, detection limit and resolution of the

Sensor.



2.2 Optical Chemical Sensors

e Reversibility is given if the analyte is not consumed by the sensor and the
measured signal of the sensor is according to the concentration of the analyte.

e Response time of a sensor is typically described as too, which is the time until
90% of the final signal is obtained. Fast response of a sensor is crucial for
real-time analysis.

e Stability of the measured signal is highly important for long-term
measurements. If the signal changes over time without a change in the analyte

concentration, it is called drift of the sensor.
2.2.1 Fundamentals of Luminescence

A large number of optical sensors are based on the concept of luminescence.
Luminescence is the process of a highly sensitive de-excitation pathway via light
emission after the excitation of an electron. All processes occurring during this
phenomenon can be visualised by the Jablonski diagram (Figure 2.1). Excitation of
an electron to a higher electronic energy level usually occurs after absorption of
energetically suitable light (suitable wavelength) by the molecule. The electron is
then in the excited singlet state (Si1), which is the basis of various subsequent
pathways that can occur. The term fluorescence is used when the electron relaxes
back to the ground state (So) via emission of photons, and occurs approximately
nanoseconds after absorption of the light. Phosphorescence, on the other hand, is the
relaxation pathway from an excited triplet state (T1) back to So after the electron
changed its spin, which is possible due to spin-orbit coupling. This spin change is
called intersystem crossing and is a slow process, therefore phosphorescence
lifetimes are usually in the range of microseconds to seconds. Delayed fluorescence
is the emission from S; to So after ISC to T; and a following reverse ISC back to Si.
The emission occurs from the excited singlet state, therefore the spectrum is the same
as in normal fluorescence, whereas the lifetime is much longer as ISC occurs two
times. This process is highly depending on temperature, therefore delayed

fluorescence can be utilized for temperature sensing.
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Figure 2.1: Jablonski diagram with the visualisation of absorption, fluorescence and
phosphorescence. So and S; represent the singlet ground state and the excited state respectively. T
represents the excited triplet state. Intersystem crossing (ISC & reversed ISC) is the transition between
states of unlike multiplicity.

One of the important terms in luminescence is the luminescence brightness, which
combines the ability of a molecule to absorb light (molar absorption coefficient) and
the quantum yield (QY). The latter describes how efficiently the molecule emits
photons after excitation, as luminescence always competes with non-radiative de-
excitation processes. Luminescence lifetime describes the time in which 63 % of the
excited electrons relax back to the ground state. Stokes shift is the energy difference
between the maxima of the absorption and the emission spectra. A change in any of
these properties upon interaction with either another compound or with the
luminescent dye itself, is called quenching. This can be used for the development of

optical sensors, as a measurable change in an optical property is generated. '3

In recent years, optical sensors based on luminescent indicator dyes have been
receiving more attention. This type of sensor reversibly changes the emission
intensity, wavelength or lifetime after interaction with the analyte. Luminescence
sensors can utilize both fluorescent and phosphorescent dyes for sensing.
Phosphorescent dyes with a typically long-lived excited state (triplet state) can be
dynamically quenched by oxygen upon their collision. Immobilisation of these
molecules (e.g. metalloporphyrines) into oxygen permeable polymers yields oxygen
sensors.'® In the case of fluorescent indicators, the quenching process can occur via
different interactions and will be described in the next section.
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2.2 Optical Chemical Sensors

2.2.2 Photo Induced Electron Transfer

For fluorescent dyes, quenching can occur via different analyte-indicator
interactions. Most commonly, the effect of intramolecular charge transfer (ICT) or
photoinduced electron transfer (PET) is used.!”!®!%20 Attachment of a functional
group (PET-group) to the fluorophore results in a redox process between the PET
group and the excited chromophore. Typically, an electron is transferred from the
PET group to the chromophore and occupies So, subsequently inhibiting radiative

relaxation via fluorescence (“off”’-state) (Figure 2.2 a).
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Figure 2.2: (a) Schematic illustration of the photoinduced electron transfer (PET) and (b) the
inhibition of the PET effect due to a binding event with a receptor group and a resulting change in the

molecular orbitals of the PET group.

If the free electron pair of the PET group is electronically lowered, PET is no longer

possible and fluorescence emission is observed (“on”-sate) (Figure 2.2 b).

In most cases a reductive PET effect occurs, although there are few examples where

an electron transfer from the fluorophore to the PET group is reported (oxidative
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PET)."” Employed functional groups for PET sensors are mostly amines®!,
phenolates®? or carboxylates®®. Effective quenching is achieved by the combination
of a strong -electron-donating PET group with a strong electron-accepting
chromophore. Besides having suitable redox potentials for both groups, PET is also
more likely in a polar environment, meaning that it can even be used for polarity

sensors.>*

Protonation or deprotonation of a PET group is one of the most commonly used
sensing concepts for pH probes. These chromophores can be used as pH probes with

a pH sensitivity close to the pKa value of the PET group.

As the PET can also be inhibited simply by perturbation of the electron pair’s
environment, the sensing ability of such probes can be extended for other analytes
that do not depend on protonation/deprotonation. For instance, aza-crown-ethers can
be applied for selective sensing of ions where PET translates the molecular
recognition into a measurable fluorescence signal. This will be discussed in more

detail in section 2.4.3.

PET groups are usually electronically separated from the indicator via a spacer
bridge to break the conjugation. Therefore, the excited and ground state of the
fluorophore are not affected by PET quenching, leading to a change in emission
intensity only, while the shape or wavelength of the absorption and emission spectra
are not influenced. Applying such indicators lead to simple “turn-on” - “turn-off”

sensor system.

In contrast, probes based on intramolecular charge transfer (ICT) undergo changes in
spectral properties (e.g. colour) as the sensitive functional group is in direct contact
with the conjugation of the chromophore influencing the HOMO-LUMO levels of
the dye.

The development of PET based probes for use in optical sensors is highly versatile.
Combining intrinsically insensitive fluorescence dyes with PET groups yields new
sensing molecules.’® This enables a modular design of new indicators, as it is
possible to change the spectral properties (chromophore) and sensitivity (PET group)
independently. Therefore, sensors with different PET groups but the same
chromophore basis can be used for sensing of a variety of different analytes without
changing any optical parts of a measurement device. This enables simple

multiparameter sensing.
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In this thesis, we took advantage of this modularity and developed different
fluoroionophores for K" sensing and studied the influence of different chromophores
(chapter 3 (p. 33)). Using the most promising chromophore basis and simply
exchange of the PET group led to new different sensing materials for Na™ ions and is
described in chapter 4 (p. 69).

2.3 Host-Guest Chemistry

The key component in optical ion sensors is the receptor, which belongs to a research
area called host-guest chemistry. It describes complexes which are formed upon
noncovalent binding of two molecules or ions which are held together due to suitable
structural relationships.>® This leads to the concept of molecular recognition which
has been successfully applied in the last few decades in catalysis, functional
materials, electronic devices, sensors, nanomedicine etc.?¢ The host unit is typically
an organic molecule that provides binding sites and a cavity, whereas the guest
component can be any molecule or ion that fits in this cavity and is in noncovalent
interaction with the host. Usually, the host is a highly functional molecule that is
designed for a special application and the guest is a simple, abundant compound. An
enormous amount of host molecules were developed over the last few decades,
including cyclodextrines®’, cyclophanes®®, cucurbiturils®, pillararenes®® and crown
ethers®! (Figure 2.3).

|
OH OH QH HO HO 0

Figure 2.3: Exemplar host molecules. left: calixarene middle: cyclodextrine right: chelator EDTA.

As the complexation is a non-covalent binding event, there is a need for other
interactions in order to form a stable complex. This usually includes coulomb

interactions if there are charged compounds, Van-der-Waals interactions for non-
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charged compounds and hydrogen bonds between guest and host molecules. Another
important factor is the solvophobic force, which describes the contribution of the
complexation concerning the enthalpy and entropy. Guest molecules are usually
solvated, meaning molecules of the solvent surround them. In order to be complexed
in the cavity of the host molecule, it must strip off this solvent molecules, which
subsequently leads to an increase of entropy AS’. This entropy contributes to the
Gibbs free energy and is most pronounced in aqueous solutions. Host-guest complex
formation usually shows a decreasing affinity in increasing solvent polarity due to
stronger solvation of the host molecule.*

The degree of stability of the host-guest complex is expressed by the stability
constant (Ks) which is described by the simple equilibrium constant of the host (H)
and guest (G) to form the complex (HG) (Equation 2.1). The binding constant must
be determined for the quantitative analysis of the complex formation. Kgs and binding
stoichiometry can be determined via titration of the host with the guest molecule
through detection of the concentration of the uncomplexed and complexed
compounds. This can either be performed by measurement of electrochemical
properties such as conductivity or potential*>, but also NMR>*, mass spectrometry™,
and UV-VIS spectroscopy’® can be applied. As the complexation is always
accompanied by a change of the temperature, it is possible to determine the
equilibrium constant K and the enthalpy of the complexation (AH) using a

calorimeter.’’

[HG]eq

m Equatlon 2.1

H+G =HG K=

Complex binding constants were a key parameter for the critical evaluation of the
development of a sensor for the marine biotoxin Saxitoxin, which can be found in
chapter 0 (p. 153).

2.3.1 Crown Ethers and their Derivatives

Crown ethers are the simplest form of host molecules in supramolecular
chemistry.® They consist of a cyclic repeating ethyleneoxy unit to form crown
ethers in various sizes (Figure 2.4). As they have hydrophobic (ethylene groups)
and hydrophilic (heteroatoms such as oxygen) structural elements, they behave in
aqueous solution similar to a fat droplet in water. Moreover, as they possess high

14



2.3 Host-Guest Chemistry

flexibility in their molecular backbone, they can act reversibly in lipophilic media
(e.g. water droplet in oil). This hydrophilic interior of the crown ether is ideally
suited for interactions with alkali cations.*® Upon complexation, crown ethers
form a two-dimensional complex where the oxygen atoms donate a fraction of
their electron density to the alkali cation, which is electron deficient. There is an
enormous variety of crown ether structures and derivatives, with different
distribution, quantity and types of donor-heteroatoms (e.g. sulphur or nitrogen
instead of oxygen atoms).

oy S0

S e(s
o/ QOJ

Figure 2.4: 18-crown-6 ether which is usually used for complexation of K* ions.

Cryptands have a three-dimensional structure and additional oxygen atoms for
complexation (Figure 2.5). Due to their multi-dentate nature, cryptands usually
show a better selectivity and a higher strength of binding compared to crown
ethers. They typically consist of two bridge-head nitrogen atoms which are
connected via additional ethyleneoxy units in order to obtain a bicyclic ligand

(Figure 2.5).
O
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Figure 2.5: Exemplar cryptand ether. The additional “bridge” ligand additionally complexes an alkali

ion.

Lariat ethers are a blend of crowns and cryptands. They exhibit the three-
dimensionality of cryptands which leads to a better complexation, but still have
fast complexation behaviour like normal crown ethers.*® Upon encapsulation of
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the ion, the side arm can fold and contribute as a donor to the macro ring and
therefore stabilize the guest (Figure 2.6).

-
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Figure 2.6: Lariat ether with additional arm to enhance complexation stability.

2.3.2 Hole-Size Fitting Concept

The high selectivity for cations is mainly caused by the “hole-size fitting concept”
which describes the relationship between the “naked” cation diameter and the size
of the crown cavity.® If the de-solvated ion is too big or too small for the cavity,
it will not have optimal interaction with the host heteroatoms and therefore
insufficient electronic interaction to stabilize the guest. Consequently, complex
stability constants confirm that there is a relationship between the size and the
stability of complexation.** Comparison of ion and cavity diameter indicates
which crown ether will have the highest interaction and stability with the ion
(Figure 2.7 and Table 2.1). However, affinity and selectivity towards certain ions
cannot be fully and satisfactorily explained by this concept as complexation is
dependent on a variety of different factors, as mentioned previously.*
Additionally, it is possible for crown ethers to form “sandwich” or “double
decker” complexes with a 2:1 stoichiometry in order to enhance the stability of
the complexation if the host and guest do not have suitable sizes.*?
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Figure 2.7: Crown ethers with different sizes.

Table 2.1. Crown ether ring sizes and ionic diameters.*

Cation | Cation diameter / A Crown ether | Cavity diameter / A
Li" 1.36 12-crown-4 | 1.2-1.5

Na® 1.90 15-crown-5 | 1.7-2.2

K" 2.66 18-crown-6 | 2.6-3.2

NHs" | 2.68 21-crown7 34-43

Rb" 2.94

Cs" 3.38

By applying different sized crown ethers the selectivity towards an analyte ion is
changed. As we successfully developed a sensor for K ions (chapter 3 (p 33)), we
were able to prepare Na® sensitive materials by simply decreasing the size of the
crown ether receptor (chapter 4 (p. 69)). Additionally, Table 2.1 shows that the
sizes of K" and NH4" ions are almost similar and that both would be efficiently
complexed by the same receptor. This was the basis for the development of a novel

ammonia sensor, presented in chapter 6 (p. 137).

2.4 Concepts of lon Sensors

2.4.1 lon Selective Electrodes (ISE)

Among various classes of chemical sensors, ion-selective electrodes (ISE) are one of

the most frequently used potentiometric sensors. The necessary equipment required
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for measurements include an ion selective electrode, a reference electrode and a
potential-measuring device (Figure 2.8). The ion selective electrode is the indicator
electrode, which is based on a membrane that interacts selectively with the analyte
and yields a change in the membrane potential. As this potential cannot be measured
directly, a reference electrode is required, which provides a highly stable potential.
Comparison of the detected potential of the ion selective electrode to the reference
electrode determines a net potential, which is directly proportional of the activity of
the selected ion. The relationship between the activity and the electrode potential can
be described by the Nernst equation (Equation 2.2).474

E=E°—In(a;) Equation 2.2
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Figure 2.8: Functioning principle of an ion selective electrode (ISE). A reference electrode provides a
stable potential whilst the ion selective electrode changes its potential due to the activity of a specific
ion in the sample solution with the ion selective membrane.

The membrane is the key component for potentiometric ion measurements.
Depending on the analyte of interest, different membranes must be used, as this
determines the selectivity of the sensing material. The three main membrane types

can be divided into glass, crystalline and liquid membranes.*’

Glass membrane electrodes consist of an ion-exchange glass which is selective for

monovalent ions such as H or Na'. Typically, these glasses are based on silicate
ypically g

18
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with different additions of metal oxides (e.g. Na, K, Li, Al) or chalcogenide matrices
based on a network of AsS, AsSe or AsTe in order to enhance the selectivity of the

membrane. Their main application is the determination of pH.

Crystalline electrodes are typically made of mono- or polycrystallites of a single
compound where only the analyte can incorporate into the crystal structure, leading
to a high selectivity. The use of Ag-crystals makes them suitable candidates for
measuring anions such as CI, Br", or I'. The most commonly used membrane is based

on LaF3 crystals which can selectively measure F~ ions.

Liquid membrane electrodes are the most widespread electrodes for ion selective
sensing. 4 The essential part of this electrode is an ion-sensitive polymer
membrane placed between the sample solution and an inner reference solution. The
polymer membrane incorporates a neutral or charged compound (host molecule)
which can complex ions as described in section 2.3. Moreover, the host molecule
(ionophore) must be capable of complexing the intended ion selectively and
reversibly to obtain a sensing material. Typical polymer membranes consist of
poly(vinylchloride) (PVC) with a high amount of plasticizer (dioctyl sebacate
(DOS)) to ensure mobility of both the complexed and free ionophore inside the
membrane. The diffusion coefficient in such membranes is similarly high as that in
liquid phases and is therefore sometimes referred to as “solid liquid phase

membrane”.

Ions in the sample solution are extracted into the boundary layer of the PVC
membrane, where they accumulate and cause a potential difference between the inner
reference solution and the outer sample solution (Figure 2.9). As the selectivity of
those electrodes is dependent on the ionophore used, it is possible to design ISEs for
a wide variety of cations and anions, both monovalent and bivalent. Commercially
available ISEs based on this membrane type are available for K*, Na®, NH4*, Ca*",

Mg?, etc. and are commonly used in clinical diagnostics.>*!
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Figure 2.9: Schematic working principle of a liquid membrane based ion selective electrode. A
membrane containing an ionophore extracts the ion of interest from the sample solution to the
boundary layer of a polymer membrane where it causes a potential difference.

As the ISE measures the activity of the ion, it is highly dependent on the ionic
strength of the solution. Therefore, it is necessary to adjust the salinity to a high ionic
strength using a TISAB (total ionic strength adjustment buffer) to mask minor
changes of the ionic strength. Additionally, the electrode can be fragile, have a
limited shelf life and cannot be miniaturised down to the nanoscale due to the
dimensions of the electrodes. The reference electrode is prone to drift as the junction
potential can change over time. Optical sensors can overcome these limitations and

will be described in the following sections.
2.4.2 lonophore Based Optical Sensors (IBOS)

The working principle of ionophore based optical sensors is similar to ISEs. Both use
a solid liquid phase membrane (PVC/DOS) with an incorporated ionophore that
selectively and reversible binds the intended ions. At the ion selective electrode,
interaction of the ion and the ionophore happens on the surface of the membrane and
therefore develops a potential difference between an inner reference solution and an
outer sample solution. Inside the membrane, a change in any component’s
concentration does not occur. In contrast, in IBOS a signal change cannot be induced
by a surface interaction, but with a change in the concentration of one component
inside the polymer matrix (inside the bulk) (Figure 2.10). Hereby, recognition is
accomplished by the ionophore and an optical signal is obtained by a lipophilic pH
indicator which is also immobilized in the PVC matrix. Complexation of an analyte

is accompanied by a competitive ion exchange or a carrier-mediated co-extraction to
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2.4 Concepts of lon Sensors

keep electro-neutrality inside the membrane. This leads to a change in the
protonation degree of the pH indicator which acts as the transducer. Therefore, a

change in optical signal (absorption or fluorescence emission) can be detected.”

Anionic Ligand
Lipophilic
pH Indicator

lonophore

PVC membrane

Sample solution

Increasing lon Concentration >

Figure 2.10: Schematic working principle of an ionophore based optical sensor. Extraction of ions

into the sensor layer via selective ionophores trigger a proton release to the sample to keep the charge
neutrality. This leads to a measurable change in the degree of protonation of a pH indicator dye.

As this is not based on a surface effect, these sensors are often referred to as bulk
optodes. Depending on the charge of the analyte, pH indicator and ionophore, it is
necessary to introduce charged ionic sites to ensure electro-neutrality inside the bulk
and to facilitate ion transport (e.g. lipophilic anions such as tetraphenyl borates). Due

to this, several membrane set-ups are possible, as shown in Figure 2.11.
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Figure 2.11: Schematic representation of possible combinations of ionophore (L), lipophilic pH
indicator (Ind), ionic sites (R) and the analytes (I or X).

Commonly used pH indicators are derived from Nile blue or azo-compounds with
various lipophilic residues and different pKa values. They were mainly developed at
ETH Ziirich by the research group of Simon and are commercially available as "ETH

dyes”.>

The selection of an ionophore can be conveniently adapted based on experience with
ISEs, and yield the same number of measurable ions using IBOS. A comprehensive
list of available ionophores, indicators and lipophilic ionic additives was prepared by
Biihlmann et al.>* The high versatility concerning available ionophores and pH
indicators is one of the major advantages of IBOS. Moreover, as there is no need for

bulky reference electrodes it is possible to fabricate sensors in the nanoscale.>

The commonly used read out modes for IBOS are based on absorption or

fluorescence. As just measuring the intensity of parameters is error-prone, IBOS also
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require a referencing system in order to obtain a robust sensor which can work
reliably. This frequently used technique is based on a two wavelength ratiometric

readout, but decay times or colorimetric approaches were also applied successfully.>®

However, a major drawback of these sensors is their pH cross-sensitivity, which
limits the practical applicability of IBOS. This can be overcome by simultaneous
measurement of the pH of the sample, but leads to more complex instrumentation.
Several strategies to overcome this pH dependency were reported, such as co-

extraction of solvatochromic dyes>’*%

60,61,62

or applying fluoro- or chromogenic
ionophores Fluorogenic ionophores (or fluoroionophores) combine the
transducer element of the pH indicator dye and the recognition element of the
ionophore in one molecule. This leads to a new generation of optical sensitive dyes
for ionic species which were topic of this thesis, and will be discussed in more detail

in the following section.

2.4.3 Fluoroionophore Based Optical Sensors (FBOS)

In contrast to ionophore based optical sensors, fluoroionophores combine the
recognition unit (ionophore) and the transduction unit (chromophore) into one
molecule.

FBOS are based on fluorescence quenching using an intramolecular charge transfer
(ICT) or photoinduced electron transfer (PET) mechanism, which is described in
detail in section 2.2.2. Briefly, the receptor is covalently coupled to the chromophore
indicator dye. If they are electronically separated via a methylene bridge then PET is
present, whereas direct connection of the receptor and the conjugated system of the
chromophore is the basis for ICT.%*%* In certain cases, it is difficult to draw a clear
line between them, and a mixture of ICT and PET can be observed. Fluoroionophore
based sensors can incorporate all presented host molecules from section 2.3, yet
mainly crown ethers are used as they are easily accessible and show good

selectivities.®%°
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Figure 2.12: (a) Schematic illustration of the photoinduced electron transfer (PET). The absorption
and emission spectra do not change position or the shape. Emission intensity is increased upon
inhibition of the PET effect. (b) intramolecular charge transfer (ICT) leads to a change in the shape

and position of both the absorption and the emission spectra.

In contrast to the ionophore based systems, it is possible to employ fluoroionophores
for a wider range of applications as there is no need for a hydrophobic matrix.
Combining simple cellular uptake of a fluoroionophore with well-known imaging
techniques using fluorescence microscopy, it is possible to explore the influence of

ions in biological processes.%’

Typical analytes include biological essential ions such as Li*, Na*, K, Mg?* or Ca*’,
as well as environmentally relevant ions Ag’, Hg**, Cu*" or Cd*". The latter can be
detected by utilizing crowns with nitrogen or sulphur as the heteroatom.’! There is a
wide range of chemosensors for recognition of ionic species based on luminescence

effects which are comprehensively described in several reviews. 68633169

2.4.3.1 ICT based sensors

Sensors based on ICT (also called chromogenic or colorimetric dyes) are very simple
systems where crown ethers are directly coupled to a chromophore and complexation
yields a change in colour (e.g. change of absorption spectrum) (Figure 2.12 b). This
is due to the destabilization of the excited state of the chromophore caused by a
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positively charged ion inside the crown. Subsequently, the transfer of electron
density from the crown electron donor to the electron accepting chromophore is
influenced by this interaction, leading to a hypsochromic or bathochromic shift of the
absorption band. This enables read out in the absorption and emission mode and
enables ratiometric dual wavelength measurements. Direct coupling with the
conjugated system of the dye can be realized via several different approaches
(Figure 2.13).7071.72

Figure 2.13: Exemplar fluoroionophores based on ICT quenching mechanism for sensing cations.

2.4.3.2 PET based Sensors

Utilization of PET usually involves aza-crown ethers bound to the chromophore,
where the nitrogen electron pair is then responsible for the quenching. As the
absorption spectrum is not altered, it is only possible to measure the fluorescence
emission intensity, which shows ON-OFF response (Figure 2.12 a). Use of this
system enables the utilisation of simple crown ethers (compound 4)7°, cryptants

(compound 5)* or even more than one receptor for complexation (compound 6)7°.

Figure 2.14: Exemplar fluoroionophores based on the PET quenching mechanism.
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2.4.4 From Probe to Sensor

In order to obtain a sensor which is capable of continuous monitoring, it is necessary
to immobilize fluoroionophores into polymeric matrices. Unfortunately, finding a
suitable polymer matrix for ion sensing is not a simple task. The polymer must
ensure that no leaching of the dye occurs in order to keep a constant concentration of
indicator. Moreover, the polymer must be sufficiently hydrophilic to ensure mobility
and permeability of ions inside the sensor membrane, but still remain sufficiently
hydrophobic to prevent the fluoroionophore from aggregation. Hydrogel matrices are
already commonly used in fluorescence pH sensors and can be adapted for ion
sensing.”® Sensor fabrication in the simplest case is achieved by simple dissolving of
the hydrogel matrix in an organic solvent. Further processing steps include knife
coating, spin coating, screen printing or spray coating on transparent sensor supports
to obtain planar sensor foils (Figure 2.15 a). Sensor fibers can be produced by dip
coating of the material onto the end of an optical fiber (b). Sensors described in this
thesis are typically prepared by one of this two methods to yield robust ion sensing
materials.

Alternatively, water dispersible nanosensors can be made by incorporating the
sensing chemistry into polymer nanoparticles which can then be used for biological
applications, as nanoparticles can be taken up by cells (¢).”” This was successfully
conducted in this thesis by applying K" sensitive nanoparticles with a variety of
different cell lines to study intracellular K™ dynamics and is described in chapter 5

(p. 99).
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Figure 2.15: Different sensor layouts for FBOS sensors. (a) planar sensor foil on a transparent
support. (b) dip-coated optical fiber. (¢) water dispersible nanoparticles with encapsulated indicator
dye.

To date, solid state sensing materials incorporating fluoroionophores are not common
and the vast majority of published dyes were simply used as probes in solvents.
Reported solid state ion sensors used methacrylate based hydrogels.”®” In contrast to
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IBOS, these polymers must be water swell-able. As mentioned in section 2.3, the
complexation is highly dependent on the environmental conditions surrounding the
ion or guest molecule, and binding constants are usually higher in organic solvents
than in aqueous media due to strong hydration of the ion.*® Consequently, this system
suffers from poor binding stabilities of the analyte to the receptor inside a hydrogel,
which would explain the lack of solid state sensing materials to date.*!

2.5 BODIPY Fluorophores

Among various classes of fluorescence dyes, BODIPY indicators possess perhaps the
highest potential and are hugely popular. They were described for the first time by
Treibs and Kreuzer in 1968, but were recognized to be suitable candidates for
sensing applications in the 1990s.®' BODIPY dyes possess many remarkable
characteristics that are responsible for the high popularity of these dyes, such as

e High photo- and chemical stability

e Relatively high molar absorption coefficients (>50,000)
e High quantum yields

e Sharp excitation and emission spectra

e Tuneable spectroscopic and photophysical properties

e (Good solubility and resistance to self-aggregation

e Versatile synthetic pathways to prepare BODIPY dyes

Due to this remarkable properties, we decided to use BODIPY dyes as universal
chromophore basis for the development of ion sensors. There are three widely used
synthetic routes towards BODIPY dyes.?*® The first approach is based on an acid
catalysed condensation between a pyrrole (7) and an aromatic aldehyde (8) to yield
dipyrromethane (9) (Figure 2.16). These are rather unstable compounds as they are
light, air and acid sensitive. Oxidation of 9 using DDQ (2,3-dichloro-5,6-dicyano-p-
benzoquinone) or p-chloranil (2,3,5,6-tetrachloro-p-benzoquinone) and complexation
using BF3 yields the final, robust chemical fluorescent dye (11).
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Figure 2.16: Synthetic pathway for the preparation of BODIPY dyes via condensation of an aromatic
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aldehyde and a pyrrole and subsequent oxidation and complexation.

The second route is a condensation between pyrrole (7) with an acylium (12) which
yields a non-stable intermediate acylpyrrole (13). This further reacts with different
pyrroles to a dipyrrinium salt (14) which then is complexed to form the final product.
With this pathway, it is possible to prepare asymmetric dyes, as it enables the use of
a second different pyrrole moiety (14) during the condensation step.
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Figure 2.17: Synthesis of BODIPY via an acylation of a pyrrole and a subsequent condensation and
complexation.

The third route is a simple one-pot condensation of two equivalents of pyrrole-2-
carbaldehyde (17) using POCI; (Figure 2.18). Products synthesised via this route are
typically obtained in high yields and require little purification.

2eq
TN\ o _POC%h_ Ao \  Complexation
N -2HCl  \_NH*HN=
H H -co
17 18 19

Figure 2.18: One-pot reaction to form BODIPY dyes based on a condensation and decarbonylation of
pyrrole-2-carbaldehydes.
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2.5 BODIPY Fluorophores

BODIPYs in general are highly chemically robust and therefore allow subsequent
modifications after complexation, such as oxidation, reduction or nucleophilic
substitutions, without destroying the former dye. The possibility of modifying the
boron center, extending the degree of the conjugated system and performing further

reaction at the BODIPY core creates enormous potential for structural tuning.®*

Due to this immense versatility, crown ethers or similar ion-receptors were already
coupled to different positions at the BODIPY dye.®? There are two main routes to
introduce analyte sensitive groups, as illustrated in Figure 2.19. Receptors were
introduced either during the preparation of the BODIPY via an aromatic aldehyde
bearing the receptor unit to obtain a PET sensor (Route 1)*%, or via additional
condensation to form a styrylated fluorophore which acts as ICT probe (Route 2)%6-%7,
However, the vast majority of the reported BODIPY based fluoroionophores for
cation measurements were only used in solution and no solid state sensing material

was prepared.’>88

H™ ~O

Figure 2.19: Commonly applied routes to introduce receptor units to BODIPY dyes. Route 1 yield
PET-based indicator dyes whereas route 2 yield ICT-based dyes.

BODIPYs allow for a simple control of the photophysical properties via synthetic
modifications of the dye. Introducing electron withdrawing or electron donating
groups to the BODIPY dye or further aromatic groups, which will expand the
conjugated system, can have a direct effect on the spectral properties of the dye.
BODIPYs with absorption and emission spectra which span the visible range, but

also to longer wavelengths in the NIR region, can be prepared. This makes BODIPY
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2 Theoretical Background

probes the preferred choice as fluorescent labels or markers in biological research.®

The tuning of spectral properties was performed in the context of K' sensitive
fluoroionophores and will be the topic of the first publication described in the next
chapter and was the basis for all further developments in ion sensors presented in this

thesis.
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Chapter 3

Red- to NIR- Emitting, BODIPY Based, K* -
Selective Fluoroionophores and Sensing
Materials

Non Fluorescent Red / NIR Fluorescence Solid State Sensor Nanoparticles
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Preface for the Manuscript

This publication represents the foundation of all newly developed sensing materials
throughout this thesis. The sensing materials presented here can be used for
determination of K' in aqueous solution and represent promising new sensing tools

for various applications.

First, we synthesized a known receptor unit which was published in 2013, just
recently before this work started.”® This crown-ether receptor unit was coupled to a
coumarin derivate and a high K'/Na" selectivity and a sensitivity in the micromolar
concentration range was reported. However, the fluoroionophore showed only

moderate photophysical properties.

We aimed to take advantage of this new receptor unit, but develop a new set of
indicator dyes with superior photophysical properties, such as high molar absorption
coefficient, high quantum yield and good chemical- and photostability. Moreover, we
intended to develop a building block system which simplifies the synthesis of
indicator dyes for individual demands. BODIPY chromophores meet these criteria as
they are simply prepared by condensation of the receptor unit and pyrroles (more
detailed explanations about BODIPY synthesis can be found in section 2.5 (p. 27).
Using this method, we were able to synthesize five new fluoroionophores which
show efficient excitation and emission ranging from green to NIR light. Moreover,
we could show that different substituents have a major effect on the photoinduced
electron transfer (PET) effect and studied this using cyclovoltametric measurements.
These findings were of major importance for the development of new

fluoroionophores throughout this entire thesis.

Additionally, we successfully immobilized fluoroionophores into various polymer
matrices, such as hydrogels for planar sensor foils or nanoparticles to obtain water-
dispersible nanosensors. To demonstrate potential applicability in clinical
diagnostics, we prepared referenced fiber optic sensors and measured K* in fetal
bovine serum with ICP-OES measurements for reference. The fabricated
nanoparticle based sensors were then used in a collaboration with University College
Cork to study intracellular K* fluxes. These results are shown in chapter 5 (p. 99).
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Abstract Novel optical sensing materials for the selective measurement of
potassium ions (K') in water are presented. Signal enhancement of the
fluoroionophores is caused by the reduction of photoinduced electron transfer (PET)
upon complexation with K* ions. The indicator dyes are based on an aza-crown ether
as a receptor and BODIPY dyes as fluorophores. This family of new indicators
possess tuneable optical properties (green to red excitation, red to NIR emission) and
PET efficiencies. They exhibit high brightness with a quantum yield between 0.20
and 0.47 in the “on” state and a molar absorption coefficient between 30,000 and
290,000 M'cm™!. These new indicator dyes are immobilized in biocompatible
hydrogel matrices to obtain stable non-leaching and fast responding (too ~ 10s) sensor
materials for continuous measurements of extracellular potassium prepared in
various formats such as planar optodes or fiber-optic sensors. Water dispersible
polymer-based nanoparticles are prepared for imaging applications. Apart from
fluorescence intensity measurement, self-referenced read-out of fluorescence decay
time is demonstrated. All sensor materials display a high K'/Na® selectivity and are
not influenced by pH within the physiologically relevant range. Practical
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3 K" Selective Fluoroionophores and Sensing Materials

applicability of the new materials is emphasized by application of a fiber-optic
sensor to quantification of K" in serum which shows excellent correlation with the

reference measurements.

3.1 Introduction

Potassium (K") plays a central role in the human body and is necessary for the
function of all living cells. Inside the cell K is the main ion with an approximate
concentration of 150 mM while extracellular concentrations are about 5 mM. 12
The difference in concentration causes a disparity in electric potential between the
interior and exterior of cells, known as the membrane potential. *> It takes part in
substantive processes and functions such as the regulation of cell growth, acid-base
equilibrium and maintaining the normal blood pressure. *+*>% Cells can control this
potential by opening or blocking K" channel transmembrane proteins. °’ This
regulation of intra- and extracellular K concentration plays a key role in metabolic
processes and is of high interest for pharmacological research. However, the
molecular mechanism of potassium physiology and pathology are still insufficiently
understood, partly due to the lack of tools for measuring K.

Extracellular potassium (whole blood, serum) is the key analyte in clinical
diagnostics as elevated K* concentrations (hyperkalemia) is an indication for cardiac
arrhythmia which can lead to sudden heart failure. °® The crucial requirement and
greatest challenge for potassium sensors for clinical diagnostics is the selective
detection of the low extracellular K™ (5 mM) over a high Na" concentration (150
mM). *° Apart from good selectivity, inertness to variations of pH in the relevant

range is of extreme importance.

Fluorescence-based measurements offer several advantages compared to other
analytical techniques (e.g. electrochemical measurements with ion selective
electrodes) as they are free of electromagnetic interferences and are non-invasive.
Fluorescent sensors are available in various formats including planar sensors and
spots, fiber-optic sensors and (nano)particles. Nano-scale sensing materials can be
incorporated into small objects such as cells to gain information in real time or
enable high-resolution imaging. '°° Conventional fluorescence and laser-scanning

microscopes can be used for this purpose. %2
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3.1 Introduction

A fluorescent indicator dye typically consists of a fluorophore linked to a recognition
unit (receptor/ionophore) leading to a fluoroionophore. Fluoroionophores based on
intramolecular quenching due to photo-induced electron transfer (PET) have been
applied successfully for sensing cations in the last years. !°! Typically, the receptor
unit bears a tertiary amine group which is responsible for the emission enhancement

in presence of ions, due to the reduction of the PET effect (Figure 3.1).

PBFI (potassium binding benzofuran isophthalate) consisting of a diaza-18-crown-6
ether as a receptor and a benzofuran derivative as a fluorophore is the most popular
indicator dye for molecular biology studies and the only commercially available
fluoroionophore. ' However, this PBFI indicator suffers from a poor K'/Na®
selectivity and is expensive. A triazacryptand (TAC) receptor designed by He et al.
103 shows excellent K* selectivity and sensitivity, but its preparation is very tedious
due to extensive multistep synthesis. Hence, there is a high demand for simple,

sensitive and selective receptors.

Recently, Ast et al. introduced a phenylaza-[18]crown-6 with ortho-substituted 2-
methoxyethoxy group as receptor which has a good K'/ Na' selectivity and is
simpler to prepare than the TAC receptor. °° Combining this receptor with a
coumarin fluorophore enabled measurement of K* in the range of 2-100 mM with a
negligible cross-sensitivity to Na" under physiological conditions and a 2.5-fold
fluorescence enhancement at 160 mM K" at 493 nm. The fluorophores used for
optical K sensing included derivates of coumarins,” xanthene dyes, !04105:106
naphthalimides, '°>!°7 borondipyrromethenes (BODIPYs) 0886851091011 anq other
dyes. ''2 Most of them are excitable below 600 nm (Fehler! Verweisquelle konnte
nicht gefunden werden.). However, indicator dyes with longer wavelength of
absorption and emission (> 600 nm) are of particular interest as they allow
measurements in highly scattering and absorbing media (e.g. tissues) as well as in

autofluorescent media (e.g. biological samples).

The fluoroionophores for intracellular imaging of K reported by the groups of
Verkman and Meldrum were modified with charged groups in order to facilitate the
solubility in water and to enable cell uptake. Application of such probes is limited to
essays in small volumes (such as cells) since they have to be added to the analysed
media. Thus, immobilization of the fluoroionophores into polymeric matrices is
necessary to design sensors for continuous monitoring of the analytes (e.g. in
diagnostics). Despite seemingly straightforward, this can be a challenging task since

(1) it should be ensured that the material possesses good permeability for the analyte
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3 K" Selective Fluoroionophores and Sensing Materials

i.e. is sufficiently hydrophilic; (ii) the indicator should be compatible to the matrix to
prevent aggregation; (iii) it should not leach out of the matrix which is not unlikely
for the dyes bearing hydrophilic receptors. Last but not least, not all indicators which
work properly in solution show a response when immobilized in a hydrogel, as the
environmental polarity plays an important role in the PET effect. In fact, very few
sensors based on immobilized indicators have been reported so far. 93107 They
employed fluoroionophores which show excitation and emission at shorter

wavelength and only moderate brightness. Thus, preparation of novel high

performance sensing materials for K™ remains of utmost importance.

PN

g@jg

Fluorescence Fluorescence
IIOFFII llONII

Figure 3.1: Operating principle of a fluorescent K+ probe. Fluorescence enhancement is caused by
complexation of K+ and a reduction of the photoinduced electron transfer (PET).

In this contribution we report a palette of K™ fluoroionophores based on BODIPY
dyes having tuneable spectral properties, good brightness, insensitivity to pH in the
relevant conditions and tuneable sensitivities. They incorporate a selective, yet
conveniently accessible aza-crown-ether receptor. We will report on preparation and
properties of novel materials (solid state optical sensors and potassium-sensitive
nanoparticles) which enable numerous applications in science and technology

exemplary demonstrated for measurement in fetal bovine serum samples.
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3.2 Results and Discussion

3.2 Results and Discussion

3.2.1 Synthesis of BODIPY Fluoroionophores

The new fluoroionophores (FIs) represent a highly modular system consisting of two
building blocks — the receptor and the chromophore. The spectral properties are
controlled by the pyrroles and the sensitivity is controlled by the receptor which
enables high flexibility of the design. The synthesis of the receptor (o-(2-
methoxyethoxy)phenylaza-[18]crown-6 lariat ether) was performed as described by
Ast et al.”® (Figure S - 3.1). Importantly, this convenient procedure relies on readily
available reagents and allows preparation of multi-gram quantities of the receptor.
All the BODIPY indicators are prepared via condensation of a pyrrole and the
aromatic aldehyde from the receptor, subsequent oxidation with DDQ and
complexation using a base and BFs-etherate. We prepared differently substituted
pyrroles in order to tune the optical properties and optimize the PET efficiencies of
the indicators (Fehler! Verweisquelle konnte nicht gefunden werden.). Whereas 2,4-
dimethylpyrrol is commercially available, other pyrrols can be conveniently prepared
from the respective ketones and 3-phenyl-2H-azirene. ''* A different route is
necessary for preparation of furan-fused pyrrols. !'#
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Figure 3.2: (a) Synthesis of different pyrroles and BODIPY indicators. (b) Synthetic pathway to FI 5.

3.2.2 Spectral and Electrochemical Properties of the Fluoroionophores

FI 1 prepared from 2,4-dimethylpyrrol is a commonly used BODIPY dye with
absorption in the blue and emission in the green region of the electromagnetic
spectrum (Figure 3.3Fehler! Verweisquelle konnte nicht gefunden werden.,
Table 3.1). A bathochromic shift of about 70 nm is obtained via extension of the
aromatic system to tetraphenyl-BODIPY FI 2. Rigidization results in an even further
bathochromic shift of the absorption and emission (about 70 nm), higher molar
absorption coefficients and fluorescence quantum yields (Table 3.1). As expected FI
4 absorbs at longer wavelength compared to FI 3 due to the electron-donating
character of the methoxy-group. FI 3 and FI 4 can be efficiently excited using red
light and show emission in the red/NIR part of the spectrum. FI 5 includes a fused
furan ring and belongs to the so called Keio Fluors variation of BODIPYs. !> This
dye class has extraordinarily high molar absorption coefficients and high quantum
yields. Indeed, the indicator FI 5 demonstrates € of 195 600 M cm™ and QY of 60%
in the “on” state. (Table 3.1). BODIPY indicators are well known for their sharp and

82 which is also the case for all new

narrow absorption and emission spectra
fluoroionophores except FI 2. It shows a very broad absorption and consequently a
lower molar absorption coefficient. This can be attributed to the rotation of the

phenyl rings, since aggregation of the dye was not observed. FI 2 already shows an
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3.2 Results and Discussion

appreciable quantum yield of 35 % in solution when protonated with trifluoracetic
acid whereas the quantum yields for BODIPYs FI 1, 3, 4 and 5 in solution are
significantly higher. Luminescence lifetimes in the “on”-state (fully protonated) vary
from 3.1 ns to 5.1 ns. To conclude, all the new fluoroionophores feature excellent

fluorescence brightness (BS) which is particularly high for FI 5.
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Figure 3.3: Normalized absorption (a) and emission (b) spectra of the fluoroionophores in
dichloromethane.

Cyclovoltammetric measurements (Figure S - 3.4, Table 3.1) show that FI 2 and FI
3 are more difficult to oxidize than FI 4 and FI § which indicates more electron-rich
character of the latter. FI 1 bearing 4 electron-donating methyl groups instead of
electron-withdrawing aryls shows significantly lower oxidation potential compared
to other FIs. The trend in the ground state reduction potentials is less evident.
However, the reduction potentials estimated for the excited state (Ei,red*) from the
reduction potential in the ground state (Eiored) and the energy of the excited state
(Eoo) clearly show that FI 1-3 in the excited state are more powerful oxidants than FI
4 and FI 5. In the same conditions, the oxidation potential of the free aza-crown
receptor (E120x(rec)) was estimated to be 0.817 V. Thus, AG of the electron transfer
reaction (AGper = E120x(rec) — Eipred*(FI)!'7) is negative for FI 1-FI 3 but close to
zero for FI 4 and FI 5. An increase in Eiz0x(rec) by at least 0.1V is detectable in
presence of K* (Figure S - 3.4g) indicating the increase in AG of quenching reaction.
It should be mentioned that the absolute values are just a very rough estimation due
to the fact that the ion pairing energy describing charge generation and separation
within the electron-transfer complex is neglected and Eoo was estimated from

fluorescence maxima and not on the edge of the spectra.
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Table 3.1: Photophysical and electrochemical properties of the fluoroionophores in solutions and
immobilized in a hydrogel matrix (D4)

Amax QYin
abs QY in . Ein Eiz2 Ei2 Ei2
Amax . D4 . Lifetime 0xX. red ox* red*

ovomnore | o | ™| T [ gy | v | G | e
; nm ns \Y \Y4 Ve | yvo
1(M1) KCl HCI
cm-
504 35 i i

Fl1 6(c5)c3)) 513 0.66 376 n.d. n.d. 5.1 044 | ;o0 | 199 | 115
571 10 § -

FI2 9((2)(9)) 615 0.35 465 0.20 0.64 35 093 | gos5 | 100 | 107
640 74 . .

FI3 (310%% 660 0.68 324 047 0.76 5.0 LO8 | ges | ogo | 106
655 6 - ;

Fl 4 2(3(7)) 682 0.53 216 0.47 0.46 4.1 080 | 103 | 100 | 07°
670 117 . .

FI5 (610%5) 688 0.60 360 0.42 0.41 31 083 | ggg | 9oo | 092

(a) contains 3% v/v trifluoroacetic acid
(b) calculated as Eyz ox” = E1z2 0x — Eoo; Eoo is estimated from the Amaxem

(b) calculated as Eyz red” = Eiz red + Eoo; Eoo is estimated from the Amax em

3.2.3 Polymer Based Sensing Materials

In order to prepare solid state sensing materials the fluoroionophores have to be
immobilized in a hydrogel matrix (Figure 3.4). This was achieved by simply
dissolving the dyes and the polymer in organic solvent and coating the resulting
“cocktail” onto a transparent inert polyethylene terephthalate support. Hydromed D4
was chosen as a suitable matrix due to its capability to take up about 100 % water,
good ion permeability, biocompatibility and commercial availability. As can be seen
from Figure 3.4 immobilized FI 1 leaches continuously out of the sensor matrix into
the analysed solution. Leaching of the dye can be attributed to very hydrophilic
nature of the receptor which is particularly pronounced in presence of K* due to the
charged nature of the resulting complex. In contrast to FI 1, indicators FI 2 — 5 are
significantly more hydrophobic which completely eliminates leaching (Figure 3.4
and Figure S - 3.3). Due to instability of FI 1-based sensors only materials based on

FI 2 - 5 were characterized. The calibration curves for the sensors were obtained in
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20 mM TRIS buffer at pH of 7.4 (representing the pH of blood) with different KC1
concentrations (Figure 3.5).
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Figure 3.4: (a) Scheme of a polymer-based sensing material. The fluoroionophores are physically
immobilized in a polymer hydrogel matrix. (b) Normalized absorption maxima of the
fluoroionophores immobilized in hydrogel D4. 100 mM KCI solution was pumped through a flow-
through cell for 24 hours.

As can be seen, the fluorescence intensity greatly increases in presence of the analyte
due to decreased efficiency of photoinduced electron transfer (PET) from the amino
group of the receptor to the chromophore. For FI 2 and FI 3 the relative fluorescence
enhancement in presence of K* is higher than for FI 4 and 5. This behaviour is
attributed to the electron-donating effect of the methoxy groups in both indicators
(FI 4 and 5) which decrease the PET efficiency in the absence of K*. Therefore,
these fluoroionophores show emission in the absence of K* whereas the emission of
FI 2 and 3 is “switched off” almost completely in the same conditions (Figure 3.5c,
f; Figure S - 3.5b, d). These findings show good correlation with the results of the
electrochemical investigation.
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Figure 3.5: (a) and (d): F/Fy calibration curves for FI 2 — 5 immobilized in hydrogel D4. The values
of F and Fy were taken at A = 605 nm, 645 nm, 668 nm and 685 nm for FI 2, FI 3, FI 4 and FI 5,
respectively . (b) and (e): Exemplar Benesi-Hildebrand plot for FI 3 and FI 4 for the determination of
Kd via the slope. Benesi-Hildebrand plots for FI 2 and FI 5 are shown in the supporting information.
R? of the linear fit is >0.989 for all materials. (¢) and (f): Exemplar normalized emission spectra of FI
3 and FI 4 with different K" concentrations and protonation with 0.1 M HCI. The insert in (a) shows

the photographic image (Aexc 365 nm) of hydrogel D4 foil based on FI 3 with the emission switched
on with 150 mM K.

The emission spectra (Figure 3.5) show only a minor bathochromic shift in presence
of K" and upon protonation of the receptor in acidic media, which indicates that the

PET eftect is predominant over intramolecular charge transfer (ICT).

Comparison of the very similar rigid chromophores FI 3 and FI 4 reveals that
systematic tuning of the PET efficiency is easily possible. Significant increase in the
dynamics for FI 4 and FI 5 is expected if further electron-withdrawing substituents
(halogens, sulphonamides) are introduced into the chromophore. The normalized
F/Fy values at 5 mM K (typical extracellular concentration), 150 mM K" (typical
intracellular concentration), and at saturation of the sensor (1 M K*) as well as Kd

values for each sensing material are listed in Table 3.2.
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Table 3.2: Fluorescence enhancement factors and Kd values for all sensing materials. ® with 150 mM

Na* background
1\22?::1;1 sFllel\(/][a;E* 155%\?}(* f {5101?* Kd/mM
FI2 in D4 2.8 14.1 18.4 24.1
FI3 in D4 25 16.9 255 67.7
Fl4 in D4 12 2.9 3.7 37.1
FI5in D4 1.0 23 3.4 102.7
FI 3 in RL100 13 6.7 23.0 (at800 mM) | 177.4
FI 3 in PS/PVP 1.7 5.0 11.9 15.6
FI 3 in D4® 25 17.5 26.0 66.8

The Kd value of the indicators inside the polymer membrane were determined using
the Benesi-Hildebrand equation as described in literature !'? (Equation S1). Almost
ideal linear fit (Figure 3.5 e and f) indicates a 1:1 complexation behaviour. Kd can
be calculated using the slope of the fit. The relative fluorescence enhancement in
case of FI 2 and 3 is very good at low K" concentrations and the dynamic range
extends beyond 150 mM making these two fluoroionophores promising for both

intra- and extracellular measurements.

Since the polymer environment can affect the photophysical properties of the
indicators, the QYs of the fluoroionophores in hydrogel D4 were also investigated
(Table 3.1). FI 2 and 3 show an increased QY in foil when fully protonated (PET
off) which can be attributed to a more rigid environment where non emissive
deactivation processes are minimised. However, the QY in 1 M KCl is lower than for
the protonated form indicating that K" does not fully inhibit the PET effect with
these indicators. FI 4 and 5 have a lower QY in foil than in solution, but the QY of
the protonated indicator dyes and the dyes in 1 M K' are similar indicating an
efficient inhibition of the PET effect by K. In general, all indicators show a high QY
upon complexation with K" in the sensor matrix. Combined with a high molar
absorption coefficient this results in very bright sensors. Therefore, indicator dyes

45



3 K" Selective Fluoroionophores and Sensing Materials

can be used for preparation of thin sensor layers which subsequently improves the

response time of the sensor.
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Figure 3.6: Calibration of FI 4 and FI 5 immobilized in hydrogel D4 using fluorescence decay time
read-out.

Since the fluorescence of FI 4 and FI 5 is not fully quenched in the absence of K*
(both free and complexed forms are emissive), self-referenced measurements of the
luminescence lifetime become possible (Figure 3.6, Figure S - 3.9). This enables
fluorescence lifetime imaging (FLIM) measurements which is of high interest for

biological applications.
3.2.4 Selectivity of the Sensor

Inertness to changes of pH in the physiologically relevant range is essential for
practical applications of the sensors. As can be seen (Figure 3.7a), the calibration
curves are identical at pH 7.1, 7.4 and 7.7. Investigation of the acid-base equilibrium
of the aromatic amine of the receptor (FI 3 in D4) reveals an apparent pK. value of
3.2 (Figure 3.7b). Thus, the receptor can be used in the pH range of 5.5 — 9 without

any pH cross-talk i.e. it is suitable for intra- or extracellular measurements. ''°
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Figure 3.7: (a): Calibration curve for FI 3 in hydrogel D4 at different pH values. (b): Determination
of the pKa of the receptor for FI 3 in hydrogel D4. (¢): Exemplar determination of the selectivity for
FI 3 immobilized in hydrogel D4.

FI 3 shows no response to Ca>" or Mg®" (Figure 3.7c). On the other hand, the
indicator dye shows high cross sensitivity to NH4" since the size of NH4" is
comparable to that of K. However, NH4" does not occur in biological samples in an
interfering concentration (except urine) whereas sodium is the main ion present in
the extracellular space (150 mM). Therefore, the high K'/Na" selectivity of the
sensors is of great importance. In fact, FI 3 shows a fluorescence enhancement of 1.3
at 150 mM Na' compared to 16.89 at 150 mM K" and to 2.46 at 5 mM K'. When
simulating extracellular conditions (150 mM Na" background) the F/Fy and Kd value
are only slightly increased compared to 0 mM Na* background (Table 3.2). It should
be considered that in most applications the concentration of Na* does not vary
drastically (Figure S - 3.8).

To demonstrate sufficient selectivity over Na' ions, we measured the response of a
sensor at different K™ concentrations in presence of 110 and 130 mM Na". Buffer
solutions with different K" and Na® concentrations were pumped through a flow
through cell to imitate extracellular K measurements. Figure 3.8 shows that the
response of the sensor is fast and fully reversible (a - c). Variation of the Na*
background from 110 mM to 130 mM at constant K concentration (e - f) does not
result is a noticeable cross-talk. Therefore, it is possible to reliably measure K" at
varying background of Na' in the concentration range typical for extracellular
measurements. The sensor shows a fast response and recovery (too = 10s) and no
hysteresis at any concentration. Leaching or aggregation of the dye was not observed
either. Interestingly, hydrophobic perylene-based pH indicators previously showed
slow response and hysteresis when physically embedded in hydrogel D4.''” We do
not observe such behaviour for the potassium fluoroionophores. Therefore, it is likely
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that the hydrophobic part of the fluoroionophore remains fixed in the hydrophobic
domains of the hydrogel whereas much more hydrophilic receptor is localized in the

hydrophilic domains.
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Figure 3.8: Normalized fluorescence of FI 3 in hydrogel D4 fixed in a flow - cell while pumping
solutions with different K" and Na* concentrations through it.

3.2.5 Water Dispersible Nanoparticles

Analyte-sensitive nanoparticles represent versatile analytical tools that are attractive
for sensing and imaging in small volumes such as cells. Therefore, additionally to
planar sensor foils we prepared two different kinds of nanosensors based on
commercially available polymers. RL100 is a copolymer of different acrylates with
quaternary ammonium groups which are responsible for the excellent cell-
penetrating properties of the nanobeads. ''® It is frequently used for drug delivery due
to the positive charge and its non-biodegradability. !'>-12%12! Particles can be prepared
in a very simple procedure by dissolving the polymer and the indicator dye in an
organic solvent (e.g. acetone) followed by precipitation in water, forming particles
with a positive charge outside and the lipophilic indicator entrapped inside. ''%!22 The
particles show an average size of approx. 30 nm and due to the positive charge on the

surface the nanoparticle show water uptake and ion permeability.
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Figure 3.9: (a): Sensing properties of FI 3 immobilized in positively charged RL.100 nanoparticles
dispersed in an aqueous solution. The insert shows a photographic image of the aqueous dispersions
of the nanoparticles at varying K" concentration under 365-nm excitation. (b): Sensing properties of
PS-PVP nanoparticles stained with FI 3. Benesi-Hildebrand plots for both materials are shown in
Figure S - 3.7.

Figure 3.9a shows a calibration curve for FI 3 entrapped in the particles. The sensor
material has a higher Kd (177.4 mM) compared to hydrogel D4 (67.7 mM) which
can be attributed to the positive charge of the particles lowering the equilibrium of
positively charged K' ions inside the particle. Furthermore, the polarity of the
polymer is different to Hydrogel D4 affecting the PET efficiency. It should be
emphasized that the dynamic range, the spectral properties and the cell penetration of

this material match the requirements for intracellular measurements.

Poly(styrene-block-vinylpyrrolidone) (PS/PVP) is a highly versatile particle platform
for optical sensors. '3 These commercially-available uncharged particles have an
average size of 245 nm and core-shell architecture, which can be used for
incorporation of (indicator) dyes into these two domains. Physical entrapment of the
dyes is achieved via swelling the particle with an organic solvent, adding the

indicator and then removing the solvent.

We entrapped FI 3 in the shell in order to allow interaction of the analyte with the
indicator. The calibration of the sensor material shows a large dynamic range and a
Kd of 15.6 mM K" (Figure 3.9b). The most attractive feature of this material is the
possibility of incorporating a second dye in the core (e.g. an oxygen indicator for
dual sensing or an inert dye for referencing). Also the neutral nature of the particles

enhances the sensing options in complex media (e.g. cell cultures) since they do not
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absorb interfering species, are not incorporated by cells and do not aggregate in

samples with high ion concentration. '3
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Figure 3.10: (a): Recorded phase shift values of the referenced sensor in BSA samples with different
K" concentrations. (b): Calibration curve of the referenced sensor. The K* concentrations were
determined using ICP-OES. The inlet shows the phase fluorometer (PyroScience Firesting) and an
optical plastic fiber with a sensor spot attached to the distal end of the fiber with help of a metal cap.

To demonstrate the possible application of the newly developed sensing materials,
we fabricated a fiber-optic sensor suitable for read-out with a commercially available
phase fluorometer (Firesting, Figure 3.10). In order to ensure a reliable performance
the fluorescence intensity of the FI 3 was referenced against luminescence of

124 using the so called dual lifetime referencing (DLR) scheme. '?°

Egyptian blue
Briefly, the overall phase shift is determined only by the ratio of the intensities of the
fluoroionophore and the analyte-insensitive long-lived reference luminophore. The
sensor material was mounted on the top of an optical fibre using a metal ferrule
(Figure 3.10). Fetal bovine serum (FBS) was used to demonstrate an application of
this compact sensor in a complex sample solution. For calibration different FBS
samples were prepared by spiking them with KCl solution and determining the real
K" concentration via ICP-OES since the obtained FBS already contains a certain
amount of K*. The optical sensor shows reproducible performance in serum (Figure
3.10a). The calibration curve in the low mM range can be fitted linearly (R?= 0.998,
Figure 3.10b). Three serum samples with unknown K" concentration were prepared
and measured with the calibrated optode and reference measurements were
performed again on ICP-OES. The values obtained with the optodes (21.42, 23.52

and 32.59 mM K" for samples 1, 2 and 3, respectively) showed excellent match with
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the reference data (21.53, 23.71 and 32.27 mM, respectively) demonstrating ability
of the sensor to accurately measure K" concentration in a complex sample media
within the mM range. It should be also considered that optical components of
Firesting currently show only limited compatibility with the emission spectrum of the
FI 3 so that simple modification of the emission filter is expected to dramatically
(about 10-fold) improve already very good signal-to-noise ratio.

3.3 Conclusion

In this contribution we presented a straightforward and efficient strategy leading to
optical K* sensors with tuneable properties. A palette of new fluoroionophores
combines a selective aza-crown receptor and bright and photostable tetraaryl-
BODIPY chromophores. Several representatives show absorption and emission in
the red/NIR part of the spectrum, high molar absorption coefficients and
fluorescence quantum yields. For the first time, the K sensors were obtained by
simple immobilization of the fluoroionophores into a stable and biocompatible
hydrogel. Despite the simple design, the sensors show no leaching of the indicators,
and feature fast and reproducible response. The “off” - “on” enhancement factor can
be tuned over a broad range via introduction of electron-donating and electron-
withdrawing substituents into the chromophore. The materials show excellent
response to K in aqueous solution with a very good selectivity over possible
competing ions (e.g. Na") and no pH dependency in physiologically relevant
conditions. Importantly, the new materials are applicable in a variety of formats,
including planar sensor foils and spots, fiber-optic (micro)sensors and water-
dispersible nanosensors and reliably operate even in complex samples such as serum.
The nanoparticles are prepared via a simple procedure and enable extra- and
intracellular quantification of potassium. We believe that the above properties of the
new high-performance materials will make them valuable analytical tools in

biomedical research and diagnostics.
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3.4 Materials and Methods

'"H NMR spectra were recorded on a 300 MHz instrument from Bruker. MALDI-
TOF mass spectra were recorded on a Micromass TofSpec 2E in refectron mode at
an accelerating voltage of +20 kV. Absorption measurements were performed on a
Cary 50 UV-Vis spectrophotometer from Varian. Luminescence spectra, calibrations,
quantum vyields and lifetimes (TCSPC) were measured on a Fluorolog-3
luminescence spectrometer (Horiba). Calibrations were performed using a peristaltic
pump and a home-made flow through cell. Quantum yields were measured using the
absolute method in an integrating sphere. QY and lifetimes of the indicators in
solution were acquired in THF in presence trifluoroacetic acid (0.3 mM) to fully
protonate the indicator. QYs for the foils were measured at 1000 mM aqueous KCl
and 0.1 M aqueous HCIL Leaching was investigated by recording the absorption
spectra of a foil during continuous pumping a 100 mM KCI solution (20 mM TRIS,
pH 7.4) through the flow-through cell (10 ml/min). pKa determination was
performed using a 20 mM universal buffer (citrate, acetate, BIS-TRIS and TRIS); pH
was adjusted with HCI with help of a digital pH meter (Seven Easy, Mettler Toledo,
www.mt.com) calibrated at 25 °C with standard buffers of pH 7.0 and 4.0 (WTW,
www.wtw.com). K" concentrations of the fetal bovine serum were quantified with an
axially viewed ICP-OES (Ciros Vision EOP, Spectro, Germany) using a cross-flow
nebulizer, a Scott type spray chamber and a standard ICP torch with a 2.5 mm inner

! outer gas flow, 0.7 1 min’

diameter injector. 1200 W RF power, 12 1 min
intermediate gas flow and 0.83 1 min!' nebulizer gas flow were used. K 404.721 nm
emission line was used for quantification. Scandium (Sc 361.384 nm) was used as an
internal standard at a concentration of 1 mg I"'. Serum measurements with the optode
were performed with a Firesting phase fluorometer (www.pyroscience.com) with at a

modulation frequency of 4 kHz.

Electrochemical measurements were performed using a VMP3 electrochemical

workstation (Biologic). The measurements were carried out at room temperature. A 1
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mm diameter gold disc was employed as the working electrodes. A platinum wire
served as the counter electrode. Measurements were performed using a Ag/AgCl

reference electrode (BAS Inc). Ferrocene was used as reference.

Eudragit RL-100 copolymer (poly-(ethylacrylate-co-methylmethacrylate-co-
trimethyl-aminoethyl methacrylate), M.W. = 150 000 Da, 8.8 - 12% of quaternary
ammonium groups) was from Degussa, Germany (www.evonik.com). Hydrochloric
acid 37% (HCI), sodium sulfate anhydrous (Na>SO4) and all other solvents including
the deuterated solvents were from VWR (www.vwr.com). Polyurethane hydrogel
(Hydromed D4) was  purchased from  AdvanSource  biomaterials
(www.advbiomaterials.com). Poly(ethylene terephthalate) (PET) support Melinex
505 was obtained from Piitz (www.puetz-folien.com). Poly(styrene-
blockvinylpyrrolidone) emulsion in water (38% w/w emulsion in water), lithium
diisopropylamide (LDA) (2M in THF), 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ), trifluoracetic acid, Pd(dppf)Cl, boron trifluoride etherate (BF3OEt,), water-
free dichloromethane and Fetal Bovine Serum were purchased from Aldrich
(www.sigmaaldrich.com). 5-Bromo-2-furaldehyde was purchased from ABCR
(www.abcr.de). Buffer substances, KCIl, NaCl, CaCl,, NH4Cl, MgCl, were from
Roth (www.carlroth.com). Silica gel (0.04-0.063 mm) was acquired from Acros
Organics  (www.fishersci.com).  Silanized Egyptian blue  microparticles
(trimethylsilyl form) were prepared according to a literature procedure. >* All other
chemicals were purchased from TCI Europe (www.tcichemicals.com). PMMA fibers

(< 1 mm) were from Ratioplast (www.ratioplast.com).

3.5 Experimental

3.5.1 Synthesis

N-(4-Formyl-2-methoxyethoxyphenyl)aza-[18]crown-6  ether  Synthesis of
compound S3 was performed according to literature procedure'® and subsequent
preparation of compound S6 was performed according to Ast et at. *°

3-Phenyl-2H-azirene Synthesis was performed according to literature using styrene

as starting material. '%°
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2-(4-Propylphenyl)-4-phenylpyrrol (2) 4’-Propylacetophenone (5.00 g, 30.8 mmol,
1 eq) was dissolved in 90 ml dry THF and cooled down to -78 °C. LDA (2M in THF)
(17.05 mL, 1.1 eq) and 3-phenyl-2H-azirene (3.61 g, 30.8 mmol, 1 eq) were added
dropwise. The mixture was stirred at -78 °C for 3 h, warmed up to RT, quenched
with water and neutralized with diluted HCI. THF was removed under vacuum and
the mixture was extracted with DCM, dried over Na>SO4 and the solvent removed
under vacuum. Purification was performed by column chromatography (silica gel,
eluent: CH+DCM = 1+1) to obtain the product as white crystals (5.687 g, 18.6 %).
'"H NMR (300 MHz, CD>Cl,) & 8.49 (bs, 1H), 7.64 — 7.54 (m, 2H), 7.49 — 7.39 (m,
2H), 7.44 — 7.32 (m, 2H), 7.23 (d, J = 7.9 Hz, 3H), 7.16 — 7.08 (m, 1H), 6.87 — 6.79
(m, 1H), 2.63 (t, ] = 7.7 Hz, 2H), 1.67 (p, J = 7.4 Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H).
DI-EI: m/z: [M"] caled for C19Hi9N, 261.1518; found, 261.1508

5-Chloro-3-phenyl-1,4-dihydroindeno[1,2-b] pyrrole (3) The synthesis of 3 was
performed analogously to that of 2 but 1.0 g (6.0 mmol) of 5-chloro-1-indanone and
0.70 g (6.0 mmol) of 3-phenyl-2H-azirene were used instead. The product was
isolated as white crystals (486 mg, 30 %). 'H NMR (300 MHz, CD2Cl) & 8.56 (bs,
1H), 7.66 — 7.59 (m, 2H), 7.48 (s, 1H), 7.43 — 7.36 (m, 2H), 3.76 (s, 2H). DI-EIl: m/z:
[MH"] caled for C17Hi12CIN, 265.0658; found, 265.0656.

4,5-Dihydro-7-methoxy-3-phenylbenzo|[g]indole (4) The synthesis of 4 was
performed analogously to that of 2 but 5.06 g (28.7 mmol) of 6-methoxy-1-tetralone
and 3.36 g (28.7 mmol) of 3-phenyl-2H-azirene were used instead. The product was
isolated as greenish crystals (2.04 g, 25.8 %). 'H NMR (300 MHz, CD,Cl) & 8.40
(bs, 1H), 7.51 — 7.44 (m, 2H), 7.43 — 7.35 (m, 2H), 7.29 — 7.20 (m, 1H), 7.13 (d, J =
8.4 Hz, 1H), 6.93 (d, J = 2.7 Hz, 1H), 6.84 (s, 1H), 6.76 (dd, ] = 8.4, 2.6 Hz, 1H),
3.81 (s, 3H), 2.97 — 2.89 (m, 4H). DI-EI: m/z: [M"] calc for Ci9H;7NO, 275.1310;
found, 275.1305.

Fluoroionophore FI 1 N-(4-Formyl-2-methoxyethoxyphenyl) aza-[18]crown-6 ether
(357 mg, 0.809 mmol, 0.5 eq) and 2,4-dimethylpyrrole (169 mg, 1.78 mmol, 2.2 eq)
were dissolved in 5 mL of anhydrous dichloromethane and 1 drop of trifluoroacetic
acid was added. The mixture was shielded from light and stirred at RT for 48 hours,
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DDQ (367 mg, 1.61 mmol, 2 eq) was added. After stirring for another 60 min, N,N-
diisopropylethylamine (2.15 ml, 12.3 mmol, 15 eq) and BF3OEt, (1.50 ml,
12.3mmol, 15 eq) were added and stirred for 60 min. The mixture was extracted with
water, dried over Na;SO4 and the solvent removed in vacuo. The final product was
purified by column chromatography and was obtained as purple crystals (117 mg,
22%). UV-VIS (DCM): Amax (g), nm (M"'em™) = 504 (53600). '"H NMR (300 MHz,
CDCl3) 6 7.25 (m, 1H), 7.06 — 6.82 (m, 2H), 6.00 (s, 2H), 4.35 — 4.14 (m, 2H), 3.80 —
3.23 (m, 29H), 2.55 (s, 6H), 1.47 (s, 6H). MALDI-TOF: m/z: [MH"] calcd for
C34H49N307, 660.364; found, 660.389.

Fluoroionophore FI 2 The synthesis of FI 2 was performed analogously to that of
FI 1 but 100 mg (0.226 mmol) of N-(4-formyl-2-methoxyethoxyphenyl) aza-
[18]crown-6 ether and 120 mg (0.459 mmol) of 2-(4-propylphenyl)-4-phenylpyrrole
were used instead. The product was isolated as purple crystals (58 mg, 26 %). UV-
VIS (DCM): Amax (€), nm (M lem™) = 571 (29900). '"H NMR (300 MHz, CD,Cl,) &
7.68 (d, J =7.8 Hz, 4H), 7.21 (d, J = 7.9 Hz, 4H), 6.91 — 6.81 (m, 10H), 6.49 (s, 2H),
3.65 —3.27 (m, 31H), 2.62 — 2.54 (m, 4H), 1.66 — 1.58 (m, 4H), 0.91 (t, J = 7.3 Hz,
6H). MALDI-TOF: m/z: [MK'] caled for CeHesBF2N3O7K, 1030.4766; found,
1030.4915.

Fluoroionophore FI 3 The synthesis of FI 3 was performed analogously to that of
FI 1 but 256 mg (0.582 mmol) of N-(4-formyl-2-methoxyethoxyphenyl) aza-
[18]crown-6 ether and 299 mg (1.164 mmol) of 5-chloro-3-phenyl-1,4-
dihydroindeno|[1,2-b]pyrrole were used instead. The product was isolated as green
crystals (125 mg, 21 %). UV-VIS (DCM): Amax (€), nm (M 'em™) = 640 (109300),
589 (20000). "H NMR (300 MHz, CD>Cl,) & 8.32 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 7.1
Hz, 4H), 7.06 — 6.85 (m, 10H), 6.75 — 6.57 (m, 2H), 6.47 — 6.29 (m, 1H), 3.78 — 3.34
(m, 31H), 1.27 (s, 4H). MALDI-TOF: m/z: [MH"] caled for Cs¢HssBF2CLN3O7,
1000.3488; found, 1000.3410.

Fluoroionophore FI 4 The synthesis of FI 4 was performed analogously to that of
FI 1 but 100 mg (0.226 mmol) of N-(4-formyl-2-methoxyethoxyphenyl) aza-
[18]crown-6 ether and 124 mg (0.452 mmol) of 4,5-dihydro-7-methoxy-3-
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phenylbenzo[g]indole were used instead. The product was isolated as green crystals
(41 mg, 18 %). UV-VIS (DCM): Amax (£), nm (M'em™) = 655 (87200), 601 (22000).
'"H NMR (300 MHz, CD,CL) & 8.74 (d, J = 8.9 Hz, 2H), 7.11 — 6.70 (m, 17H), 3.89
(s, 6H), 3.73 — 3.34 (m, 31H), 2.91 — 2.68 (m, 4H), 2.44 — 2.32 (m, 4H). MALDI-
TOF: m/z: [MNa'] calcd for CeoHesBF2N309Na, 1020.4792; found, 1020.4977.

5-(3-Chloro-4-methoxyphenyl)-furan-2-carbaldehyde (5) 5-Bromo-2-furaldehyde
(3.00 g, 0.017 mol, 1 eq), 3-chloro-4-methoxyphenyl) boronic acid (3.20 g, 0.017
mol, 1 eq) and Na;CO3 (60 ml of 2 M solution) and) were dissolved in 300 ml
toluene and 60 ml ethanol. The mixture was degassed for 20 minutes by vigorously
stirring under heavy Ar flow. After addition of the catalyst [I,1'-
bis(diphenylphosphino)ferrocene] dichloropalladium(Il) (Pd(dppf)Cl2) (20.0 mg,
0.15 mol%) the reaction mixture was heated up to 80 °C and stirred for 18 hours
under inert atmosphere. After cooling, the organic phase was washed with water and
brine, dried over Na,SO4 and evaporated. The resulting residue was purified by
column chromatography (silica gel, eluent: CH+DCM = 1+1 to 1+5) to obtain 5-(4-
methoxyphenyl)-furan-2-carbaldehyde as a yellow solid (2.89 g, 71.1 %). 'H NMR
(300 MHz, CDCl3) 6 9.63 (s, 1H), 7.84 (d, ] =2.2 Hz, 1H), 7.71 (dd, J = 8.6, 2.2 Hz,
1H), 7.31 (d, J =3.7 Hz, 1H), 6.99 (d, J = 8.6 Hz, 1H), 6.74 (d, J = 3.7 Hz, 1H), 3.96
(s, 3H).

Ethyl-2-azidoacetate (6) Ethyl 2-bromoacetate (11.50 ml, 0.10 mol, 1 eq) and NaN3
(13.20 g, 0.20 mol, 2 eq) were stirred in 300 ml acetone and 100 ml H>O. After one
hour the reaction solution was extracted with DCM and brine (3x), the organic phase
dried with NaxSO4 and concentrated under vacuum and yields in a colourless liquid
(12.53 g, 93.9 %). '"H NMR (300 MHz, CDCls) 6 4.27 (q, J = 7.1 Hz, 2H), 3.87 (s,
2H), 1.32 (t,J =7.1 Hz, 3H).

2-(3-Chloro-4-Methoxyphenyl)-4H-furo[3,2-b] pyrrole-5-carboxylic acid ethyl
ester (7) 5-(3-Chloro-4-methoxyphenyl)-furan-2-carbaldehyde (2.02 g, 8.54 mmol, 1
eq) and ethyl 2-azidoacetate (4.0 ml, 34.7 mmol, 4 eq) were dissolved in 120 ml
anhydrous ethanol and cooled down to 0 °C. Sodium ethoxide (20 w% in ethanol, 25
ml, 34.7 mmol, 4 eq) was added dropwise over 30 min and stirred for 3 h. The
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reaction mixture was poured on 250 ml sat. NH4Cl solution, the precipitate collected
and washed with H>O. The intermediate product was dissolved in 85 ml toluene,
refluxed for 4 hours. A precipitation forms after cooling down to RT and the solvent
was removed using rotary evaporator. Column chromatography (silica gel, eluent:
CH+EE = 5+1 to 1+1) was performed and the product was obtained as an orange
solid (1.44 g, 52.7 %). 'H NMR (300 MHz, CDCls) & 8.86 (bs, 1H), 7.73 (s, 1H),
7.58 (d, J = 8.6 Hz, 1H), 6.95 (d, J = 8.7 Hz, 1H), 6.79 (s, 1H), 6.59 (s, 1H), 4.36 (q,
I =7.1 Hz, 2H), 3.93 (s, 3H), 1.39 (t, ] = 7.2 Hz, 3H). DI-EI: m/z: [M"] caled for
CisH14NO4(Cl, 319.0611; found, 319.0599.

2-(3-Chloro-4-Methoxyphenyl)-4H-furo[3,2-b] pyrrole-5-carboxylic acid (8) 2-
(3-Chloro-4-methoxyphenyl)-4H-furo[3,2-b] pyrrole-5-carboxylic acid ethyl ester
(780 mg, 2.44 mmol, 1 eq) was dissolved in 25 ml ethanol and a NaOH (7 ml of 2.5
M solution) was added and the mixture was refluxed for 1 h. After cooling, HCI
conc. was added resulting in a green precipitate. The resulting precipitate was filtered
and washed with H>O and dried in the oven at 60 °C overnight (548 .7 mg, 70 %).
1H NMR (300 MHz, DMSO-d6) 6 11.60 (bs, 1H), 7.87 (d, J = 2.2 Hz, 1H), 7.74 (dd,
J=8.7,2.2 Hz, 1H), 7.21 (d, ] = 8.7 Hz, 1H), 7.11 (s, 1H), 6.71 (s, 1H), 3.89 (s, 3H).
DI-EI: m/z: [M+] calcd for C14H10NO4Cl, 291.0298; found, 291.0299.

Fluoroionophore FI 5 2-(3-Chloro-4-methoxyphenyl)-4H-furo[3,2-b] pyrrole-5-
carboxylic acid (127.9 mg, 0438 mmol, 1 eq) and N-(4-formyl-2-
methoxyethoxyphenyl) aza-[18]crown-6 ether (96.2 mg, 0.218 mmol, 0.5 eq) were
dissolved in 3 ml conc. trifluoroacetic acid under Ar atmosphere. The mixture was
stirred at 50 °C for 1 h, POCI3 (0.50 mL) was added, the stirred for 10 min at 50 °C
and precipitated slowly into cold water. The precipitate was collected and transferred
into a Schlenk tube and dried via vacuum and 5 ml water-free DCM was added under
an Ar atmosphere. N,N-Diisopropylethylamine (305 pl, 1.75 mmol, 4 eq) and
BF;0Et: (220 pL, 1.75 mmol, 4 eq) were added to the solution and after 60 min
stirring, the solution was extracted with H>O, dried over Na>xSO4 and concentrated
under vacuum. The crude product was purified using column chromatography (silica
gel, eluent: DCM+MeOH = 100+1 to 100+20) to obtain the dye as green blue
crystals (35 mg, 8.3 %). UV-VIS (DCM): Amax (€), nm (M'ecm™) = 670 (195600),
616 (48500). '"H NMR (300 MHz, CDCl3) & 7.80 (d, J = 2.2 Hz, 2H), 7.66 (dd, J =
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8.6, 2.2 Hz, 2H), 7.16 (d, ] = 4.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 6.87 (s, 2H), 6.34
(s, 2H), 4.22 (s, 2H), 3.94 (s, 6H), 3.82 — 3.49 (m, 26H), 3.43 (s, 3H). MALDI-TOF:
m/z: [MNa'] calcd for C4sHsoBCLF2N3011Na, 986.2789; found, 986.4067.

3.5.2 Preparation of Sensing Materials

Planar Sensor Films An appropriate amount of the indicator was dissolved in a
hydrogel D4 stock solution (10 wt. % in THF). Sensor films were prepared by knife
coating of these “sensor cocktails” onto dust-free PET foils (25 pm wet film
thickness). Dye concentrations for calibrations and QY determination were 0.2 wt. %

and for leaching experiment 1 wt. % in respect to the polymer.

Fiber-Optic Sensor 0.5 mg FI 3, 20 mg of silanized Egyptian blue and 100 mg
hydrogel D4 were dissolved in 1 g THF. The “cocktail” was knife coated onto a dust-
free PET foil (75 pum wet film thickness). A sensor spot (approx. 2 mm diameter)

was stamped out and fixed with a metal cap on a 1| m PMMA fiber.

RL100 Particles 100 mg Eudragit RL100 were dissolved in 50 ml acetone, and
indicator dye FI 3 (1 mg) was added. 250 ml water was added quickly under
vigorous stirring (3 s); acetone was removed using rotary evaporator and the particle
dispersion was further concentrated to a volume of 50 ml. For calibrations 0.5 ml of

particle dispersion were added to 2 ml of KCI aqueous solutions.

PS/PVP Particles 213 mg of the PS/PVP emulsion (38 % emulsion in water) was
diluted with 25 ml H>O and 20 ml EtOH. FI 3 (1 mg, 1 wt.%) was dissolved in 20 ml
EtOH and was added dropwise under vigorous stirring into the emulsion of the
polymer. The emulsion was concentrated under reduced pressure to remove all
ethanol and partly water. It was then diluted with water up to 10 mL overall volume.
For calibration 20 pl of the solution were added to 1980 pl buffered KCl solution.
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3.6 Supporting Information

Synthesis of the Receptor
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Figure S - 3.1: Synthesis of S3 was performed according to literature procedure'® and subsequent

preparation of S6 was performed according to Ast et. a

].90

Table S-3.1: Summary of spectral properties of published fluoroionophores.

Indicator Absorption | Emission | Extinction Solvent / Sensor
Maxima Maxima | Coefficient | QY /% Ref.
RPNt Format
/nm /nm /(M~cm™)
Coumarin Fluorophore 1 420 493 n.d. 1K§4 at160 mm 1% DMSO / water %0
Coumarin Fluorophore 2 422 500 n.d. 6.4 at 160 mM K* | 1% DMSO / water 90
TAC-Lime dex = TAC- « I
BODIPY derivate nd 535 nd nd water
TAC-Red 550 * 570 * n.d. n.d. water 106
KS6 (styrylated BODIPY) | 567 572 22;2&“ 14.4 at 150 mM water 127
Di-BODIPY 498 512 140000 at n.d. with K EtOH 109
509 nm
TAC-BODIPY n.d. 512 n.d. 43 at 150 mM K* | water/MeCN 4/1 85
4-amino-naphthalimide 450 * 525 * n.d. n.d. PHEMA -PAM .
TAC-Crimson 105
(xanthythilium derivate) 578 597 nd nd water
2-dicyanomethylene-3- 38 400 at
cyano-4,5,5-trimethyl- 2,5- | 560 650 560 nm 0.52 at 150 mM water 12

dihydrofuran derivate

* Determined by the corresponding spectra.
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Single Photon Counting of the Fluoroionophores
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Figure S - 3.2: Single photon counting measurements of the fluoroionophores in THF with TFA. The
decay curve was fitted mono-exponentially.
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Figure S - 3.3: Normalized absorption maxima of fluoroionophores immobilized in hydrogel D4. 100
mM KCl solution was pumped through a flow-through cell for 24 hours.
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Cyclic Voltammetry Measurements
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Figure S - 3.4: Cyclic voltammograms of different fluoroionophore (a)-(e) and the aza-crown ether
(compound S5) without K* (f) and with 10 eq KCIO4 (g) in DCM.
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Benesi-Hildebrand Equation
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Figure S - 3.5: (a) and (c): Benesi-Hildebrand plot for FI 2 and F for the determination of Kd via the
slope. R? of the linear fit is >0.989 for all materials. (b) and (d): Exemplar normalized emission
spectra of FI 2 and FI 5 with different K concentrations and protonation with 0.1 M HCI.
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Figure S - 3.6: Benesi-Hildebrand plot for FI 3 immobilized in D4. R? of the linear fit in the Benesi
Hildebrand plot is > 0.998 for both. (a) with 0 mM NaCl background (b) with 150 mM NacCl
background.
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Figure S - 3.7: (a) Benesi-Hildebrand plot for FI 3 immobilized in positively charged RL100
particles. R? of the linear fit of the Benesi Hildebrand plot = 0.999. (b) Benesi-Hildebrand plot for FI
3 immobilized in PS/PVP particles. R? of the linear fit of the Benesi Hildebrand plot = 0.977.
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Na*-Cross Sensitivity
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Figure S - 3.8: Influence on the calibration curve of 150 mM NaCl compared to 0 mM NaCl

solutions.
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Figure S - 3.9: Single photon counting measurement of FI 4 (a) and FI 5 (b) in hydrogel D4. The

decay curve was fitted mono-exponentially
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Future Prospect and Outlook

In this publication we developed a series of new fluoroionophores and prepared
novel solid state sensing materials. The fluoroionophores were based on the same
receptor unit but differed by the chromophore. Different structural elements and
substituents of the chromophore had major influence on the PET efficiency and
spectral properties. FI3 (rigidified pyrrole with electron withdrawing chlorine

substituent) proved to be the best candidate for future projects.

Using the FI3 fluoroionophore, we were able to show a proof of concept experiment
for its potential use in clinical diagnostics. The sensor requirements within this
application are for the selective measurement of low K" concentration (5 mM) with a
high Na" background (150 mM). The sensitivity of the FI3 based sensing material is
not ideal for measuring such low concentrations (Figure 3.5). The main factor
determining the sensitivity is the binding stability of the crown ether receptor with
the K" ion. Therefore, we decided to start a project dealing with the synthesis and
characterisation of new receptors and to study the suitability for measuring K" in
extracellular media. This was conducted by Tanja Rappitsch during her master thesis

and will be briefly summarized here.!?

K2nd Gen._g| 3 TAC-FI 3

Figure 3.11: Prepared fluoroionophores with different receptor units for the measurement of K* ions.

It is known, that the side arm of the receptor used in FI3 is a crucial structural
element for increasing the binding stability and selectivity towards K*.°° As the size
of the crown ether is already suitable and should remain unchanged, we aimed to
improve the complexation behaviour by making synthetic modifications to the side

arm.
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The initial idea was to incorporate an additional methylene group between the
aromatic ring and the ether group. This should enhance the flexibility of the side arm
and consequently provide more degrees of freedom to adjust the arm for perfect
interaction with a complexed ion. This receptor was successfully synthesized and a
fluoroionophore with the same chromophore moiety as used with FI 3 was prepared
(K*"Gen_FI3, Figure 3.11).

The state-of-the-art optical detection of extracellular K* currently utilizes a
triazacryptand receptor (TAC) which was developed by He et al. and is commercially
available.!*® Thereupon, we also prepared an indicator using the TAC crown to have

a comparison to commonly used K" sensors (TAC-FI3, Figure 3.11).

Calibration of the new fluoroionophores were performed in buffered solution with
additional ethanol for solubility of the dye. Measurements were performed with and
without a constant 150 mM NaCl background to receive information about the cross

sensitivity towards Na" ions (Figure 3.12).

TAC-FI3 = without Na” background

: : T
K-FI3 . [ K2eCe-FI3 m without Na” background ® with Na* background (150 mM) |

without Na* background ’
. ac)
30 & with Na’ background (150 mM) 4 150 i e mrkgmu”d,“ﬂlmw Bl

FIF,

. n . L L . L L I I L L
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Figure 3.12: F/F, calibration curves for K-FI3, K?*@n_F[3 and TAC-FI3 dissolved in EtOH/H,O.

The values of F and Fy were taken at A = 645 nm.

All of the presented indicators show good fluorescence increase with increasing K*
concentration. Furthermore, when Na" is present the sensor response and sensitivity
is decreased as Na' can also be complexed in the crown ether and therefore blocks
the receptor for K*. The increase of flexibility of the side arm in K*"¢“*"-FI3 does not
yield a higher sensitivity. In contrast, the sensitivity of the sensor in lower K"
concentration is reduced, compared to K-FI3. Surprisingly, comparison of K-FI3
with the state-of-the-art receptor (TAC-FI3) reveals that the sophisticated structure
and additional complexing structural elements of the TAC crown do not increase the

binding stability.
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However, as the TAC receptor was never compared to any other receptor unit, it was
always assumed that simpler crown ethers have worse sensitivity. In this project, it
could be shown that a simple lariat ether group yielded in similar or better binding

constants.
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Chapter 4

Sodium-Selective Fluoroionophore-based
Optodes for Seawater Salinity Measurements
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Preface for the Manuscript

This manuscript describes the development of novel Na'-sensitive fluoroionophores

and the application of this sensing material in marine research.

The fluoroionophores presented in this thesis are based on two separate units (the
receptor and the chromophore) which can be exchanged independently and therefore
represent a simple building block system. For this work, we used the chromophore
moiety already introduced in the last publication (chapter 3) that showed the most
suitable sensing properties. As already explained in section 2.3.2, the sensitivity of a
crown ether towards a cation is mostly dependent on the size of the cavity. With this
in mind, we synthesized a smaller crown ether compared to the K*-selective indicator

to obtain a Na" selective fluoroionophore.

Additionally, we conducted a study into the influence of different polymer hydrogels
on sensor performance as the sensing mechanism is highly dependent on the

environment of the fluoroionophore.

To show a potential application of the sensor, we prepared referenced sensors which
were used for the determination of seawater salinity in the Baltic Sea during a field
trip. Hereby, we could demonstrate salinity measurements in surface water, but also
conducted profiling measurements. Both were in good agreement with reference

measurements.

This manuscript demonstrates the versatility of the building block system of the

developed fluoroionophores during this thesis.
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Abstract A new fluorescent sensor for Na* is presented. The sensor relies on a
Na* selective fluoroionophore based on a bright red-emitting BODIPY chromophore.
The fluorescence of the fluoroionophore is enhanced upon binding of Na*-ions to the
highly selective aza-crown ether receptor due to reduction of the photoinduced
electron transfer (PET) quenching. Solid state sensing materials were prepared by
physically embedding the fluoroionophore into water-swellable biocompatible
polymer matrices (polyurethane hydrogels), thus enabling continuous measurements
of aqueous samples. Despite the simple design, the sensor showed no leaching of the
indicator and featured fast and reversible response. Among different polyurethane
hydrogels investigated, the hydrogel D1 featuring the highest water uptake was
found to be the most suitable due to the highest dynamics between “off” and “on”
states. Due to little or no cross sensitivity to other ions (e.g. Mg?*, Ca?*, K*) and its
insensitivity to potential changes in pH, this sensor is promising for use in clinical
diagnostics and for biological and marine applications. Fiber optic sensors based on
referenced read-out with a compact phase fluorimeter were prepared. To demonstrate
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their practical applicability, the sensors were used to determine the salinity in the
seawater and brackish water of the Baltic Sea.

4.1 Introduction

Optical sensors (Optodes) are promising analytical tools for in situ measurements,
with several properties making them advantageous to the conventional analytical
methods. They are non-invasive, disposable, can be miniaturized easily and when
combined with other sensors, they enable multi-analyte measurements.'?® Moreover,
they allow imaging of analytes over a certain area or even in small volumes (e.g.
cells).**1%0 Optical sensing materials are widely used in various formats such as mini-
and microsensors 131132133134 planar sensor foils *°1% and nanoparticles =777,

There is significant interest in development of new optical sensors for a variety of
analytes, for instance oxygen, pH, carbon dioxide, reactive oxygen species or ions.”
lons play an essential role in all living organisms and natural processes.% Sodium is
a crucial factor for physiological pathways in the biomedical field. It is the most
abundant ion in the extracellular medium (more than 100 mM) and is maintained at a
low intracellular concentration, creating an osmotic pressure which is crucial for the
transmission of nerve impulses.!3® Determination and visualisation of the transport of
ions between the inner and outer compartment of the cell is of high interest for
biological research and can be achieved by utilizing fluorescent probes. 127:78139.140
Optical sensors for cations can be divided into two main groups. The first group
relies on use of hydrophobic membrane (poly(vinyl chloride) with plasticizer)
containing an analyte selective ionophore and a pH indicator. Selective extraction of
the target

analyte into the lipophilic membrane triggers a release of an equivalent amount of
protons out of the sensing film, thereby changing the pH which can be measured by a
lipophilic pH indicator.®

In the second group the fluorescent reporter and the receptor are combined in a single
molecule (fluroionophore, FI). Fls operate in aqueous media and have been mostly
applied as water-soluble probes. Several Fl-based probes for Na* have been reported
141,142,71,143,6682,144145 primarily in the context of intracellular measurements. The
sensing mechanism is based on intramolecular quenching via photoinduced electron
transfer (PET).101146.147 The most popular and commercially available sodium Fls are
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SBFI (sodium binding benzofuran isophthalate) and SG (sodium green).1381% They
consist of a diaza-15-crown-5 ether as a receptor coupled to a benzofuran or a
fluorescein fluorophore, respectively. However, all of these indicators possess a
relatively short excitation wavelength (below 500 nm), leading to high (and variable)
levels of background fluorescence from optical components, carrier polymers, and
biological samples. Fluorescein is known for its poor photostability. Therefore, new
FIs with longer wavelengths of absorption and emission (> 600 nm) are of particular
interest as they allow measurements in highly scattering and absorbing media (e.g.
tissues) as well as in autofluorescent media (e.g. biological samples).

Design of Fl-based ion sensors is a challenging task since the FI should not only
retain its sensitivity upon immobilization but also show no leaching out of the
matrix. Thus, the matrix should be hydrophilic enough to ensure sufficient PET
efficiency (which is known to decrease in a low polarity environment) but
hydrophobic enough to be a good solvent for the non-covalently immobilized
amphiphilic FI or contain functionalities for the covalent coupling of a hydrophilic
FI. So far, only very few published indicators were immobilized in a polymer matrix,
all of them short wavelength Fls,149:79150

In this contribution, we present a novel sensor for Na-ions based on hydrogel-
immobilized fluoroionophore. We take advantage of the complexation properties of a
crown ether receptor that has an appropriate size to selectively bind Na*-ions. This
receptor is linked to a red light emitting BODIPY chromophore which features high
brightness and excellent photostability. The aromatic amino group in the receptor
acts as efficient fluorescence quencher in the absence of the analyte but the
fluorescence is dramatically enhanced upon complexation. Based on the correlation
between Na* concentration and seawater salinity, we demonstrate applicability of the
new optical sensor for oceanographic applications.
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4.2 Results and Discussion

4.2.1 Synthesis and Photophysical Properties of the New
Fluoroionophore

The synthesis of the fluoroionophore is based on a convenient approach previously
demonstrated for K* Fls.*>* The sensitivity towards the analyte is controlled by the
aromatic crown-ether receptor unit, whereas the spectral properties are determined by
the BODIPY chromophore. Condensation of the pyrrole and the aromatic aldehyde,
subsequent oxidation using DDQ and complexation with BFz-etherate yields the new
fluoroionophore (Na-Fl) in a simple one-pot reaction (Figure 4.1).
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Figure 4.1: Synthesis of the Na* fluoroionophore (Na-FI).

As a receptor, we chose a methoxy-substituted N-phenyl-aza-crown ether due to its
optimal binding constant towards Na* ions.*®? This crown ether was already used as
the recognition unit in Na* Fls based on naphthalimide *° and triazole—coumarin
derivates.”® Based on our experience with K* Fls, a rigid tetraaryl-BODIPY dye was
selected since the rigidification and planarization of the chromophore results in a
bathochromic shift of absorption and emission and ensures excellent fluorescence
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brightness.'®® Indeed, the FI shows efficient absorption and emission in the red/NIR
region of the electromagnetic spectrum (Figure 4.2). The absorption and emission
bands are very sharp which is typical for BODIPY dyes.5? It also features excellent
luminescence brightness due to high molar absorption coefficient (130,000 M*cm™)
and a quantum yield of 69 % in the “on” state (fully protonated in THF using
trifluoroacetic acid). The introduction of chlorine favourably affects the PET
efficiency, as the electron withdrawing character enhances the reduction potential of
the fluoroionophore in the excited state.’™' Therefore, the fluorescence is almost
completely “switched off” when no analyte is present.
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Figure 4.2: Normalized absorption and emission spectra of the fluoroionophore dissolved in
dichloromethane. Molar absorption coefficient was determined in dichloromethane and the quantum
yield in tetrahydrofuran with 0.3 mM trifluoroacetic acid to ensure full protonation of the crown ether.

4.2.2 Solid State Sensing Materials

To enable continuous measurement, it is necessary to immobilize the FI into a
polymer matrix. Although covalent coupling represents the most efficient strategy to
eliminate indicator migration and leaching, several additional synthetic steps would
be necessary to introduce the required functionalities which in turn may negatively
affect the photophysical properties of the FI. Therefore, we preferred non-covalent
immobilisation.

This can be achieved by simply dissolving the indicator dye and the polymer in an
organic solvent and knife-coating of the solution onto a transparent and inert
poly(ethylene-terephthalate) foil, which acts as sensor support. The polymer matrix
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acts as a solvent for the indicator dye and therefore cannot be too hydrophobic (due
to poor PET in hydrophobic environment) or too hydrophilic, as the FI can either
leach out of the matrix or aggregate. Therefore, we chose commercially available
water swellable hydrogels (known under the name Hydromed D1, D4 and D7) which
are ether-based polyurethanes with hydrophobic and hydrophilic blocks. Depending
on the ratio of the blocks, they show different swelling (water uptake) behaviour:
swollen hydrogels D1, D4 and D7 contain 70 %, 50 % and 30 % water,
respectively.!® Importantly, no leaching or aggregation of the immobilized FI was
observed upon continuous rinsing of the sensor foil with a 500 mM NaCl solution for
several hours even in case of the most hydrophilic hydrogel D1 and high dye
concentration (1 wt.%). (Figure S - 4.1 and Figure S - 4.2, Supporting Information).

4.2.3 Influence of the Polymer Matrix

As expected, the immobilized Fls show low fluorescence intensity in the absence of
the analyte (Figure 4.3). The fluorescence intensity of the indicator dye is enhanced
in the presence of Na* due to the decrease of the PET effect. The sensing behaviour
of the FI is strongly influenced by the hydrophilicity of the hydrogel used. The
fluorescence enhancement factor is the highest (12-fold at 1000 mM Na®) in more
hydrophilic hydrogel D1. In case of the most hydrophobic hydrogel D7, fluorescence
is enhanced only 4-fold in the same conditions. Hydrogel D4 occupies intermediate
position (Table 4.1, Figure S - 4.3, Supporting Information).

In the absence of Na*, fluorescence quantum vyields are very similar for all the
hydrogels (Table 4.1). However, at high Na* concentration (1000 mM), the quantum
yields are very different: D1 > D4 > D7. The same trend is observed for fluorescence
enhancement in acidic media. pH calibration curves show, that the FI is completely
“switched on” only in case of hydrogel D1 and D4 (QY of 86 % and 84 %
respectively in 0.1 M HCI) (Figure S - 4.4, Supporting Information). In case of D7, a
QY of 50 % was determined in 0.1 M HCI. However, it was not possible to fully
protonate the FI with even highly concentrated HCI solutions (Figure S - 4.4,
Supporting Information). The dye appears to be located in more hydrophobic
domains, which are not fully accessible to Na*-ions or protons. This difference in
analyte accessibility is indicated by the decrease of the apparent pKa. value and
decrease of QYs in 1000 mM Na* with increase in the hydrogel hydrophobicity
(Table 4.1). Among the investigated hydrogels, D1 has the highest degree of
swelling and therefore best accessibility of the FI to Na*. Even though the QY in
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hydrogel D1 in presence of 1000 mM Na* is 23 %, the overall brightness is very
good considering high molar absorption coefficients. High brightness allows
reduction of the thickness of the sensing layer which is beneficial for the
development of sensors with fast response time. An LOD of 1.3 mM Na* was
calculated when using hydrogel D1 (3 x standard deviation of the blank). Due to the
best performance, the sensing material based on hydrogel D1 was chosen for further
experiments.

14 14

12

10

8

F/Fo
[¢}]
F/Fo

620 640 660 680 700 720 740 0 200 400 600 800 1000
Wavelength / nm Na* concentration / mM

Figure 4.3: a: Exemplar normalized emission spectra of Na-FI in hydrogel D1 at different Na*

concentrations (20 mM TRIS buffer pH 7.4) b: F/F, calibration curves for the indicator immobilized
in hydrogel D1, D4 and D7. The values of F and Fy were taken at A = 645 nm.

Table 4.1: Fluorescence intensity ratios F/Fy at 645 nm and fluorescence quantum yields for Na-FI in

different hydrogel matrices.

F/Fo at QY at0 QY at 1000 QY at0.1 Apparent pKa

1000 mM mM NaCl mM NaCl M HCI value
NaCl
Hydrogel D1 12.4 0.01 0.23 0.86 3.03
Hydrogel D4 8.3 0.01 0.16 0.84 2.60
Hydrogel D7 4.0 0.02 0.09 0.50 1.46*

*pK, was estimated assuming a QY of 0.85 in the fully protonated state to enable a sigmoidal fit.
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4.2.4 Cross-Sensitivity of the Sensing Material to Cations and Protons

14

4.0 - - | 300 mM Na’ N
12 s 6.5 b
35 | e -]
w 14
10 1
1.0
30 B 5 10 15 20 25 30 35 40 ]
(=] 8 o Time / sec
L w25 \ —
—_ - 200 mM Na
L 6 w : )
20 |- 100 mM
4 Mg
15 |- 100 mi
2 0 mM Na* 0 mm Ca\”
H 8.
e 10 [Fla2 EVR N A VA S
o L l 1 I l 1 l l | | | l ! |
0 200 400 600 800 1000 0 5 0 15 20 25 30 35
lon concentration / mM Time / min

Figure 4.4: a: Cross-sensitivity of Na-FI/D1 to common cations at pH 7.4 (20 mM TRIS buffer). b:
Fluorescence response detected in the kinetic mode of the fluorimeter. A foil of Na-FI in hydrogel D1
was fixed in a flow-cell and solutions with different Na*, Mg?*, Ca®* concentrations or pH values were
pumped through it. The insert shows a zoom of the response from 0 mM to 100 mM NaCl (tg < 20
sec).

The selectivity of the indicator dye is mostly determined by the size of the
recognition unit (crown ether). The cross-talk to cations depends on the size and
charge of the ions. The aza-15-crown-5 used in this study is well known for
complexing Na* and shows good selectivity against other alkali ions. Figure 4.4a
shows the selectivity of the FI/ D1sensor. Some cross-talk to K* is visible at very
high concentrations. However, this interference is not problematic for envisaged
applications as very low K* is present (e.g. ~5 mM in blood and 10 mM in seawater)
whereas the concentration of Na® is much higher (~150 mM and 500 mM,
respectively). In fact, addition of 5 or 10 mM KCI to a solution of 150 mM NaCl
does not result in a statistically significant increase of the fluorescence intensity.
Addition of as much as 150 mM K" shows some enhancement of the signal that
would correspond to an increase in Na* concentration from 150 to ~160 mM.
Additionally, the ionic strength of the solution is doubled in this test which may also
contribute to the observed changes.

Notably, virtually no cross-talk to Ca?* and Mg?" is observed (Figure 4.4).
Interestingly, BODIPYs with aza-15-crown-5 without side arms were reported to
have rather high cross sensitivity to Ca®" and Mg?*.1541%515 Therefore, the side arm
of the receptor is likely to be necessary for elimination of this cross sensitivity.
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Inertness to pH changes is of major importance for applications of optical ion
sensors. Aza-crown ethers based on aromatic amines are advantageous to those
containing aliphatic amines due to lower pKa value (~ 5), which further decreases
upon immobilization in the hydrogels (Table 4.1, Figure S - 4.4Supporting
Information) which enables measurements in the physiological pH range without any
influence from pH. Indeed, no cross-sensitivity to pH in the range 6.5-8.5 is observed
(Figure 4.4b). As can be seen, the response to Na' is fully reversible without
hysteresis or drift. The dynamic response of about 2.5 pm-thick sensing foil was very
fast (teo < 20 seconds).

4.2.5 Miniaturized Referenced Na* Optode

All measurements discussed above are intensity based. Fluorescence intensity is
affected by many parameters which makes it unsuitable for practical applications. To
overcome this limitation dual lifetime referencing (DLR) ratiometric scheme was
applied.*®® This method requires a phosphorescent reference dye featuring a long
decay time, spectral properties similar to those of the indicator and inertness towards
the analyte and other substances. The DLR scheme can be applied both in frequency
and in time domain.*?® In the case of the former, the overall phase shift measured by
a phase-fluorimeter is determined only by the ratio of the amplitudes of the FI (Aind)
and the reference material (Arer) (EQ. 4.1). For instance, if the fluorescence intensity
of the indicator is low, mostly the luminescence intensity of the reference material
can be detected, and a low cotangent of the overall phase shift (¢) is measured. As a
reference material, we utilized Egyptian blue, an inorganic phosphor excitable in the
green-red part of the electromagnetic spectrum and emitting in the NIR. A good
quantum vyield of 10 %," a luminescence lifetime of ~107 ps and its high
photostability make it an almost ideal reference material for DLR.%®

Ain
ﬁ = COtQ * COtQ,op — COLPrer (Eq. 4.1)
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Dye + carbon black

# "\ Dye + scatterer

Sensor support

Reference layer

Figure 4.5: Miniaturized phase fluorimeter FirestingGO, from Pyro Science and the cross-section of
the sensor for referenced read-out using a phase fluorimeter. a: Hydrogel D1 with immobilized
indicator dye and carbon black for optical isolation. b: Hydrogel D1 with immobilized indicator dye
and diamond powder for enhancing signal by light scattering. c¢: sensor support. d: Egyptian blue
microparticles immobilized in polysulfone.

The referenced sensor consists of three layers coated onto a transparent polyester
support (Figure 4.5). Silanized Egyptian blue particles were immobilized in
polysulfone (d) and coated on the support (c). To prevent potential interaction
between the reference layer and the sensing layer, we chose to coat the latter on the
opposite side, in order to have the polyester foil as a barrier. The other side of the
support foil has a layer of hydrogel D1 incorporating the indicator dye and diamond
powder for signal enhancement caused by light scattering (b). A further hydrogel D1
layer consisting of Na-FI and carbon black was used as the final layer (a). Carbon
black acts as optical isolation in order to prevent interference from ambient light. The
dye was added in the same concentration as in layer b in order to prevent migration
from one layer to the other, thus changing the signal intensities. As both “cocktails”
are dissolved in THF, applying the second layer yield to some mixing of the layers.
However, as only one type of polymer and the same amount of indicator dye is used
in both, this mixing of layers will not cause any disturbing effects. Notably, diamond
powder and carbon black are not necessary in order to obtain a referenced sensor, but
they improve the sensors performance by elimination of potential interferences
caused by background fluorescence and ambient light (which may saturate the
photodetector). A sensor spot was stamped out from this material and was mounted
either directly onto PMMA fibers using a metal cap, or glued on a plastic screw-cap
which could be fixed directly onto the read-out device. A commercially available
phase-fluorimeter (FirestingGO. from Pyro Science) was used for measurement of
the phase shift (Figure 4.5).
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4.2.6 Application of Na* Optode for Measurement of Seawater Salinity

The salinity of water is an important measure of water quality. The survival of
different species of animal and plant life depends on the salinity range within their
habitat. The most abundant cations in seawater are Na*, Mg?*, Ca?* and K*, while CI
, SO4%, Br and HCOs™ are the predominant anions (Table 4.2).1%° The sum of masses
of these ionic species is referred to as salinity; it is expressed as practical salinity unit
(PSU) which is the mass fraction of salts in water (grams salt per kilogram
solution).169161162 The average practical salinity in the open ocean is 35, and
typically varies between 33 and 37 PSU, while much lower salinities are found in
brackish waters where the seawater is diluted by a high quantity of freshwater
(between 0-30 PSU).1%%182 Since the only change occurring to seawater is a change in
the entire concentration of dissolved ions (e.g. dilution with water), the ratio of the
different ion concentrations is not affected. Consequently, the composition stays the
same, enabling the determination of salinity by simply measuring one component of
the seawater.1%*

Seawater salinity is typically measured with a conductivity sensor. An optical sensor
for determination of salinity via measurement of CI- concentration has been
reported.®* Here we propose an alternative method based on quantification of Na*
concentration.

The dynamic range of the new sensing material based on Na-FI/D1 matches very
well the concentration of Na* present in seawater. As discussed above, the minor
cross-sensitivity of the sensor to K* is not critical for seawater measurement since the
concentration of K* is too low to be detected by the sensor (Table 4.2).
Advantageously, comparably high concentrations of Mg?* occurring in seawater do
not trigger any fluorescence response.
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Table 4.2: Summary of mean composition of seawater with salinity 35 at 25 °C.!%*

Cations g/kg mM | Anions g/kg mM

Na* 10.77 479 | CI 19.37 559
Mg?*  1.30 54.4 S0 271 289
Ca®* 0.409 10.5|COs* 0.0026 2.33
K* 0.388 10.4 | Br 0.065 0.86

Sr 0.010 0.09 | F 0.0013 0.075

Determination of temperature cross-talk of the optical sensor is essential for in situ
monitoring of seawater salinity. A high dependency towards temperature was
observed within the relevant concentrations (Figure 4.6). This can be attributed to
the influence of temperature on the stability constant of the crown ether-Na*
complex. At higher temperatures, the complexation of the analyte is less favourable,
and therefore less fluorescence emission is observed (lower cotangent ¢). In addition
to the complexation equilibrium, Egyptian blue contributes to the temperature
dependency, as the emission intensity and lifetime decrease with increasing
temperature.™® This dependency can be compensated for with simultaneous
temperature measurements and with the introduction of the temperature coefficient
into the calibration equation (Eq. 4.2). A is the upper limit of the fit (PSU 45), B the
minimum value (PSU 0) and k describes the increment of the fit. At, Bt and kt are
linear temperature coefficients for the three parameters and T represents temperature.

cot(dg) = (A + Ay - (T = 20)) - (1 — eClktkr(T-20)Na)y 4 (g 4 B, - (T — 20))
(Eq. 4.2)
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Figure 4.6: Temperature-dependent calibration of the salinity optode based on Na® transduction

performed with a phase fluorimeter and an optical plastic fiber with a sensor spot attached to the distal
end of the fiber.

4.2.7 Measurement of Salinity in the Baltic Sea

The applicability of this novel sensor was demonstrated in in situ measurements of
the salinity in the Baltic Sea. We used two different read-out devices for three
different application areas. A commercially available handheld phase fluorimeter
(FirestingGO., Pyro Science) incorporating a PMMA fibre with the sensing material
coated on the tip was used for quick in situ salinity measurements. Additionally, we
conducted salinity profiling measurements up to a depth of 25 m and surface salinity
measurements. For this purpose, the stand alone phase fluorimeter was embedded
into a polyoxymethylene (POM) pressure housing to enable autonomous long term
measurements. The module is also equipped with an internal temperature sensor, and
the Na* sensitive material is mounted on the optical feedthrough with a screw-cap
system.
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Figure 4.7: Measured salinity in the Baltic Sea compared to reference conductivity measurements
from the CTD rosette. a: Measurement performed in surface water for one day (Kiel, 54.3301°N ,
10.1498°E). b: Profiling measurement with a speed of 0.15 m/s and stops of 10 min at 24, 22 and
20 m acquired at Boknis Eck (54.5° N, 10.0° E). c: Measurement points and salinity values
determined with the sensor material and a handheld phase fluorimeter as the read-out device.

Figure 4.7a shows the 24 h measurement of salinity in surface water. The
temperature varied between 18.5 °C and 20 °C during the measurement time. The
sensor was calibrated at room temperature before deployment with appropriate
salinity solutions containing Na* ranging from 0 to 1000 mM. Our data is in good
agreement with the reference data obtained via conductivity measurements (CTD).
The sensor responds sufficiently fast to detect small changes in salinity. Figure 4.7b
shows profiling measurements up to 25 m depth. Contrary to the surface
measurement, the first measured point of the CTD at the surface was used as a
reference calibration point for the optode, as it showed an offset of around 4 PSU.
The trend of salinity measured by the sensor is in good agreement with the reference
measurement. However, there is a disparity beyond a depth of 5 m. A possible
explanation for this is the reduction in response time at lower temperatures. A
combination of the high speed of profiling (0.15 m/s) and the change in temperature
at greater depths (from 19.4 °C at 5 mto 11.3 °C at 25 m) could cause this variation
to the reference. Preparing thinner sensor foils featuring faster response may
overcome this issue.
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4.3 Conclusion

Several point measurements along the mouth of river Schwentine (Kiel) have also
been performed (Figure 4.7c). The lowest salinity (2.2 PSU) was measured in the
river before a bridge. There was a gradient in the altitude of about 1-1.5 m with water
flowing in the direction of the sea, which prevents movement of the salt water
upwards to the river. As the river gets wider, measurements at locations closer to the
harbour indicated an increase in the salinity. The last point of measurement is
virtually a fjord and the widest location of all measurements, with the highest salinity
of 20.7 PSU. This is in good agreement with commonly measured salinity values in
the harbour. Using this optode, it was possible to perform in situ salinity
measurements along a river in minimal time, effort and equipment.

4.3 Conclusion

A highly selective optical sensor material for the measurement of Na*-ions in
aqueous media was presented. The new fluoroionophore is based on a aza-crown
ether receptor unit coupled to a BODIPY chromophore which shows emission in the
red region of the spectrum and good fluorescence brightness. By incorporating this
fluoroionophore into a polymer matrix a robust and fast responding sensor is
obtained. Among different polyurethane hydrogels tested as matrices the most
hydrophilic D1 hydrogel proved to be the most suitable. The material showed the
highest dynamics between the “off” and “on” state and the highest fluorescence
quantum yield in the “on” state. The sensor displays high selectivity over other
competing ions (e.g. Mg?*, Ca?*, K*) and is not affected by pH changes in the
relevant range. As all chemosensors, the sensor shows cross-talk to temperature
which can be easily compensated for.

A referenced sensing material has also been prepared to enable measurements with a
commercially available compact phase fluorimeter. These sensors were used to
determine the salinity of seawater and brackish water in the Baltic Sea, and show
good correlation with reference measurements. They demonstrate the potential of
optical technology for measuring of this very important parameter. It should be
emphasized that the new indicator and sensing materials can also be used for a
variety of other applications, such as clinical diagnostics or biological imaging.
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4.4 Materials and Methods

'H NMR and **C spectra were recorded on a 300 MHz instrument from Bruker.
MALDI-TOF mass spectra were recorded on a Micromass TofSpec 2E in reflectron
mode at an accelerating voltage of +20 kV. Absorption measurements were
performed on a Cary 50 UV-Vis spectrophotometer from Varian. Luminescence
spectra and absolute quantum yields were measured on a Fluorolog-3 luminescence
spectrometer (Horiba). Calibrations were performed by fixing a sensor foil
diagonally in a quartz cuvette filled with different buffer solutions. QY of the
indicator in solution (THF in presence of 0.3 mM trifluoroacetic acid) and in sensor
foils (at 2000 mM NaCl and 0.1 M aqueous HCI) were acquired with an integrating
sphere from Horiba. Leaching was investigated by recording the absorption spectra
of a foil during continuous pumping a TRIS-buffered (7.4) solution with 500 mM
NaCl through a flow-through cell (15 ml/min). Measurements of the referenced
sensors were performed with FirestingO2 and FirestingGO2 phase fluorimeters
(www.pyro-science.com) at a modulation frequency of 4 kHz and a LED intensity of
80 %. Optical plastic fibers (1 mm core diameter) were obtained from Ratioplast-
Optoelectronics GmbH (www.ratioplast.eu). Polyurethane hydrogels (Hydromed D1,
D4 and D7) were purchased from  AdvanSource  biomaterials
(www.advbiomaterials.com). Poly(ethylene terephthalate) support Melinex 505 was
obtained from Pitz (www.puetz-folien.com). Hydrochloric acid 37% (HCI),
anhydrous sodium sulfate and all other solvents including the deuterated solvents
were from VWR (www.vwr.com). Polysulfone (Mn=16000, Mw=35000), 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ), trifluoroacetic acid, boron trifluoride
etherate (BFs-O(C2Hs)2), DMF, POCIs and water-free dichloromethane (DCM) were
purchased from Aldrich (www.sigmaaldrich.com). Buffer substances, NaCl, KClI,
CaClz, MgCl,, K>COgz, KI, KOH and chloroform (analytical grade) were from Roth
(www.carlroth.com). Silica gel (0.04-0.063 mm) was acquired from Acros Organics
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(www.fishersci.com). Carbon black was obtained from Kremer Pigments
(www.kremer-pigmente.com). Monocrystalline diamond powder was purchased
from  Microdiamant  (www.microdiamant.com).  Silanized Egyptian blue
microparticles (trimethylsilyl form) were prepared according to a literature
procedure.’® AIl other chemicals were purchased from TCI Europe
(www.tcichemicals.com). All chemicals were used as received.

4.5 Experimental

4.5.1 Synthesis

5-Chloro-3-phenyl-1,4-dihydroindeno[1,2-b]pyrrole (6)

This synthesis was performed according to the literature procedure.t®!

Triethylene glycol ditosylate (3)

Triethylene glycol (4.50 g, 30.0 mmol, 1 eq) and 4-toluenesulfonyl chloride (11.80 g,
61.8 mmol, 2.1 eq) were dissolved in 100 ml dichloromethane (DCM). The solution
was cooled down to 0 °C and portions of KOH (13.60 g, 242.3 mmol, 8.1 eq) were
added slowly over a period of 15 min and then allowed to warm up to RT over 4
hours. H.O (60 ml) was added and the reaction mixture was extracted (DCM) (2x, 30
ml). The organic phase was dried over Na,SO4 and the solvent was removed using a
rotary evaporator. The crude product was recrystallized from methyl tert-butyl ether
(MTBE) to yield a white crystalline product (10.40 g, 75 %). *H NMR (300 MHz,
CDClz) 6 7.79 (d, ] = 8.2 Hz, 4H), 7.34 (d, J = 7.9 Hz, 4H), 4.16 — 4.11 (m, 4H), 3.67
— 3.63 (m, 4H), 3.52 (s, 4H), 2.44 (s, 6H). 3C NMR (76 MHz, CDCls) § 145.02,
130.02, 128.13, 70.87, 69.37, 68.93, 21.81.

N,N-bis(2-Hydroxylethyl)-2-methoxyaniline (2)

A mixture of 2-anisidine (1) (21.84 g, 0.177 mol, 1 eq), 2-chloroethanol (52.8 g,
0.655 mol, 5 eq), CaCOs (17.75 g, 0.177 mol, 1 eq) and KI (2.27 g, 0,013 mol, 0.07
eq) was stirred in 300 ml H20 at 90 °C until TLC indicated full conversion (eluent:
cyclohexane (CH) + ethyl acetate (EA), 1+2). The reaction mixture was filtered, the
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filtrate extracted with DCM and the organic phase dried over Na>SOs before
removing the solvent in vacuo. The crude product was purified using column
chromatography (eluent DCM to EA and then EA + MeOH (90+10)) to yield the
product as brown oil (15.36 g, 40.9 %). *H NMR (300 MHz, CD,Cl,) & 7.25 — 7.08
(m, 2H), 7.02 — 6.90 (m, 2H), 3.85 (s, 3H), 3.50 — 3.44 (m, 4H), 3.20 — 3.15 (m, 4H),
3.10 (bs, 2H). *C NMR (76 MHz, CD:Cly) & 155.84, 138.90, 125.99, 125.24,
121.78, 112.08, 60.10, 57.60, 55.87.

2-Methoxyphenylaza-15-crown-5 (4)

NaH (3.243 g of 60% NaH suspension in mineral oil, 81.0 mmol, 2.5 eq) was added
slowly to anhydrous tetrahydrofuran (THF) (150 ml) under an argon counterflow.
The mixture was heated to reflux and a solution of N,N-bis(2-hydroxylethyl)-2-
methoxyaniline (2) (6.719 g, 31.8 mmol, 1 eq) and triethylene glycol ditosylate (3)
(14.66 g, 31.8 mmol, 1 eq) dissolved in 100 ml anhydrous THF was added dropwise
over a period of 30 min and continued refluxing for 18 hours. After cooling down,
the suspension was filtered and the solvent was removed under reduced pressure. The
residue was dissolved in 20 ml MeOH, heated to reflux and NaClO4-H.O (4.84 g,
34.45 mmol, 1.08 eq) dissolved in 10 ml MeOH was added. After 30 min, 20 ml EA
was added and the solution was concentrated to a volume of 10 ml on the rotary
evaporator. This suspension was refluxed and EA was added until a total volume of
450 ml. The clear solution was then put in the fridge for 18 hours. The obtained
white crystals were filtered, dried in an oven and then dissolved in 10 ml DCM and
extracted with H,O (3x 10 ml) to obtain the free crown (2.80 g, 27 %). *H NMR (300
MHz, CDCl3) 6 7.12 (dd, J = 7.5, 2.0 Hz, 1H), 6.98 — 6.81 (m, 3H), 3.83 (s, 3H), 3.73
—3.64 (m, 16H), 3.52 — 3.44 (m, 4H). *C NMR (76 MHz, CDCls) § 152.78, 140.08,
122.12, 120.84, 120.74, 111.77, 70.97, 70.60, 70.37, 70.18, 55.40, 53.00. MS
(MALDI-TOF): m/z [MNa]" 348.1787 calcd, 348.1895 found.

4-Formyl-2-methoxyphenylaza-15-crown-5 (5)

2-Methoxyphenylaza-15-crown-5 (4) (2.51 g, 7.7 mmol, 1 eq) was dissolved in 4 ml
DMF in a Schlenk flask, cooled down to -8 °C and POCIs; (1.68 g, 16.1 mmol, 2.1
eq) was added slowly so that the temperature did not raise over 0 °C. Afterwards, the
reaction mixture was allowed to warm up to RT and was stirred for 20 hours and
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then heated to 60 °C for 2 hours. Aldehyde formation could be seen by TLC (DCM +
MeOH, 75 + 5) and staining of the TLC with a solution containing
dinitrophenylhydrazine (DNP). The solution was cooled down to RT, poured slowly
over ice and neutralized with KoCOz to pH 7. The reaction mixture was extracted
with DCM (3%, 30 ml), the solvent was removed and the product purified by column
chromatography (gradually from DCM to DCM + MeOH, 100+5) to yield the
product as brown oil (1.12 g, 41 %). *H NMR (300 MHz, CD.Cly) § 9.73 (s, 1H),
7.38 —7.28 (m, 2H), 6.98 (d, J = 8.3 Hz, 1H), 3.84 (s, 3H), 3.72 — 3.64 (m, 4H), 3.62
— 3.55 (m, 15H). C NMR (76 MHz, CD.Cl>) & 190.49, 151.36, 146.49, 129.04,
126.71, 116.80, 110.42, 71.3, 70.74, 70.56, 70.32, 55.91, 54.05. MS (MALDI-TOF):
m/z [MH]" 354.1917 calcd, 354.1599 found.

BODIPY Fluoroionophore (Na-FI)

4-Formyl-2-methoxyphenylaza-15-crown-5 (5) (1.10 g, 3.11 mmol, 1 eq) and 5-
chloro-3-phenyl-1,4-dihydroindeno[1,2-b]pyrrole (6) (1.69 g, 6.38 mmol, 2.05 eq)
were dissolved in 5 mL of anhydrous DCM and 1 drop of trifluoroacetic acid was
added. The mixture was shielded from light and stirred at RT for 48 hours and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was added (0.741 g, 3.26 mmol, 1.04
eq), changing the colour of the reaction mixture to dark blue. After stirring for
another 15 min, N,N-diisopropylethylamine (DIPEA) (4.07 g, 31.4 mmol, 10 eq) and
BF3-O(CzHs)2 (6.9 g, 48.6 mmol, 15 eq) were added under argon counterflow. After
15 minutes stirring, the mixture was extracted with H.O, the organic phase was dried
over Na,SO4 and the solvent removed in vacuo. Purification was performed by
column chromatography (2x, eluent DCM gradually to DCM + MeOH, 100+5)
yielding the product as purple crystals (211 mg, 7.4 %). UV-VIS (DCM): Amax =
538 nm, ¢ = 130,000 Mcm™. 'H NMR (300 MHz, CD,Cl») & 8.30 (d, J = 8.4 Hz,
2H), 7.54 — 7.45 (m, 4H), 7.05 - 6.83 (m, 10H), 6.66 — 6.58 (m, 2H), 6.39 — 6.31 (m,
1H), 3.82 — 3.45 (m, 27H). MS (MALDI-TOF): m/z [MNa]* 934.2782 calcd,
934.2747 found.
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4.5.2 Preparation of Sensing Materials

Planar Sensor Films

Hydrogel polymers (Hydromed D1, D4 or D7) were dissolved in THF to yield a
solution of 10 wt.%. An appropriate amount of the indicator was dissolved in the
hydrogel solution. The sensor films were prepared by knife coating of these “sensor
cocktails” onto dust-free polyester foils (25 um wet film thickness). The sensor foils
were allowed to dry for several hours at RT. Dye concentrations for calibrations and
QY determination were 0.2 wt.% and for leaching experiment 1 wt.% in respect to
the polymer.

Fiber-Optic Sensor for Ratiometric DLR Readout

The “cocktail” for the reference layer was prepared by dispersing 12 mg Egyptian
blue and 100 mg polysulfon in 888 mg CHClIs. This “cocktail” was knife coated onto
dust-free polyester foils (25 um wet film thickness) and allowed to dry in the oven at
60 °C for 2 hours. For the first sensing layer 0.5 mg Na-FI, 100 mg diamond powder
and 100 mg hydrogel D1 were dispersed/dissolved in 566 mg THF. This “cocktail”
was knife coated onto the back-side of the polyester support and allowed to dry for 2
hours at RT (75 pm wet film thickness). The cover layer was prepared by
dissolving/dispersing 0.5 mg Na-FI, 100 mg carbon black and 100 mg hydrogel D1
in 566 mg THF (15 wt.% in respect to the polymer). This “cocktail” is knife coated
onto the first sensor layer (25 um wet film thickness) and allowed to dry for 2 hours
at RT. A sensor spot was then either stamped out (2 mm diameter) and fixed with a
metal cap on a 1 m PMMA fiber or stamped out (5 mm diameter) and glued on a
plastic screw cap.
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4.6 Supporting Information
Leaching Experiment
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Figure S - 4.1: Recorded absorption spectra of the indicator immobilized in Hydrogel D1 during

continuous rinsing the sensor foil with a solution containing 500 mM NaCl.
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Figure S - 4.2: Left: Normalized absorption maxima of the recorded absorption spectra during the

leaching experiment corresponding to Figure S1. Absorption maximum of the first measurement point

was used for normalization to indicate % loss of dye. Right: Zoom in.
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Normalized Emission Spectra of Na-Fl in other Hydrogels
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Figure S - 4.3: Normalized emission spectra of Na-FI in hydrogel D4 (a) and D7 (b) at different Na*

concentrations (20 mM TRIS buffer pH 7.4) and in acidic media (0.1 M HCI). FO was taken at 645

nm.
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Determination of the pKa-Value
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Figure S - 4.4: Normalized emission spectra of Na-FI in Hydrogel D1 (a), D4 (¢) and D7 (e) at
different pH values. Right: pH-Calibration of the corresponding sensor material.
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MALDI-TOF Spectra
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Figure S - 4.5: Mass spectra (MALDI-TOF) of 2-Methoxyphenylaza-15-crown-5 (4)

in dithranol matrix.
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Figure S - 4.6: Mass spectra (MALDI-TOF) of 4-Formyl-2-methoxyphenylaza-15-crown-5 (5) in

alpha-Cyano-4-hydroxycinnamic acid matrix.
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Figure S - 4.7: Mass spectra (MALDI-TOF) of Na-FI in dithranol matrix.
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Future Prospect and Outlook

Optical sensors are already regularly used in marine research and oceanography. The
salinity sensor herein presented is a valuable addition to other commonly measured
compounds such as O, pH and CO; which are important analytes for monitoring
ocean acidification. This acidification is creating an imbalance in CaCOs-formation,
thus making calcifying organisms, such as corals, vulnerable to dissolution. Hence,
the measurement of Ca** in the sea is of great interest and is one of the missing items

for fully understanding marine processes.

In addition to the salinity sensor, we made attempts to develop a Ca’" sensor based
on our PET-based indicators. In contrast to other presented fluoroionophores in this
thesis, the Ca?" receptor is not based on a crown ether. Here we utilize N-
phenyliminodiethoxyacetic acid as the chelating agent, which was already reported to
show efficient Ca?" sensitivity.'®®> This project was part of the master thesis of Lukas

Tribuser, where he successfully synthesized Ca-FI3 (Figure 2.1).'6

Preparation of solid state sensing materials by immobilizing this compound in
hydrogel matrices is not as straight forward as with fluoroionophores with crown
ether receptors due to the highly hydrophilic receptor. Coupled with a very
hydrophobic chromophore, this resulted in a fluoroionophore with amphiphilic

properties. Further attempts on immobilization are currently under investigation.
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Figure 4.8: Synthetic pathway towards a Ca" sensitive fluoroionophore (Ca-FI3).
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4 Sodium Selective Optodes

The presented Na® sensor is also part of further projects. Similar to K'
fluoroionophores, our research is currently directed towards the synthesis of new
receptors for improving the stability constants. The lariat side arm of K-FI3 seemed
to be of particular importance to improve binding in the context of K* sensors as
shown in Figure 3.12 (p. 66).

For this reason, we started the synthesis of a 15-crown-5 using this structural element
(Figure 4.9). The synthesis is analogous to the preparation of the K* receptor, but
using triethylene glycol (30) for the ring closing reaction instead of tetraethylene
glycol. Further reaction can be conducted analogous to the reported synthesis.!! At
this stage, compound 31 is available and will be used for the preparation of a new
fluoroionophore (Na 2" 5" _ FI3) in the future.

o P e ¢ e T S
©/ O 2 O\) - ©/O\)
27 28 29

Figure 4.9: Synthetic Scheme towards a new Na" sensitive receptor unit utilizing the same side arm
as in presented K" sensors to increase the binding stability with the complexed ion.
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Preface for the Manuscript

In this project the practical applicability of the developed ion sensors is tested for
live cell imaging. As shown in chapter 3, K* indicators can be physically entrapped
inside commercially available RL-100 nanoparticles (Figure 3.9 (p. 49)). The
outside layer of these particle have positively charged quaternary ammonium groups
which makes them water dispersible while still exhibiting fluorescence response to
changes in K" concentration. These particles were already successfully used for

168

cellular imaging with entrapped oxygen''s, pH!'®” and temperature!®® sensitive

indicators.

K" is the main ion inside the human cell with an approximate concentration of 150
mM while extracellular concentrations are about 5 mM. This difference creates the
membrane potential which cells can control by opening or blocking K" channel
transmembrane proteins. Understanding K™ fluxes is of high importance for
biological research. Indeed, most reported fluoroionophores were used as molecular
probes (e.g. water soluble indicator dye) for fluorescence imaging. As we developed
the first nanoparticle based sensor, we aimed to show new potential of our
fluoroionophores. Our group already has a successful collaboration with Prof. Dmitri
Papkovsky and Dr. Ruslan Dmitriev from University College Cork (UCC) in Ireland,
who are experts in the application of fluorescent sensing materials for imaging of

biological samples. Together with UCC, we started a project on K* nanosensors.

Our goal was to determine and quantify K' fluxes in neuronal cells. For
quantification, it is necessary to incorporate a second reference dye which shows
emission at a different wavelength than the fluoroionophore dye. For measurement in
biological samples, it is always beneficial to apply dyes which can be excited and
show emission in the red to NIR part of the electromagnetic part of the spectrum to
reduce interferences from autofluorescence or scattering of the sample. Therefore,

we chose FI3 as the suitable candidate for this project.

Four different referenced nanoparticles were prepared using two conjugated
polymers and two perylene based dyes (Figure 5.1). They are all insensitive towards

K" and show strong emission < 600 nm.
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O Long wavelength perylene
(Lumogen Orange)

. Short wavelength perylene
Long wavelength conjugated polmyer (PFO-BTDA) (Solvent Green 5)

Figure 5.1: Fluorescent compounds used as reference for K sensitive nanoparticles. Left:
Conjugated polymers. Short wavelength emission of PFO (Aem = 420 nm) can be bathochromically
shifted by additional incorporation of benzothiadiazole (PFO-BTDA, Acn = 530 nm). Right:
Commercially available perylene deviates Lumogen Orange (Acm = 530 nm) and Solvent Green 5
(Aem = 475 nm).

The referenced fluorescence spectra are shown in Figure 5.2. Evidently, particles
with perylene show a much higher F/Fy with increasing K" compared to particles
with conjugated polymers (F/Fo at 500 mM ~12 and ~3 respectively). This could be
attributed to the high amount of conjugated polymer used (5 wt.%) compared to
perylene (0.5 wt.%), therefore changing the environmental conditions inside the

particle.
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Figure 5.2: Emission spectra of the referenced nanoparticles (NPs). NP1 / NP4 were excited at 380
nm and NP2 / NP3 at 450 nm respectively. NP1 and NP2 contained 5 wt.% reference dye and 1 wt.%
indicator dye FI3. NP3 and NP4 contained 0.5 wt.% reference dye and 1 wt.% indicator dye FI3.

To test their suitability for cell imaging, neuronal origin cancer cells (PC12) were
stained with the particles for 16 h (10 pug/ml). Fluorescence emission of treated cells
was then measured on a widefield microscope with various emission filters to detect
the emission of the reference and the indicator dye (Figure 5.3). All particles show
cellular uptake both intracellular and extracellular aggregates. However, the overlap
of both the emission of the reference and FI3 indicates that there is no co-localisation
of the compounds. This means that the ratio between both dyes within a particle is
not constant and therefore this material is not suitable for quantitative measurements.
This can be caused by i) leaching of either FI3 or the reference out the particle over
time or ii) inhomogenous particle mixture caused by the production step. Covalent
coupling of both dyes could prevent this and potential synthetic routes are presented
in the outlook (p. 134).
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.
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Indicator —_— Lumogen Orange Indicator Overlay

50 um 5Qum
Indicator Qverlay —M— Solvent Green 5 Indicator Overlay

Figure 5.3: Widefield microscopy of the NPs uptaken by PC12 cells. Staining was performed with 10
pg/ml for 16 h. Reference dyes: Aex= 470 nm and Aem = 530.nm. Indicator Ae= 350 nm and Aem =
635.nm. Overlay of both indicates no co-localisation of the reference and the indicator.

All particles showed efficient intracellular uptake- RL-100 particles are known to
efficiently stain cells such as fibroblasts or HelLa, but staining of ‘hard’ cell lines
such as neural cells is not reported. For this reason, we decided to investigate the
staining efficiency of RL-100 particles with only FI3 incorporated with different cell
lines. Initial tests for staining of PC12 and SHSYS5Y cells gave promising results
(Figure 5.4) and were the basis for the following publication.

B

Hoechst Calcein

)

Hoechst + FI3 Calce{n +FI3

-
Vi o

Figure 5.4: Staining of cells with RL-100 particles with incorporated FI3 fluoroionophore.
Counterstaining of the cells with Hoechst (DNA staining) and Calcein (cell body). Overlay indicators
efficient intracellular uptake of FI3-nanosensors. A: PC12 cell line, B: SHSYSY cell line.
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5.1 Introduction

Abstract The imaging of real-time fluxes of K* ions in live cell with high
dynamic range (5-150 mM) is of paramount importance for neuroscience and
physiology of the gastrointestinal tract, kidney and other tissues. In particular, the
research on high-performance deep-red fluorescent nanoparticle-based biosensors is
highly anticipated. We found that BODIPY-based FI3 K*-sensitive fluoroionophore
encapsulated in cationic polymer RL100 nanoparticles displays unusually strong
efficiency in staining of broad spectrum of cell models, such as primary neurons and
intestinal organoids. Using comparison of brightness, photostability and fluorescence
lifetime imaging microscopy (FLIM) we confirmed that FI3 nanoparticles display
distinctively superior intracellular staining compared to the free dye. We evaluated
FI3 nanoparticles in real-time live cell imaging and found that it is highly useful for
monitoring intra- and extracellular K* dynamics in cultured neurons. Proof-of-
concept in vivo brain imaging confirmed applicability of the biosensor for
visualization of epileptic seizures. Collectively, this data makes fluoroionophore FI3
a versatile cross-platform fluorescent biosensor, broadly compatible with diverse
experimental models.

5.1 Introduction

Potassium (K*) is one of the principal ions in living cells and multicellular
organisms®:1%°Its concentration is dynamically regulated through numerous
membrane protein-based channels and transporters, to maintain a gradient of ~ 150
mM inside vs. ~ 5 mM outside the cell. The essential processes of cell growth, acid-
base equilibrium, maintenance of electrolyte balance and transmembrane transport
are all regulated by potassium. In tissue-specific manner, potassium regulation is
crucial for brain (resting potential, firing, interactions between astrocytes and
neurons)t’%1"t - qut!?, muscle!”®, kidney!’* and implicated in progression of
numerous diseases such as cancer!” and ischemial’®. Understanding molecular
mechanisms of these processes and monitoring of potassium ion fluxes in different
tissues and cellular compartments are important tasks for biochemistry, physiology,
pathology and bioanalytical sciences. In particular, development of sensitive, non-
invasive and efficient fluorescent chemical sensors for K* is in high
demand?!12177.106,178,179,180.151.181 "\/arjous optical and fluorescence microscopies allow
for high-resolution, fast and quantitative readout, with minimal interferences from
electrochemical gradients of other ions present in the cell. Recent developments in
high-resolution and super-resolution selective plane illumination, FLIM, confocal
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5 Intracellular K" Sensing

and two-photon microscopies demand for bright, highly selective and photostable
probe3182'183'184.

Over the last decade the ‘traditional’ method of synthesizing ion-selective dyes is
slowly being replaced by their modification with functional and targeting groups and
encapsulation in nanoparticles'®!%, Nanoparticle technology helps improving the
functional properties of fluorophores (brightness, photostability, minimal cross-
interferences to other ions and environment) and brings additional features of
targeting and bio-delivery. For instance, encapsulation in nanoparticles can help
solving problems of selectivity of the chemical probe, introduce second (reference)
dye and improve its ability to stain cells and tissues®®®8’. Various methods such as
precipitation of biocompatible polymers allow preparing nanoparticles with virtually
any possible specificity and appropriate photophysical properties'®®. However, the
control of interaction of nanoparticles with cells and tissues still represents a
challenging task!8818: nanoparticles display complex interactions at the nano-bio
interface (e.g. salt-induced agglomeration or formation of ‘protein corona’), often
resulting in endocytosis-dependent transport of nanoparticles across the cell
membrane, and their subsequent entrapment in endosomes, lysosomes and other
intracellular organelles®®®%. Compared to small molecule dyes, cell staining with
nanoparticles is usually 10-20 times slower, rarely leads to cytoplasmic localization
and is often cell-specific. Consequently, staining of more complex cell models such
as 3D spheroids or tissues becomes more problematic, limiting the progress in use of
fluorescent nanosensors. Significant research is now directed towards modifying the
size, charge, shape and surface with functional groups, and understanding the
structure-activity relationships!8191.192

The positively charged polymeric nanoparticles based on Eudragit RL100%
encapsulated with hydrophobic Pt(I1)-porphyrins and other fluorescent dyes display
cell-specific intracellular staining!8194167.1%5 gych nanoparticles stain well a number
of adherent cell lines (fibroblasts, HeLa, HCT116, HepG2) but display poor staining
efficacy of neural cells and multicellular spheroids'®®%7. While these issues can be
addressed by changing to negatively and mixed-charged polymers!®” 1% it is
interesting and equally important to understand how the properties of nanoparticles
based on this cationic polymer can be improved.

Here, we report the use of RL100-based nanoparticles, impregnated with a red
emitting K*-sensitive fluoroionophore FI3'®. As the chemical modification with
targeting groups can represent multi-step and laborious procedurgl®2199:200201 = yye
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examined how the presence of this amphiphilic sensor dye, conjugated with crown
ether affects the cell staining properties of RL100-based nanoparticles. Surprisingly,
we found that FI3 nanoparticles have improved ability to internalize in a number of
‘hard’ cell types and models, including primary neurons and 3D models in a manner,
superior to the free (non-encapsulated) dye. We studied the mechanisms of
internalization and demonstrated biological application of FI3 in monitoring of K*
fluxes in in vitro and in vivo. This report provides new framework for design of
sensing and labeling nanoparticle agents and demonstrates its high practical
application potential.

5.2 Results and Discussion

5.2.1 FI3 nanoparticles display versatile intracellular staining pattern
across the range of 2D and 3D tissue models

Recently, we reported a family of new fluoroionophores based on
borondipyrromethenes (BODIPY) and aza-crown ether-based sensing unit, emitting
in green to near-infrared parts of electromagnetic spectrum. The compound FI3
showed attractive properties with high molar absorption (109,300 M* cm? at 640
nm), deep red fluorescence (Amax e€xc./ em. 640/ 660 nm), high quantum yields (47-
76%) and selectivity towards K*, independent from pH, within the relevant range!®*
(Figure 5.5). We found that the dye is relatively easy to impregnate in polymer
nanoparticles, however their physical properties and interaction with cells were not
studied in detail*>t. The amphipathic nature of fluoroionophore suggests that the
sensing part (crown ether) must be exposed externally, together with positively
charged groups of RL100 polymer®®?, unlike the other RL100-based nanosensors, in
which the impregnated material represents highly hydrophobic dyes!!81%4168 Thijg
results in an indented surface of the agglomerated nanoparticles as evidenced by
scanning transmission electron microscopy (STEM). Interestingly, such
agglomerates were still of nanoscale dimensions (i.e. 91.1 £ 31 nm) and low fractal
dimension (df) (Figure S - 5.1).

For assessment of cell staining efficacy, we chose a number of previously tested
adherent cell lines, including human colon cancer HCT116 cells, mouse embryonic
fibroblasts (MEF), neuronal origin cancer cells (PC12, SHSY5Y) and mixed culture
of rat primary neural cells (Figure 5.6A). When analyzed by confocal fluorescence
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microscopy, we found efficient and bright staining of cells, including culture of
primary neural cells. Bright intracellular fluorescence was observed for both
differentiated (not shown) and non-differentiated SHSYS5Y neuroblastoma cells and
for two principal types of neural cells present in primary culture, astrocytes and
neurons. With mixed culture of primary neurons we also observed some degree of
extracellular staining, which can be caused by simply non-specific aggregation of
nanoparticles or their interaction with dead cells or cell debris; however, at the same
time, the bright cytoplasmic staining of both cell bodies and neuritis was evident,
proving efficient intracellular staining of neural cells (Figure 5.6). This is in contrast
with the poor staining efficacy anticipated from positively charged RL100-based
nanoparticles: for control, we stained primary neurons with RL100-nanoparticles
impregnated with hydrophobic metalloporphyrin PATFPP (Figure S - 5.2A). In this
case we observed mostly extracellular aggregates, in agreement with our previous
data®®®.
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Figure 5.5: Scheme and spectral properties of K'-sensitive FI3 dye encapsulated in RL100

nanoparticles.

The unusually efficient staining of neural cells with FI3 nanoparticles prompted us to
test them with 3D tissue models. We produced neurospheres from rat primary
neurons (E18) and observed efficient in-depth staining achieved in 6-16 h incubation
time (Figure 5.6B). With more complex mouse intestinal organoid model®? we
observed comparably efficient staining of epithelium and lumen and some degree of
aggregation (Figure 5.6). In comparison, two other types of nanoparticle biosensors,
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based on anionic polymer (PA1)!% and RL100 polymers (NanO2)!® lacked the
ability to stain intestinal organoids under similar conditions (Figure 5.6B): instead,
only strong autofluorescence of lumen compartment was observed. Since FI3, PAl
and NanO2 are all emitting in the same spectral window, the luminal fluorescence
can be related to strong red autofluorescence, which we reported before?®. FI3
showed rather homogeneous staining of epithelium with enrichment in certain cell
types (showing a 5-6 times higher fluorescence), which can be explained most likely
by the cell-specific difference in staining efficiency (Figure 5.6B).

We also evaluated relative staining efficacy of FI3 nanoparticles with culture of
tumor spheroids from HCT116 cells. Using optical sectioning we found strong
fluorescent signals at 40-50 um depths, indicating similar or higher staining efficacy
than with conventional Calcein Green dye (Figure 5.6C).

Thus, we observed highly efficient and unique (in comparison to previously reported
RL100-based probes) staining with FI3 nanoparticles of all tested cell models, from
‘simple’ adherent to multicellular aggregates and intestinal organoids, containing
multiple cell types. This finding can be explained by the specific morphologies of

FI3 nanoparticles (Figure S - 5.1), promoting disaggregation during interaction with
lipid membranes.
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Figure 5.6: FI3 nanoparticles provide efficient staining of various 2D and 3D tissue models. A:
adherent cell models of neuronal and non-neuronal origin. Live cells were incubated with FI3
nanoparticles (10 pg/ml, 16 h), washed and counter-stained with Calcein Green AM (1 uM, 0.5 h) and
imaged. B: staining of rat primary neurospheres and mouse intestinal organoids. Live neurospheres
and organoids were incubated with FI3 nanoparticles (10 pg/ml) for 16 h and 3 h, respectively,
counter-stained with Calcein Green or Hoechst 33342 and imaged. C: staining of tumor spheroids
from HCT116 cells. Formed tumor spheroids were incubated with FI3 nanoparticles (3 h) and
counter-stained with Calcein Green. The image represents cross-section at 50 pm depth, as indicated.
Right graph shows distribution of fluorescence intensity in the center of spheroids at depths 0-50 pum.
BG indicates background intensity. Scale bar is in um.

5.2.2 Intracellular staining differs between FI3 nanoparticles and non-
encapsulated dye

The amphipathic nature of FI3 dye can potentially lead to its leakage from
nanoparticles upon or prior to the cell internalization and thus explain the observed
‘efficient’ intracellular staining pattern. To reveal if this is the case, we performed a
number of additional experiments. First, we compared the staining of neural cells
with the free dye and encapsulated in RL100 nanoparticles (Figure 5.7): free dye
displayed intracellular staining only of certain cells in culture and with lower
intensity (not shown). The comparison of average brightness inside the cells showed
that the dye impregnated in nanoparticles displayed 3-5 times higher brightness (0.1
uM of free dye corresponds to 10 pug/ml concentration of nanoparticles). The staining
with free dye did not reach saturation at 0.1-0.2 uM, implying at difference in cell
uptake mechanisms between the free dye and RL100 nanoparticles (Figure 5.7A).
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5.2 Results and Discussion

Next, we found that FI3 encapsulated in nanoparticles displayed higher photostability
than free dye and Calcein Green dye (Figure 5.7B). While testing other cell lines
(HCT116, MEF, PC12) we saw comparable efficacy of staining between
nanoparticles and free dye (not shown), however with mixed culture of neural cells
we observed the differences in cell specificity (Figure 5.7C). We found that free dye
stained predominantly certain neuron-like cells, while nanoparticles provided
efficient staining of all the cells in population (both neurons and astrocytes). We
attempted to confirm the cell specificity of free dye using immunofluorescent
staining of fixed cells with respective antibodies but found that dye and nanoparticles
did not remain visible after this procedure (not shown).

Further, we reasoned that after internalization into the cell different environments of
the free dye (directly exposed to proteins, lipids or other biomolecules) and protected
by nanoparticle shell can affect the fluorescence lifetime of FI3. Using fluorescence
lifetime imaging microscopy (FLIM) we found that both free dye and RL100
nanoparticles displayed fluorescence decays, which could be fit with mono-
exponential function (Figure 5.7C-F). We found that dye encapsulated in
nanoparticles showed narrower distribution (+0.2 ns) of fluorescence lifetimes across
the imaged areas, than the free dye (twice broader, £0.4 ns) in mixed culture of
neurons (Figure 5.7E) and in other cells, such as HCT116 (Figure 5.7F).

This data suggests that: (1) the fluorescence lifetime of FI3 is environment-sensitive;
(2) encapsulation in RL100 nanoparticles helps minimizing the effect of biological
environment on the fluorescence lifetime; (3) the dye does not leak from the
nanoparticles. Collectively, these results demonstrate the improvement of
photophysical properties of FI3 encapsulated in nanoparticles, in the staining of
neural cells.
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Figure 5.7: FI3 dye remains encapsulated in the nanoparticles after cell internalization. A-B:
comparison of staining efficiency of live primary neurons with FI3 as free dye and encapsulated in
nanoparticles (NP). The dye concentration of 0.1 pM equals to 10 pg/ml of nanoparticles. Cells were
incubated with dye and dye/NP at indicated concentrations (16 h), washed and imaged. A:
Comparison of fluorescence intensity in cells for the free dye and NP at different concentrations. B:
Comparison of photostability between free dye, NP and Calcein Green. N=8. C-F: The differences in
fluorescence lifetimes observed in cells stained with free dye and NP, measured by FLIM. C:

characteristic images of mixed culture of astro-glial cells and neurons stained with FI3. Intensity (red
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fluorescence), co-staining with Calcein Green and FLIM images are shown. D: typical fluorescence
lifetime decay curves (dots) and the respective fits (lines), shown in logarithmic scale. E, F:
distribution histograms for free dye and NP, observed for primary neurons and HCT116 cells. N = 3.
Scale bar is in pm.

5.2.3 Mechanism of intracellular accumulation of FI3 nanoparticles

With culture of primary neural cells, FI3 nanoparticles displayed relatively fast
intracellular accumulation different from the free dye (Figure 5.8A). Although this
was still slower than with regular small molecule dyes such as Calcein Green,
TMRM and fluorescent conjugates of transferrin or cholera toxin, it was comparable
or better than loading with other nanoparticle-based biosensors!®®2%4 allowing
shortening the incubation time with cells to as little as 3 h. Staining time of 3 h
allowed us to study the mechanism of intracellular accumulation of FI3 nanoparticles
using the culture of primary neural cells (Figure 5.8B-D). As expected, we observed
that intracellular staining with FI3 was nearly completely inhibited by decreasing
temperature to 4 °C (Figure 5.8B) and was mainly energy-dependent (Figure 5.8D).
The incomplete blocking of uptake can be explained by partial depletion of cell
energy sources (both glycolytic and oxidative phosphorylation ATP production
pathways were blocked). Staining of cells with FI3 nanoparticles in presence of
endocytosis inhibitors?® revealed reliance of cell uptake on macropinocytosis (EIPA)
and largely on clathrin-mediated endocytosis (chlorpromazine, CPZ) (Figure 5.8C).
The treatment with methyl-B-D-cyclodextrin (MBCD) resulted in extensive cell
condensation (round phenotype) and apparent increase of brightness, allowed to
conclude that there was no effect of lipid raft-mediated endocytosis on cell uptake.
This data shows with culture of primary neurons FI3 nanoparticles utilize mostly
clathrin-dependent endocytosis (main energy dependent delivery route for small
molecules), with lower degree of macropinocytosis. Thus, with culture of primary
neural cells, FI3 nanoparticles employ different cell entry pathway than negatively
charged polymeric nanoparticles®®.

We wondered if the K*-sensitive sensor groups exposed at the surface of
nanoparticles could participate in the improvement of cellular uptake. To test this, we
stained neural cells with Na-sensitive FI3 analog (Na-FI3) under the same
conditions and analyzed them by microscopy (Figure 5.8E). We found that both K*
and Na*-sensitive nanoparticles displayed comparable ability to stain live cells
suggesting the active role of crown ether in improving the cell staining efficiency of
RL100-based nanoparticles. With Na-FI3 we observed expected ~50% ‘lower’ signal
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intensities inside the cells, which can be explained by much lower concentration of
Na* in the cells.

Collectively, this data confirms that FI3 nanoparticles show different kinetics of
staining than free dye, utilizing endocytic, energy-dependent cell entry pathway. The
charge of nanoparticles and their complexation with K* unlikely plays significant
role in their cell entry but the presence of crown ether is seemingly beneficial.
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Figure 5.8: Mechanism of cell entry for FI3 nanoparticles. A: Staining kinetics for FI3 (0.1 uM free
dye or 10 pg/ml RL100 nanoparticles) in live rat primary neural cells. Cells were incubated with FI3
for indicated time intervals, washed and immediately imaged. B-D: Staining of primary neural cells
with FI3 nanoparticles (10 pg/ml, 3 h). B: Effect of temperature on staining efficiency. C: Effects of
various endocytosis inhibitors on cell staining with FI3. Cells were pre-treated with inhibitors (50 pM
EIPA, 10 ug/ml CPZ and 5 mg/ml MBCD) for 30 min, followed by staining procedure. MBCD-treated
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cells displayed round morphology, indicated with green arrows. N= 17. D: Effect of ATP depletion on
cell staining efficiency. For ATP depletion, cells were pre-incubated in no-glucose medium and
treated with oligomycin (10 uM), followed by staining procedure. N=20. E: Cell staining efficacy for
K-FI3 and Na-FI3. Cells were incubated with nanoparticles (10 pg/ml, 16 h) washed, counter-stained
with Calcein Green and imaged. Scale bar is in pm.

5.2.4 Evaluation of FI3 nanoparticles as K* nanosensor with primary
neural cells

The previously unseen ability of RL100-based FI3 nanoparticles to stain neural cells
prompted us to evaluate it as a functional tool in monitoring of intra- and
extracellular K* dynamics in mixed culture of primary neural cells. First, we tested
whether the successful staining of cells with this fluoroionophore has any effects on
cell viability. Using analysis of total cellular ATP, primary marker of cell viability,
we found minor or no toxicity of nanoparticles at up to 20 ug/ml concentrations (6
and 25 h staining times) (Figure S - 5.3A). Similarly, we did not see toxic effects of
FI3 nanoparticles when analyzed the membrane integrity (not shown). However,
prolonged staining time and increase of concentration resulted in some toxic effects,
more profound than for free dye. We also further tested if the toxicity increases at
higher cell density (100%) and upon metabolic stimulation (cells exposed to glucose-
free galactose medium or treated with mitochondrial uncoupler FCCP), when the
effects of FI3 ionophore activity on cell function can become more profound: in this
case we observed strong toxicity (25 h incubation time), reflected in loss of cell mass
(cell detachment) and overall inhibition of mitochondrial function (Figure S - 5.3B).
The potential effect on cell energy metabolism at high doses of FI3 nanoparticles (20
ug/ml, 25 h incubation time) was also confirmed with analysis of glycolytic flux
(extracellular acidification rate) (Figure S - 5.3C). While our data showed minimal
toxicity upon short incubation time and small concentrations of FI3, it should be kept
in mind that use of FI3 (and any other fluoroionophore) at high concentrations can
indeed have adverse effects on cell function. However, the high brightness, quantum
yield and cell staining efficiency with FI3 allow for use of minimal doses of these
nanoparticles for cell-based measurements.

Next, we evaluated the performance of FI3 in monitoring of K™ dynamics with mixed
culture of neural cells. Using confocal fluorescence microscopy, we observed nearly
equal staining efficacy of both astro-glial cells and neurons in mixed culture (Figure

115



5 Intracellular K" Sensing

S - 5.4). Astrocytes showed stronger punctate staining of cytoplasm with FI3 than
neurons (diffuse cytoplasmic staining), which can be attributed to their higher
capacity!’® in storing intracellular K*. To demonstrate the responses of FI3
nanoparticles in kinetic measurements, we treated neural cells with KCI (increases
extracellular K*) and then with ionophore valinomycin (increases membrane
permeability and equalizes extra- and intracellular K*) (Figure 5.9A-C). We found
that application of KCI led to cell contraction, changing cell shape and size. In order
to interpret the differences between extra- and intracellular (visualized by co-staining
with Calcein Green) pools we used line profiles across optical sections and integrated
peak areas (grey boxes indicate extracellular signals, see Methods for details and
Figure 5.9B). As expected, we observed overall increase in extracellular K* after
addition of 40 mM KCI and subsequent decrease after applying valinomycin (Figure
5.9C). Upon such treatment, application of external KCI resulted in minor decrease
of intracellular pool of K*, potentially due to partial depolarization of cell membrane,
while adding valinomycin helped to slightly ‘restore’ it. In another experiment, we
reversed the order of these treatments and monitored only intracellular K*: we added
first valinomycin and observed ~40% decrease in K*, and again slightly ‘restored’ it
by applying KCI (Figure 5.9D, Figure S - 5.5).

We also looked at the effects of treatment with nigericin (H*/K* ionophore) and
ouabain (inhibitor of Na*/K*-ATPase)'’*. Treatment with these drugs led to decrease
of intracellular K* (Figure S - 5.6).

These results demonstrate that FI3 can be successfully used for monitoring of
intracellular K* fluxes in live cells, by high-resolution live cell confocal fluorescence
microscopy. The counter-staining with markers of cytoplasm and simultaneous
monitoring of FI3 can be also used for analysis of extracellular K*. The quick
response time and the molecular structure of BODIPY dye?® constituting FI3
nanoparticles allow for advanced two-photon excited imaging applications and multi-
color imaging?”’.
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Figure 5.9: Monitoring of extra- and intracellular K* in neural cells with FI3 nanoparticles. The live
rat primary neural cells were stained with nanoparticles (10 pg/ml, 16 h), counter-stained with Calcein
Green and treated with KCI and valinomycin (Val). A: Representative transmission light (DIC) and
superimposed confocal fluorescence images of FI3 and Calcein before and after treatment with KCl
(40 mM) and valinomycin (Val, 0.5 uM). B-C: Line profile analysis of the changes in FI3 and Calcein

117



5 Intracellular K" Sensing

fluorescence signals, induced by treatments in (A). The areas of intra- and extracellular FI3 pools are
highlighted in (B) in grey and white, respectively. D. Results of line profile analysis of the changes in
intracellular FI3 signal, induced by the sequential addition of Val and KCl. Images (A) represent
stacks of 2 confocal planes taken with 0.5 pum step. Error bars indicate SEM. Asterisks indicate
significant difference (p < 0.01, U test). N =4 (D). Scale bar is in um.

5.2.5 Application of FI3 nanoparticles to brain imaging

To further evaluate the application potential of FI3 we tested more complex
biological models, such as live brain slices and intact brain. Using confocal
fluorescence microscopy of live organotypic rat brain slices (ex vivo), we observed
efficient staining of cortex, different from distribution of cholera toxin-positive cells
(Figure 5.10A-B). This confirmed that FI3 can be used for staining of intact live
tissue and prompted us to apply FI3 nanoparticles in functional brain imaging.

Using previously described in vivo imaging setup?®® we applied FI3 nanoparticles to

live mouse brains (intracortical administration) and recorded the responses to
electrical stimulation. Functional pseudocolor maps images of recorded optic signal
were constructed using ‘the first frame analysis’ (Figure 5.10C). Due to short
incubation time, we expected that FI3 nanoparticles partially localized inside the
cells and predominantly in the brain parenchyma. The changes of FI3 fluorescence
were observed near the electrode tip immediately following the stimulation onset,
reaching a maximum at 40-50 ms after stimulation onset and then decaying during
the subsequent frames. This response occurred simultaneously but its intensity was
proportional to the distance from the electrode tip (Figure 5.10C-D). In another
experiment, we looked if the drug-induced epileptic seizures can be monitored with
FI3 in intact mouse brain. To do this, we applied 4-aminopyridine (4-AP) and
monitored fluorescence changes together with EEG (Figure S - 5.7): thus, we found
periodic responses lasting for 2 — 3 h (30 — 200 s with few min intervals). Figure S -
5.6 shows pattern of the EEG typically observed during epileptic seizures. Epileptic
seizure on the EEG signal (30 seconds window) and profound changes in
fluorescence were well correlated with each other.

Thus, we demonstrated for the first time that K*-sensitive FI3 nanoparticles are
useful for in vivo mapping of epileptic seizures with high spatial and temporal
resolution in animal model. This suggests that FI3 can become a new tool for
mapping neural activity in various areas of brain imaging.
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The resolution of the used optical system is about 50 um per pixel, and the obtained
data represents 2D projection of the 3D object. Therefore, each pixel reflects
averaged fluctuations of intra- and extracellular K™ in the particular volume of the
brain tissue. It is well known that electrical stimulation of the cortical tissue causes
an increase in extracellular K* concentration?® and thus positive and negative
fluorescence changes in particular pixels can be observed on a micro scale. Overall,
the brain activity patterns obtained in our experiments are very similar to voltage-
sensitive dye optical imaging (VSDI)?%°. Altogether, measured relative changes in
FI3 fluorescence displayed the responses, concomitant with the evoked neural
activity, within the useful scale of milliseconds. FI3 showed good sensitivity,
reproducibility of signals, selectivity and thus can be applied for functional brain
imaging and such applications as development of better therapy against epileptic
seizures.
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Figure 5.10: Application of FI3 nanoparticles to ex vivo and in vivo brain imaging. A-B: staining
efficiency and distribution of FI3 (10 pg/ml, 6 h) in live organotypic rat brain slices. Cortex region is
shown. Staining with FI3 (red) and cholera toxin-Alexa Fluor 488 conjugate (green) is shown. B: 3D
reconstruction (the views of XY and Z projections) of FI3 and CTX localization in the tissue, and
corresponding line profile analysis. Images represent stacks of 21 (A) and 16 (B) confocal planes
taken with 2 pm step. C-D: In vivo imaging of stained mouse brain. C: Pseudocolor images of the
cortex before and after stimulus onset. Time (ms) after beginning of the trial is indicated by numbers.
D: Time-course of recorded response at the locations (depicted in C) having different distances from
the electrode.

5.3 Conclusion

We discovered improved cell permeability of RL100-based nanoparticles, when
combined with crown ether-based BODIPY FI3 dyes. For the first time, we show
that polymeric RL100-based nanoparticles provide efficient staining of primary
neural cells (astrocytes and neurons) and 3D tissue cancer and stem cell-based
models (spheroids, organoids and ex vivo tissue sections). The encapsulation of FI3
in cationic RL100 polymer facilitated brighter cell staining, with no observable cell
specificity, via energy-dependent clathrin-mediated endocytosis. These features and
relatively short cell staining time (3 h) demonstrate that FI3 nanoparticles are as easy
to use as small molecule fluorescent dyes. We also performed detailed evaluation of
FI3 nanoparticles in quantitative live cell imaging and in vivo brain imaging
applications. The sensitivity, brightness and versatility of the described nanoparticles
make them a promising tool as a versatile K*-sensitive biosensor and as a prototype
for advanced design of polymer-based nanoparticles, helping to solve the problem of
their efficient bio-distribution.
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5.4 Materials and Methods

CellTox Green™ and CellTiter-Glo™ viability assay kits were from Promega
(MyBio, Ireland). Lipidure™ 96-well plates were from Amsbio (UK). Palladium (11)
meso-tetra(pentafluorophenyl)porphine (PdTFPP) was from Frontier Scientific
(Inochem Ltd, Lancashire, UK). IntestiCult organoid growth medium (mouse) kit
and Gentle dissociation reagent were from StemCell technologies (UK). Matrigel™
matrix with reduced growth factors was from Corning (USA). Eudragit RL100 was
from Evonik Industries (Germany). Mitolmage-NanO2™ and pH-Xtra™ probes
were from Luxcel Biosciences (Cork, Ireland). PdTFPP/RL100 nanoparticles and
PA1 O,-sensitive nanoparticles were prepared as described previously'®. FI3 free
dye and RL100-based nanoparticles were prepared as described previously'®!. Na-
FI3 was synthesized as described before. Cholera toxin, subunit B, Alexa Fluor 488
conjugate and B-27 serum-free media supplement were from Thermofisher
(BioSciences, Dublin, Ireland). Fibroblast growth factor (FGF), Epidermal growth
factor (EGF), R-spondin and MilliCell membranes were from Millipore (Cork,
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Ireland). Galactose, valinomycin, oligomycin, Calcein Green AM, bis-benzimide
Hoechst 33342, chlorpromazine, 5-(N-ethyl-N-isopropyl)amiloride, methyl-p-
cyclodextrin and all the other reagents were from Sigma-Aldrich (Dublin, Ireland).
Standard cell culture grade plasticware was from Sarstedt (Wexford, Ireland), glass
bottom mini-dishes were from MatTek (Ashland, USA) and Ibidi p-slide 8/12-well
chambers were from Ibidi (Martinsried, Germany).

5.5 Experimental

5.5.1 Cells, tissues and organoids

HCT116, PC12, MEF and SHSY5Y cells (ATCC) were handled and differentiated as
described before!®” 21, Typically, cells cultured at 30-50% confluence were
incubated with dyes and nanoparticles in regular growth medium (McCoy 5A
supplemented with 10% heat-inactivated fetal bovine serum, penicillin-streptomycin,
10 mM HEPES-Na, pH 7.2 for HCT116 cells; RPMI 1640 supplemented with 1%
heat inactivated horse serum, penicillin-streptomycin, 10 mM HEPES-Na, pH 7.2 for
differentiated PC12 cells; high-glucose DMEM supplemented with 10% heat-
inactivated fetal bovine serum, penicillin-streptomycin, 10 mM HEPES-Na, pH 7.2
for MEF and SHSY5Y cells) at indicated concentrations and staining time, washed
three times with growth medium and immediately proceeded to live cell imaging.

In studies of cell entry mechanism, cells were pre-incubated with respective drugs for
30 min (or 1.5 h in glucose-free DMEM supplemented with 10 mM galactose,
followed by 15 min pre-incubation with 10 uM oligomycin, for ATP depletion),
followed by incubation in the same medium with FI3 (10 pg/ml, 3 h), washing and
analysis. Tumor spheroids were produced by seeding in Lipidure™ plates (300 cells,
3 days growth per spheroid) essentially as described previously°8,.

All the procedures with animals were performed under the license issued by the
Department of Health and Children (Ireland) and in accordance with the Directive
2010/63/EU adopted by the European Parliament and the Council of the European
Union. Cultures of embryonic rat (E18) neurons, neurospheres and organotypic brain
slices were produced and handled as described previously'®1%’, Mixed culture of
primary neurons and astro-glial cells (primary neural cells) were allowed to
differentiate in DMEM F12 Ham medium supplemented with 1% heat-inactivated
fetal bovie serum, 2% B-27 and penicillin-streptomycin for 4-8 days, before
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experiments. To obtain the culture enriched in astrocytes, cells were first grown in
neurospheres, then trypsinized and seeded for additional 5 days differentiation®®’.
Neurospheres were typically grown in suspension state for 5-7 days before staining
and analysis. For staining and microscopy, they were collected, washed in Hanks’
balanced salt solution and allowed to attach under differentiation conditions (1%
FBS, 2% B-27) for 3 h on poly-D-lysine pre-coated glass or plasticware as described
previously?®*. Organotypic brain slices were cut at 300 um thickness on a vibratome
and cultured on MilliCell (0.4 um) membranes for 7-9 days prior the staining and
analysis, essentially as described previously?%*,

Mouse intestinal organoids were produced, grown in Matrigel and handled as
described before?®®. Organoids were incubated with FI3 nanoparticles (10 pug/ml, 16
h), washed and imaged directly in Matrigel™ in growth medium.

5.5.2 Microscopy

Cell staining kinetics, comparison of efficiency of staining, photostability and
mechanism of cell internalization were studied on widefield live fluorescence
microscope Axiovert 200 (Carl Zeiss)’ equipped with 40x/1.3 Plan Neofluar oil-
immersion objective, integrated T/ CO: climate control (PeCon), pulsed LED
excitation module (390, 470, 590 nm), gated CCD camera, respective green (FITC)
and red (635LP) emission filters and image acquisition and processing ImSpector
software (LaVision Bio-Tec).

Comparative analysis of staining of different cell models (including neurospheres,
tumor spheroids and organoids) and FLIM were performed on an upright laser
scanning Axio Examiner Z1 (Carl Zeiss) microscope!®” equipped with 20x/1.0 and
63x/1.0 W-Plan Apochromat dipping objectives, integrated T and Z-axis control, ps
diode BDL-SMC 405 nm (Becker & Hickl GmbH) and ps supercontinuum SC400-4
(Fianium, UK) lasers, DCS-120 confocal TCSPC scanner, photon counting detector
and dedicated SPCM and SPClimage software (Becker & Hickl GmbH). Calcein
Green dye was excited using 4488 nm laser (emission collected at 512-536 nm),
Hoechst 33342 was excited using 405 nm laser (emission collected at 428-468 nm),
FI3 was excited using either 405 nm or 632 nm lasers (emission collected at 635-675
nm). FLIM measurements of FI3 (excited at 632 nm) were performed essentially as
described previously!®®, with application of mono-exponential decay (longer
component) fitting function.
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Analysis of brain slices and monitoring of kinetic responses of primary neural cells
to drug stimulation were performed on an inverted Olympus FVV1000 confocal laser
scanning microscope?'? with controlled temperature, CO, and humidity. Calcein
Green and CTX were excited at 488 nm (2-8% of laser power) with emission
collected at 500-560 nm. FI3 was excited at 633 nm (5-20% of laser power);
emission was collected at 560-600 nm. Acquisition of each spectral signal was done
using  UPLSAPO 20x/0.75 and UPLSAPO 60x/1.35 oil immersion Super
Apochromat objectives in sequential laser mode to avoid spectral overlap. In all
experiments differential interference contrast (DIC) images were collected to
complement fluorescence images. In kinetic experiments, images (8-12 focal planes)
were collected with approximately 3 min intervals before and after stimulations. The
changes in FI3 intensity signals (Fig. 5C-D and S5) were quantified as areas under
the curve (from line profiles), calculated according to the equation S (the area) =
2IXp+1-Xn) X (Yn+Y(n+1))/2], where X, is the position on the analyzed line (um) and
Yn is the value of corresponding fluorescence signal.

Analysis of cellular responses to ouabain (50 puM) and nigericin (10 uM in the
presence of 20 mM KCI) was performed in a Kinetic mode, with 3 focal planes
imaged repeatedly with 30 s intervals before and after addition of drugs. The
resulting single plane and z-stacked images were analysed using FV1000 Viewer
software (Olympus) and assembled using Adobe Photoshop and Illustrator software.

Scanning transmission electron microscopy (STEM) was performed on a FEI Talos
F200X at the Scope M facility (Zlrich, Switzerland). The nanoparticle solution (1
mg ml™t) was first desalted (to eliminate glycerol) using a PD MiniTrap G-25 column
(GE Healthcare) and then diluted 1:10 (v/v) with ethanol. 1 pL of the resulting
solution was drop-casted on a carbon support film copper grid Cu 400 and used for

measurements.

5.5.3 Assessment of toxicity

The effects of cell staining with FI3 (free dye and nanoparticles) were evaluated by
using analysis of membrane integrity (staining of cells with 0.2% CellTox Green),
total cellular ATP (CellTiter-Glo assay) and extracellular acidification (unsealed
system), as described before'®’. Briefly, primary neurons grown on poly-D-lysine
pre-coated microplates were incubated with FI3 at indicated concentration and time,
washed and either measured in presence of pH-Xtra probe on Victor2 time-resolved
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5.5 Experimental

fluorescence microplate reader (PerkinElmer) over 1 h at 37 °C or lysed using
CellTiter-Glo reagent and measured for total luminescence. For normalization, cells
were lysed with buffer containing 50 mM HEPES-Na, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% lgepal CA630, protease inhibitor cocktail (Sigma P2714) and total
protein concentration was determined using BCA protein assay kit (Pierce,
Thermofisher, Ireland)?3,

5.5.4 Invivo imaging

All the procedures with animals were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised in
1996 and a protocol approved by the University of Maryland School of Medicine
Institutional Animal Use and Care Committee. The in vivo imaging experiments
were performed on C57BL/6N (Charles River Laboratory, MD) mice (weight 25-35
g, 3-6 months old, N=4) using a MiCAM-02 optical imaging system (SciMedia,
Ltd). Animals were anesthetized with urethane (IP injection, 1.15 g/kg), fixed on a
stereotaxic frame and proceeded to surgical removal of the skin of the dorsal part of
the head. The exposed area was washed with a hemostatic sponge with the artificial
cerebrospinal fluid (ACSF). A cranial opening (~4-5 mm?) was made using a dental
drill and the exposed dura mater surface was cleaned with ACSF. After each
experiment, the animal was euthanized. After craniotomy, FI3 nanoparticles (1 pul of
2 mg/ml solution) were injected into 3-5 sites in the cortex. For electrical stimulation
experiments a bipolar tungsten electrode MX216TW(VT1) (FHC Inc.) was
introduced into the cortical tissue at a 0.3-0.4 mm depth using XYZ manipulator. A
100 pA stimulus was generated by A-M Systems stimulator (Model 2100),
controlled by computer and consisted of a 10 ms train of 0.2 ms 300 Hz. For the
epileptic seizures experiment, 4-aminopyridine (4-AP, 0.3 uL of 30 mM solution in
ACSF) was injected into cortical layer Ill, using an injector mounted on a
micromanipulator (Nanojet 1) with a 20-30 um diameter glass microcapillary as
described previously?*4. A single-channel electroencephalogram (EEG) was recorded
through a screw-type electrode placed in the operated hemisphere in the bone, then
amplified by the differential amplifier (A-M Systems, Model 3000), digitized at 5000
Hz, and recorded using custom made computer software. The EEG data acquisition
was initiated manually.

125



5 Intracellular K" Sensing

5.5.5 Data assessment

Plate reader data represent averaged values (obtained from >4 replicates) with
standard deviation shown as error bars. For microscopy, the experiments were
performed in triplicate. For quantification, images were processed in Fiji (ImageJ
1.49K) or FV1000 (Olympus) software, using analysis of independently taken ROIs
(N indicated in figure legends). Where appropriate (normal distribution), an
independent t-test was performed in Origin 6.0 software, with confidence level
P=0.001 accepted as significant. FLIM data were processed using SPClmage and
Microsoft Excel software, with mono-exponential tail-enhanced fitting function (32 <
1.5) and binning factor as appropriate.

Distribution of fluorescent signals was evaluated using a cumulative histogram
approach, as described before?!>. Where appropriate, an independent t-test and
Mann-Whitney U-test were performed in Origin 6.0 (Microcal Software) and SPSS
software, with confidence level P=0.05 or 0.01 deemed significant.
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5.6 Supporting Information

Analysis of size of FI3 nanoparticles by electron microscopy
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Figure S - 5.1: STEM images of the nanoparticle aggregates (top, scale bar 100 nm) and at higher
magnification resolving the single nanoparticles (bottom, scale bar 20 nm). Size distribution
histograms are shown on the right.
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Efficiency of staining of primary neurons and intestinal organoids with
other nanoparticles
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Figure S - 5.2 A: Staining of primary neurons with PdTFPP/ RL100 nanoparticles (10 pg/ml, 16 h),
counter-stained with Calcein Green. B: Staining of mouse intestinal organoids with PA1 and NanO2
(10 pg/ml, 16 h), counter-stained with Calcein Green or Hoechst 33342 and FI3, for comparison.
Scale bar is in pm.
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Evaluation of toxicity of FI3 nanoparticles
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Figure S - 5.3: Evaluation of toxicity of FI3 nanoparticles with primary neural cells. Cells were
grown on microplates, stained with FI3 at indicated concentration and times and then proceeded to
analysis of cell energy budget by measuring total ATP and extracellular acidification. A: Total cellular
ATP in cells cultured at regular 20-30% density. ATP data are normalized to total protein. B, C: Cells
growing at high density and exposed to higher concentrations of FI3 and incubation in glucose- or
galactose-containing media display stronger decrease of viability after treatment. B: Total cellular
ATP. Blue line indicates total protein amount in the samples. C: Extracellular acidification (glycolytic
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flux). To achieve maximal uncoupling, cells were treated with 1 uM FCCP and 10 uM oligomycin
(FCCP/OM). Error bars indicate standard deviation (N=4).

Comparison of cell staining

FI3 / Calcein

DIC FI3 /DIC

Neurons
=N

o =
) (%)

&
'S

Normalised FI3 signal [a.u.]

(=3

Astrocytes / glial cells

v
=
S
=
=
)
Z

A/ G cells

Figure S - 5.4: The live cells were stained with FI3 (10 pg/ml, 16 h), counter-stained with Calcein
Green and imaged. Representative neurons (top) and astro-glial cell (bottom) are highlighted on
transmission light (DIC) and combined fluorescence images. FI3 is shown in red, Calcein Green is
shown in grayscale. For calculations, 4 confocal planes (0.5 um each) were stacked together. N = 8
(neurons) and 21 astroglial cells. In the right panel, the calculated data are shown as m + SEM. Scale
bar is in pm.
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Stimulation of rat primary neural cells
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Figure S - 5.5: Stimulation of rat primary neural cells with Valinomycin and KCI. The live cells were
stained with FI3 nanoparticles (10 pg/ml, 16 h) and treated with valinomycin (Val) and KCI as
indicated. A: Fluorescence microscopy image (8 confocal planes taken with 0.5 um step). B: Line
profile analysis of the changes in FI3, induced by treatments and (C) calculated responses in
intracellular K*. Error bars show SEM. Asterisks demonstrate significant difference (p < 0.01, U test).
N= 3. Scale bar is in um.
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Stimulation of rat primary neural cells with ouabain and nigericin
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Figure S - 5.6: Stimulation of rat primary neural cells with ouabain and nigericin. Live cells were
stained with FI3 (10 pg/ml, 16 h), counter-stained with Calcein Green and imaged. A: Representative
image of cells shown as transmission light (DIC) and fluorescence (FI3 in red, Calcein Green in blue).
Images represent stacks of 2 (DIC) or 3 (fluorescence) focal planes (0.5 um). B. Examples of decrease
in intracellular FI3 fluorescence upon addition of nigericin (10 uM, 7 min) in the presence of 20 mM
KCI. C. Representative line profile analysis of the response to nigericin (dotted line is shown in B). D.

Calculated reduction of intracellular FI3 fluorescence upon treatment of cells with nigericin (10 uM)

and ouabain (50 uM). Scale bar is in pm.
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In vivo brain imaging
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Figure S - 5.7: In vivo brain imaging of responses to epileptic seizures with FI3 nanoparticles. A
Region of imaging, with locations of ROI, where fluorescence was calculated. Bottom: photo of
operated area (cranial window) with the screw-type electrode connected for the EEG. B: Pseudocolor
images of the cortex before and after stimulus onset. C: calculated the epileptic seizures on the EEG
(top) and the integrated fluorescence signal in the indicated ROI (bottom).
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Future Prospect and Outlook

As shown in the preface to this manuscript , attempts to use ratiometric nanosenors
were not successful due to the absence of co-localisation of the indicator and the
reference (Figure 5.3 (p. 103)). This can be overcome by having a covalent
connection of the fluoroionophore and the reference dye, which would prevent

leaching of one of the two components.

One possibility aims to couple the indicator dye onto a conjugated polymer reference
dye via substitution of one boron—fluorine bond by an alcohol (Figure 2.1).This
would lead to a high variability of potential indicator dyes that can be incorporated as
the reactive group is always available in BODIPY and independent of the
substitution pattern (e.g. recognition units, pyrrole) of the dye. Initial results of
polymers with covalently coupled dyes via a boron—oxygen bond were successful

and are currently under further investigation.
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Figure 5.11: Schematic illustration of the covalent coupling of a BODIPY dye on a conjugated
polymer.

As an alternative to nanoparticle based sensors, it is also possible to prepare
molecular probes. In order to enable cell penetration, it is necessary to attach
positively charged groups onto the indicator dye. BODIPYs with a
triphenylphosphonium group (PPhs) were already reported to show good cell
uptake.'?” One attempt that is currently under investigation is the preparation of a
brominated derivate of FI3 (Figure 5.12). Due to the increased reactivity of the
bromine, the indicator can undergo further synthetic modifications. Initial attempts of
Suzuki coupling reaction using a non-rigid brominated BODIPY (derivate of FI2

with bromine instead of propyl) were already successful.
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Figure 5.12: Possible synthetic route towards a K* sensitive molecular probe.

A bromine substituted BODIPY has great potential due to further modifications via
Suzuki coupling. Another attractive material would be a conjugated polymer particle
a with covalently coupled indicator (Figure 5.13). We previously reported a similar
sensing scheme in the context of oxygen imaging.'®” This material is highly attractive
as the conjugated polymer has three different functions which are combined in one
material. Firstly, the conjugated polymer itself shows fluorescence and can be used
for referencing. The emission maximum can be controlled by changing the ratio of
short (A and B) and long (C) wavelength emitting monomers. Secondly, the polymer
also includes charged groups (D) which make the preparation of nanoparticles
possible. Similar to RL-100 particles, the polymer is dissolved in organic solvent and
upon addition of water nanoparticles are formed with the charged groups on the
outside and the residue conjugated polymer with bound indicator inside. Thirdly,
when a particle is formed, the polymer and the indicator are in close contact leading
to an efficient energy transfer to the indicator. Thus, the polymer acts as a donor and

enhances the brightness of the indicator dye.

As mentioned already, this was successfully realized with oxygen indicators.'®’

Adapting this concept to ion sensing requires further modification of the polymer as
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it is necessary to gain a more hydrophilic polymer. This is necessary to achieve water
uptake of a particle which subsequently enables penetration of ionic species into the
particle towards the sensing molecule. This is crucial for the design of a sensing

molecule that should be capable of sensing ions.

Figure 5.13: Structure of K*-sensitive conjugated polymer.

Introducing this hydrophilicity can be achieved by additionally copolymerizing a
PEGylated fluorine (F) with the other monomers. Fluorescent nanoparticles based on
PEGylated polyfluorenes are already reported and display high potential for future

projects.?!6
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Chapter 6

Ammonia Sensing with Fluoroionophores — a
Promising Way to Minimize Interferences
Caused by Volatile Amines
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Preface for the Manuscript

This manuscript describes a novel sensing mechanism for the determination of
dissolved ammonia (NH3). Typical optical ammonia sensors are based on the
deprotonation of a pH indicator dye caused by NH3z. The deprotonation causes a
change in the optical properties of the indicator dye. However, this system is not

selective towards NH3 as other volatile bases can also deprotonate the pH indicator.

Our concept is based on fluoroionophores and represents a new sensing method for
NH3. As shown in Table 2.1 (p. 17), NH4" and K™ possess a similar ion radius and
are therefore complexed in the same crown ether. Hence, a K selective
fluoroionophore also responds to NH4', which was already shown in the cross-
selectivity experiment in the previous publication (Figure 3.7). The development of
an optical NH3 sensor was the master thesis topic of Nicole Steinmann and was
based on a key publication by West et al.>!” In their work, they presented an optical
NHj3 sensor based on a pH indicator dye in a hydrophobic matrix (PVC/DOS). In
contrast to other NH3 sensors, they incorporated an ionophore which can selectively
complex the NH4" which is generated inside the sensor membrane and has positive
effects on selectivity and sensitivity. The idea was to utilize fluoroionophore
indicators as they respond selectively and directly to NH4" and therefore eliminate
the need of a pH indicator. Initial attempts to immobilize the fluoroionophore in
hydrophobic matrices did not yield a functional sensor. For this reason, we attempted
to developed an NH3 sensor using hydrophilic matrices such as water swellable
hydrogels. The detailed study can be found in the master thesis of Nicole

Steinmann.?'®

For this publication, we used this K sensor and converted it into a highly selective
NH3; sensor by simply covering the sensor membrane with an ion impermeable layer,
such as Teflone or silicone. This prevents a response of the sensor towards ionic
species in the sample, but still allows NH3 to diffuse into a sensor membrane. An
additional internal buffer system converts NH;3 inside the sensor to the NH4" ion
which can then be detected by the fluoroionophore. This leads to a high selectivity,
as other volatile bases (e.g. substituted amines) are too big to become complexed by

the indicator dye.
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Abstract A novel sensing concept for the selective detection of ammonia over
amines is introduced. For the first time, the reversible fluorescence-based NH3 sensor
makes use of an ammonium-sensitive fluoroionophore instead of commonly used pH
indicators. NH3 diffuses into the sensor where a buffered internal electrolyte
generates the corresponding ammonium ion, which is then detected by an ion

selective fluoroionophore.

6.1 Introduction

Ammonia is an important analyte in agricultural, industrial, biotechnological and
clinical industries. A high concentration of NH3 has significant environmental impact
and is toxic to both animals and humans.?'” Consequently, there is great interest in its
continuous monitoring using low-cost analytical methods in various applications.
State of the art optical ammonia sensors utilize pH indicators (IndH) immobilized in
a polymer matrix and work for both absorption and fluorescence read out.
Immobilization of the pH indicator can be carried out in both hydrophobic and

hydrophilic matrices.
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6 Optical Ammonia Sensor

The signal transduction is based on a simple acid/base reaction of the pH sensitive
dye with ammonia yielding an ammonium ion and deprotonated pH indicator

(Figure 6.1a). A variety of different pH indicators for ammonia sensing are reported,

0 221,222,223 224,225,226

such as fluorescein,?*® triphenylmethane, xanthene dyes, aza-

BODIPYs?*?” and coumarin derivates*?®22%23°  As the pH indicator is also prone to
react to changes of the pH of the sample, it is necessary to immobilize them into a
polymer matrix and prevent penetration of protons. This is achieved by using
hydrophobic matrices such as silicone rubber?3!232233

plastizers®*4?%3, sol-gels?*>2%¢ and a variety of others?¥7238:239.240.241 ‘\When hydrophilic

, polyvinylchloride with various

matrices are applied, it is necessary to cover the sensor membrane with a

hydrophobic protective layer to gain pH robustness.>*

The major drawback of pH indicator-based optodes is low selectivity for ammonia,
since any other volatile base can also diffuse into the sensing layer and cause
deprotonation of the dye. One way to improve the selectivity was shown by Simon
and co-workers by incorporating a neutral ionophore (L) in addition to the pH
indicator (IndH) in a hydrophobic PVC/DOS membrane (Figure 6.1b).2**?!7 The
ionophore acts as a cation trap and selectively binds and stabilizes the generated
NH4" ion, leading to a shift of the NH3/NH4" equilibrium inside the sensor. With
increasing binding constant of the ionophore-NH4" complex (L-NH4"), higher
sensitivities could be achieved. In contrast to the ammonium ion, the substituted
amines (methylamine, dimethylamine, trimethylamine) are too bulky to be strongly
complexed by the ionophore and therefore no equilibrium shift occurs. However,
also this sensing scheme requires the use of pH indicators, and therefore will respond
to the amines at higher concentrations. The use of ionophores is still a highly
interesting approach to overcome amine cross-sensitivity, but surprisingly was not

further explored in optical ammonia sensing.
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Figure 6.1: Different concepts of optical ammonia sensing. a: Diffusion of NH3 into a hydrophobic or
hydrophilic matrix causes deprotonation of an incorporated pH indicator (IndH). b: Additional
incorporation of a neutral ionophore (L) which is able to selectively complex and stabilize the formed
NH," ion leads to a higher selectivity and sensitivity towards NHs. ¢: The new sensing concept based
on an ion selective fluoroionophore embedded in a hydrophilic matrix and additional internal buffer.
Diffused NH; gets protonated and the resultant NH4" is selectively complexed by a crown ether which
inhibits the photoinduced electron transfer (PET) and therefore results in an increase of fluorescence.
d: Fluoroionophore indicator that was used.

In this contribution, we introduce a novel methodology for measuring ammonia
using optical sensors. For the first time, ammonia is quantified via the direct
measurement of NH4" ions generated inside the sensor membrane. Contrary to the
state-of-the-art sensors it is not based on the deprotonation of a pH indicator. The
membrane itself consists of an NH4" sensitive fluoroionophore (IndL) physically
entrapped in a hydrophilic polyurethane hydrogel incorporating an internal buffer. In
order to prevent any interaction of the sensitive layer with charged species, it is
covered with a hydrophobic, gas permeable protective layer which acts as a proton

and ion barrier (Figure 6.1c).

Ammonia molecules in the sample can freely diffuse across this protective
membrane. Inside the sensor NHj is protonated by the low pH buffer and is
converted to ammonium ions. A dynamic equilibrium is reached when the partial

pressure of ammonia is equal inside the sensor and in the sample. Consequently, an
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6 Optical Ammonia Sensor

essential increase of NH4" is facilitated in acidic media according to the Henderson-

Hasselbalch equation:
pH = pKa — log ([NH4"] / [NH3])

The key component of this system is the fluoroionophore which complexes the

generated NH4" ions, leading to an increase of fluorescence emission.

6.2 Results and Discussion

6.2.1 Properties of the Fluoroionophore

The fluoroionophore combines both the transduction and the recognition element of
the sensor in one molecule. The recognition unit (aza-crown ether) binds the guest
molecule selectively and reversibly whereas the fluorophore unit is responsible for
the signal transduction. This type of fluoroionophore makes use of the photo induced
electron transfer (PET) which causes an intramolecular quenching by the nitrogen
lone-pair of the aza-crown ether. The fluorescence of the indicator is supressed if no
analyte is bound in the receptor unit, as PET can take place. Conversely, if the
analyte molecule is complexed, it interacts with the nitrogen lone-pair of the aza-

crown-ether inhibiting the PET, thus facilitating strong fluorescence.

An aza 18-crown-6 (Figure 6.1d) was chosen as a receptor since the dimensions of
the cavity excellently match the size of ammonium ion. An additional ether side
group also participates in complexation leading to enhanced selectivity and
sensitivity of the binding event. Notably, the receptor is identical to the one used in
K* fluoroionophores!®' due to very similar radii of both ions. Importantly, the
aromatic amine on the crown ether shows a pKa value of around 3'*! so that it cannot
be protonated by the buffer. A m-extended rigid BODIPY dye (Figure 6.1d) was
chosen for its attractive spectral properties (long-wavelength absorption, high
brightness and photostability). In fact, the fluoroionophore has a high molar
absorption coefficient (109,300 M'cm™ at 640 nm) and a quantum yield of 68 % in

the “on” state when dissolved in dichloromethane.

For the preparation of a sensor, it is necessary to immobilize the indicator dye in a
polymer matrix Which acts as a solvent for the indicator dye. The polymer cannot be
too hydrophilic or too hydrophobic. In the first case the dye may aggregate inside the
polymer. In the second case, the performance of the sensor can be compromised by
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the low polarity of the matrix since the PET is much more efficient in a polar
environment than in hydrophobic media.?*?> Consequently, a fluoroionophore in a
hydrophobic medium is already fluorescent and therefore a complexation with ions
does not lead to a significant increase in emission. Based on these considerations, we
selected commercially available water swellable hydrogel (available under the name
Hydromed D1) which is an ether-based polyurethane. It consists of distinct
hydrophobic and hydrophilic areas and is able to take up 70 % water. Indeed, the
immobilized fluoroionophore shows low fluorescence intensity in the absence of
NH4" ions and increasing intensity in the presence of the analyte due to the decrease
of the PET (Figure S - 3.1). For this reason, this sensor membrane was a suitable

candidate for preparing new ammonia sensors.
6.2.2 Design of the Sensor Membrane

An ammonia sensor requires a proton and ion impermeable protection layer in order
to avoid cross-talk of the sensor to pH or ions (for instance K*). Here, we chose to
use a highly hydrophobic polytetrafluoroethylene (PTFE) membrane which
possesses remarkably high permeability for ammonia due to its porous structure.
Moreover, the white membrane surface increases the signal intensity due to light
scattering effects. Upon diffusion of NH3 into the sensing membrane, protons are
required to generate NH4" ions. An internal buffer system provides a constant pH
value inside the membrane and facilitates the formation of NH4" which complexation
by the fluoroionophore yields in a strong fluorescence emission (Amax 655 nm)
(Figure 6.2a). A low pH value inside the sensor membrane will cause diffusing NH3
to become protonated, forming NH4", according to the Henderson-Hasselbalch
equation. This generation of NH4" will occur until the partial pressure of NH3 inside
and outside the sensor membrane is equal. If the pH value in the membrane rises, less

NHj3 needs to diffuse inside to reach this equal partial pressure.

143



6 Optical Ammonia Sensor

3.0 T T T T T 3.0 T T T T T
25k a NH3 [mg/l] b 1000 mM
20 25
20
E
20
o 15F T
w ©
e ® 100 mM
1.0 F [Ty |
T 1.5
10 mM
05 e
10|
00 \ L | L 1 1 1 1 1
600 650 700 750 800 0 5 10 15 20
Wavelength [nm] NH, [mg/l]
T T T T T
8 ¢ pH 6.0
30
pH 6.5
E a5t
Tl
Yol
©
® 20 pH7.0
e
[
15
1.0
1 1 1 Il 1
0 5 10 15 20
NH, [mg/|]

Figure 6.2: a: Normalized emission spectra of the sensor membrane at different ammonia
concentrations. b: Calibration curves of the sensing material with different buffer capacities of the
internal buffer solution (BIS-TRIS Buffer at pH 6.5). The values of F and Fy were taken at A = 655
nm. c¢: Calibration curves of sensors with different pH values of the internal buffer. Buffer capacity
was 1000 mM.

Consequently, the generation of NH4" inside the membrane depends on i) the pH
value inside the membrane due to pH-dependent equilibrium between NHs" and NHj3
and ii) the buffer capacity of the internal solution determining the degree of NH4"
conversion before the rise of pH and equilibration of pNH3 on both sides of the

protective layer.

Here, we decided to use BIS-TRIS as the buffer due to the suitable pKa value of 6.5
and good solubility in the hydrogel D1 polymer and absence of the interaction with
the fluoroionophore. Other buffer substances containing Na" or K" ions would
interfere with the measurement as the fluoroionophore is also highly sensitive to
these ions. Figure 6.2b shows the influence of sensors with different internal buffer
capacities. As expected, a non-buffered system displays no response to NH3 since no
NH;" is generated due to lack of protons and stable internal pH. As the buffer

capacity increases, an increase in sensor response is evident. This is due to an
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6.2 Results and Discussion

increasing generation of NH4" as the pH remains more stable with increasing
diffusing NH3. Once the buffer capacity is depleted, the pH value raises and the NH3/
NH4" equilibrium favours NH3 and therefore an equal pNH3 in the sample and the

sensor is reached.

According to the Henderson-Hasselbalch equation, we aimed for the lowest possible
pH value inside the sensor membrane to favour protonation of NHj. Figure 6.2¢
displays calibration curves applying internal pH values of 6.0, 6.5 and 7.0. The lower
the pH value is, the more NH4" is generated and therefore a higher fluorescence

increase is detected.

However, pH value of the internal buffer cannot be too low due to possible
protonation of the crown ether of the fluoroionophore. As the PET effect is caused by
disturbing the electron lone pair of the aza-crown, fluorescence increase is also
caused by protonation, and not only by complexation of NH4". The pKa value of this
compound is 3.2 when immobilised in hydrogel matrices (Figure S - 6.2). Hence, a
minor amount of the receptor can already be protonated at pH of 6.0 so that some
fluorescence emission is already observed in the absence of ammonium (Figure S -
6.3). When this sensor is treated with a solution containing a substituted amine (e.g.
trimethylamine (TMA)) deprotonation of the crown ether occurs resulting in the
decrease of fluorescence intensity (Figure S - 6.3). Treating the sample again with
buffer leads to an increase in fluorescence, as the amine is removed from the sensor
membrane. Increasing the internal pH to 6.5 virtually completely eliminates the
protonation of the receptor by the buffer which is the optimal pH for preparation of

the sensing material.
6.2.3 Reversibility and Cross-Sensitivities

Figure 6.3a shows a typical response of a sensor membrane (internal buffer 1000
mM, pH 6.5). when treated with aqueous ammonia solutions. As can be seen, the
sensor shows very fast response and recovery times (~1 min and 3 min, respectively)

and is fully reversible.

Inertness to changes of the sample pH is crucial for real world applications. Due to
the use of the PTFE based proton barrier, the sensors shows no response to tested
samples with different pH values (4.0, 6.0, 8.0 and 10.3) (Figure 6.3b)
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Figure 6.3: Fluorescence response of a sensor membrane (1000 mM buffer at pH 6.5). a:
Reversibility of the sensor. b: Cross sensitivity of the sensing membrane to pH changes in the
analysed solution. ¢: Cross sensitivity of the sensor to KCl and amines (trimethylamine (TMA),
dimethylamine (DMA)) where the concentration of free amine is given in mg/l.

The major improvement compared to state-of-the art optical sensors is the
insensitivity to other amines shown in Figure 6.3c. This is due to the fact that the
sensing principle is not based on a simple deprotonation/protonation of a pH
indicator, but on the selective complexation of ammonium. The ammonium ions of
the substituted amines, such as trimethylamine or dimethyl amines, are too bulky to
fit into the cavity of the crown ether. Therefore, the sensor does not show any signal
increase and displays an outstanding selectivity over these compounds. This is of
major importance for applications in fish farming, where trimethylamine occurs in
high concentrations as it is a degradation product of fish. Currently used optical
ammonia sensors are not capable of distinguishing between ammonia or

trimethylamine.
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6.3 Conclusion

To conclude, for the first time dissolved NH3 was determined using fluorescent ion-
selective chromophores. NH4" ions formed inside the sensor membrane are
selectively complexed by the crown-ether unit of the fluoroionophore and cause an
increase in fluorescence due to decreasing PET. Both a high buffer capacity and a
low pH value of the internal electrolyte increase the sensitivity of the sensor but the
performance of the sensor deteriorates at too low pH values due to partial protonation
of the receptor. The sensor displays fast response and recovery times, is fully
reversible and shows no cross-talk to changes in pH. Importantly, the sensor is
characterized by an insensitivity towards other substituted amines (trimethyl- or
dimethylamine) due to the high selectivity o the crown-ether receptor for NH4". This
novel concept offers a new pathway for future research in the context of ammonia
sensors and will be a wvaluable tool for applications in biotechnological and
environmental applications. Further improvements may include design of an even
more sensitive NH4" -fluoroionophore and modification of the phenyl ring of the
receptor with electron-withdrawing substituents (e.g. halogens) decreasing the pKa

value of the receptor and therefore enabling using buffers with lower pH.
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6.4 Materials and Methods

Sodium dihydrogen phosphate, disodium hydrogen phosphate, CAPS, TRIS and
BIS-TRIS, potassium chloride (KCI) were bought from Carl Roth GmbH (Karlsruhe,
Germany). Polyurethane hydrogels (Hydromed D1) was purchased from
AdvanSource biomaterials (advbiomaterials.com). Poly(ethyleneterephthalate) (PET)
support Melinex 505 was obtained from Piitz (puetz-folien.com). biomaterials.
FluoroporeTM membrane PTFE (0.45 pum pore) was from Merck Millipore Ltd.
(Cork, Ireland). Methylamine hydrochloride, dimethylamine and trimethylamine

hydrochloride were purchased from Acros (www.acros.com). Ammonium chloride
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(NH4Cl) was obtained from Sigma Aldrich (www.sigmaaldrich.at). Citric acid
monohydrate was purchased from Merck (www.merckmillipore.com). All chemicals

were used as received.

pH cross sensitivity experiments were performed using a 20 mM universal buffer
(citrate, CAPS, BIS-TRIS and TRIS). The pH was adjusted with HCI with help of a
digital pH meter (Seven Easy, Mettler Toledo, www.mt.com) calibrated at 25 °C
with standard buffers of pH 7.0 and 4.0 (WTW, www.wtw.com).

Calibrations were performed by placing the sensor membrane in a home-made flow
through cell pumping different buffers through it using a peristaltic pump. The
temperature of the buffers and the measurement cell was held constant at 23°C using
a thermostat. Corrected fluorescence spectra were recorded in front-face mode on a
Fluorolog3 spectrofluorometer (Horiba Jobin Yvon) equipped with a NIR-sensitive
photomultiplier R2658 from Hamamatsu (300 — 1050 nm).

The NH4" sensitive BODIPY fluoroionophore was synthesized in our lab as

described previously.!>!

6.5 Experimental

6.5.1 Preparation of Solutions

Amine containing buffer solutions were prepared by dissolving appropriate amounts
of ammonium chloride, trimethylammonium hydrochloride, dimethylamime or
methylamine hydrochloride in a 150 mM phosphate buffer (pH 7.5). The appropriate
amounts to dissolve in each buffer resulting in a free amine concentrations were
calculated by the Henderson-Hasselbach equation with the respective pKa values of

the amines at a temperature of 23°C.
6.5.2 Preparation of Sensing Materials

NH3 Sensor Membranes

Hydrogel polymer (Hydromed D1) was dissolved in EtOH+H>O (9+1) to yield a
stock solution of 10 wt.%. The water part consisted of the buffer substance (BIS-
TRIS) with the required buffer capacity and pH value. An appropriate amount of the

indicator was dissolved in this hydrogel stock solutions the sensor membrane to have
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a dye concentration of 0.5 wt.% in respect to the polymer. This “cocktail” was knife
coated onto dust-free PET foils (12.5 um wet film thickness). Immediately after the
knife-coating step, a Fluoropore membrane PTFE was carefully laid onto the still wet
film to obtain a sensor membrane with a size of ~ 2 cm x 2 cm which can be placed

in a home-made flow-through cell.

Planar sensor films for NH4" calibrations

Hydrogel polymer (Hydromed D1) was dissolved in THF to yield a solution of 10
wt.%. The indicator (0.2 mg) was dissolved in 1 g of the hydrogel solution to yield a
final dye concentration of 0.2 wt.% in respect to the polymer after drying. This
“cocktail” was knife coated onto dust-free PET foils (12.5 um wet film thickness)
and allowed to dry at RT.
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6.6 Supporting Information
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Figure S - 6.1: a: Normalized emission spectra of the fluoroionophore in hydrogel D1 without a
teflone membrane at different NH4" concentrations (20 mM TRIS buffer pH 7.4) b: F/F, calibration
curves for the indicator immobilized in hydrogel D1. The values of F and Fy were taken at A = 645

nm.
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Figure S - 6.2: Determination of the pKa of the receptor in hydrogel D1 without the teflone

membrane. The values of F and Fy were taken at A = 645 nm.
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Influence of a Low Internal pH Value
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Figure S - 6.3: Fluorescence response of a sensor membrane (1000 mM buffer capacity) at an internal

pH of 6.0.
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Future Prospect and Outlook

This publication shows the first proof-of-concept experiments, describes the most
important parameters for a fluoroionophore based NH3 sensor and represents the first
of this kind. Using this sensor, we were able to eliminate cross sensitivity caused by
other volatile bases. For example, this is important for fish farming, where a high
concentration of trimethylamine (TMA) occurs. However, the presented sensing
material is not suitable for this application as a concentration of 25 pug/L. NH; is

already toxic for fish and therefore it is not sufficiently sensitive.

As shown in Table 2.1 (p. 17), the NH4" ion has a slightly larger ionic radius
compared to K ion. The fluoroionophore used in this publication was developed for
the detection of K’ jons and therefore does not have the optimal hole-size
relationship with NH4" ions. Therefore, we started the synthesis of a 19-crown-6
receptor unit in which the K crown is increased by one methylene group. The
synthesis pathway is shown in Figure 6.4 and is currently under investigation.
Compound 46 is already available and more specific experimental details and
discussions are available in the master thesis of Nicole Steinmann.?!'®
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Figure 6.4: Synthetic pathway towards a new NH4" sensitive crown ether receptor.
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Chapter 7

New Insights in the Determination of Saxitoxin
with Fluorogenic Crown Ethers in Water
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Preface for the Manuscript

This chapter deals with the determination of the marine biotoxin Saxitoxin (STX).
The development of an optical sensor for STX was the goal of the EU FP7 project
“SCHeMA” (Integrated in Situ CHemical MApping probes) which funded this thesis
in the beginning.

Saxitoxin is one of the most toxic non-protein based substances and acts as a Na"
channel blocker, leading to lethal paralytic shellfish poisoning. State of the art
detection is based on tedious and expensive HPLC methods. Our approach was based
on several publication of the group of Gawley et al., who developed a method to
detect STX using fluoroionophores.”** Hereby, different chromophore basis and
differently sized aza-crown ethers were applied and STX could be measured in the

low micromolar range.

We intended to develop a sensor based on this concept, but to additionally
immobilize it into a polymer matrix and prepare a referenced sensing material for
continuous long term measurements in the ocean. As STX only occurs in low
concentrations, a pre-concentration unit was planned by the project partner at
University of Geneva. It was based on aptamers immobilized into a microfluidic chip

which can release the pre-concentrated STX upon stimulation with acid or heat.

However, we faced serious problems developing a sensor based on this concept.
During our experiments, we found out that a fluorescence increase of fluorescence
indicators when treated with STX is not caused by complexation of STX into a
crown ether, but from a fluorescence degradation product of STX itself. This

degradation product was then misinterpreted as sensor response.

In this publication, we report on this finding and additionally present a critical
discussion about crown ether binding constants. Relevant theoretical background

information can be found in section 2.3.1 (p. 14).
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Abstract In this contribution we present new insights and a critical discussion
in the optical detection of Saxitoxin (STX) using fluorophores with crown ethers.
Fluorescence enhancement is caused by the reduction of photoinduced electron
transfer (PET) upon complexation with the analyte. Our attempts to improve this
detection method did not yield a functioning sensor nor were the attempts to
reproduce published data in this area successful. Due to the fact that only low
concentrations of STX are available, multiple surrogates were investigated at high
concentrations. However, no turn-on response was observed. Moreover, a fluorescent
decomposition product of STX that forms under UV light was discovered which was

in our opinion misinterpreted as a sensor response by previous publications.

7.1 Introduction

Saxitoxin (STX) is one of the most toxic non-protein substances known and is
responsible for the so called paralytic shellfish poisoning 2*°. It is naturally produced
by a variety of algal species such as cyanobacteria and dinoflagellates, which are
consumed in large amounts by shellfish during red tide algal blooms 24, This
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7 New Insights in the Saxitoxin Detection

accumulation of STX in shellfish which leads to the paralytic shellfish poisoning
syndrome is a worldwide health problem. STX acts as a sodium channel blocker by
binding to a receptor site on the outer surface of the cell-membrane and inhibits the
permeation of Na* ions through the channel ?*’. Consequently, action potentials are

terminated and signal transmission between neutrons is inhibited, leading to paralysis
248

Monitoring of this toxin by a mouse bioassay (MBA) is used in many countries *.
For ethical reasons, alternatives such as HPLC methods were developed and are now
routinely used 2°° 23! 252, The initial challenge in toxin detection is the lack of any UV
absorption by STX. This can be overcome by oxidation of the toxin to a fluorescent
derivate prior to or after separation on a HPLC column. The fluorescence can be

observed at an excitation maximum of 330 nm and an emission maximum of 390 nm.

In recent years, a fluoroionophore based method for the detection of STX was
developed by the group of Gawley et al. 2**. This method was based on a commonly
used concept for measurement of cations, where a fluorescence indicator dye is
linked to a recognition unit (e.g. crown ethers) '4”. Complexation of cations leads to a
fluorescence enhancement caused by a reduced photo-induced electron transfer
(PET) effect. It was assumed that STX could inhibit the PET effect as STX is a bis-
guanidinium ion, and guanidiniums are known to bind to crown ethers 2% 234,

Different crown receptors and indicator dyes were tested for their response to STX in
244 254 255 256 257

>

this group with different fluorophores, e.g. anthracene , coumarin
acridine 2°® and aza-BODIPY **°. We attempted to improve this method by preparing
new indicator dyes and immobilizing these dyes into a polymer matrix, in order to
obtain robust sensor films, enabling continuous measurements in aquatic media
without pH interference. However, during our work we faced challenges in
developing new optical sensors for STX, as well as reproducing published results.
Furthermore, we investigated the response of our sensors at high concentrations of
different surrogates for Saxitoxin and discovered an artefact, which could have
compromised previous experiments and has to be avoided in the future. This will be

discussed in this contribution.
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7.2 Results and Discussion

7.2 Results and Discussion

7.2.1 Fluorogenic Crown Ethers

The set-up for a fluorescence optical sensor for Saxitoxin is analogous to commonly
used ion sensors. A fluorophore is linked to a recognition unit (receptor/ionophore)
resulting in a fluoroionophore 1°%. Typically, the receptor unit bears a tertiary amine
group which is responsible for the emission enhancement in the presence of ions due
to the reduced PET effect.

To date, receptors for STX detection were based on aliphatic aza-crown ethers.
Those receptors are highly pH sensitive at physiological conditions because the
amine can be easily protonated, which would result in a fluorescence enhancement
similar to analyte binding. Moreover, most of the fluorophores which were used for
the optical detection of STX were excitable in the UV region (330 to 390 nm), which
can cause fluorescence background from biological samples (e.g. shellfish extract).
Additionally, for measurements in the required low concentration ranges, the
complex stability of crown ethers with analytes may be too weak in aqueous
solutions. Complex stabilities in organic solvents are typically better and may be
sufficient, however usually aqueous conditions are required for the measurement of

environmental samples.

In order to improve the commonly used set up, we introduced a lariat-ether at the
ortho position with respect to the nitrogen atom of the crown. This increases the
binding efficiency of the analyte, since the two additional oxygen atoms also
participate in the complexation *°. We also decided to use an aromatic crown ether
(substituted aniline) which is not sensitive to pH in the relevant range, since the pKa
value of the tertiary amine is ~5.5. As indicator we used a commonly known
BODIPY fluorophore which are excitable at > 400 nm, possess a high photostability

and molar absorption coefficient, and show a high quantum yield.

Using this new indicator, the response to STX in solution was tested under similar
conditions as in previously published work (H>O/EtOH/THF mixture, phosphate
buffer at pH 7.2). A high fluorescence enhancement is obtained upon protonation of
the amine group of the aza-crown ether indicating that the PET effect is supressed.
However, no treating with STX did not show any fluorescence enhancement (Figure
S1, ESI). This negative result raises two fundamental questions: i) Is the complex
stability (Kd) of the complexation of STX in the crown ether sufficient to detect STX
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in the micromolar range? ii) If STX is complexed, does it supress the PET effect or
have any other influence on the photophysical properties?

Since the concentration of STX is limited by the certified reference material
(6.63*10° M stock solution) and it is not possible to obtain STX in higher
concentrations, we investigated if a fluorescence enhancement can be obtained using
structurally similar compounds at higher concentration (200x higher). Figure 7.1b
summarizes the surrogate compounds used to simulate STX as they are all subunites
of STX itself and cover the whole molecule. Above all, guanidinium is known to has
a high binding affinity to 27-crown-9 and was proposed in previous work to be the
structural compound of STX to inhibit PET *** 2°°, Additionally, we evaluated K* and
NH4" and ethylenediamine because they are known for their binding affinity to the

18-aza-6-crown.
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Figure 7.1: a: Normalized emission spectra of the BODIPY fluorophore (10-* M) with surrogates (10
mM) in a mixture of H,O/EtOH/THF (2/1/1) at pH 7.2. b: Structural similar surrogates used to
simulate STX at higher concentrations (10 mM).

A high fluorescence increase can be observed in the presence of 10 mM K* or NH,4",
whereas a less pronounced response is caused by ethylenediamine (Figure 7.1a,
Figure S - 7.2). However, we did not obtain any significant increase in fluorescence
upon adding the surrogates. The same experiment was conducted in a DMSO/H>0O
(4+1) mixture as it is known, that the PET effect is more pronounced in more polar
solvents. Again no significant increase of fluorescence using this surrogates was
observable (Figure S - 7.3).
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The complexation behaviour is highly depending on two factors — the solvent and the
size of the cavity and the analyte. Generally, crown ethers show the highest binding
constants in MeOH and the lowest in aqueous solution as and a higher ratio of
organic solvents are beneficial for the complexation*'. The low complexation in
water is due to a too strong tendency to undergo hydration of the ion instead of
getting complexed as the hydration shell around the ion needs to be stripped off *.
MeOH or other organic solvents are much weaker solvating mediums and therefore
hydration competes less with complexation yielding stability constants around three
to four decades higher than in water.

Another important parameter besides the solvent is the size of the crown cavity and
the guest ion. As size of the of 18-crown-6 is between 2.6-3.2 A it shows optimal
interaction with K* ion (2.66 A) and NH4" (2.86 A) **. The corresponding stability
constants of these in H,O are IgK 2.05 for K" and and 1gK 1.44 for NH4" %0, As the
ammonium ion is more substituted, the stability constants lowers since the ion gets
sterically hindered to fit into the crown ether %°. This trend is observable in our data
for K, NH4" and ethylenediamine and the surrogates. The amine group of the latter

is highly substituted which consequently prevent the complexation.

However, reported STX sensitive fluoroionophores which were used in aqueous
solution show a binding constant 1000x higher than for K* %255 Additionally, it
was reported that complex stabilities of STX are higher in pure H>O than in an
EtOH/H>0 mixture which is in contrast to the trend of measured binding constants of

all crown-ions interactions in different solvents 2>°.

The published utilized fluoroionophore for STX measurements in water is based on a
coumarin dye, with which it was possible to measure concentrations of STX in the
micromolar range with 137 mM NaCl and 2.7 mM KClI as background >*°. Na* and
K" did not “turn on” the sensor even though an aza-18-crown-6 was used as the
recognition unit. In this work STX binds to the receptor and inhibits the PET in a K"

background that is 27 times higher, whereas K does not turn on the sensor.
7.2.2 Fluorescence Background from STX

We synthesized this STX sensitive coumarin indicator dye as described in literature
and response to STX was tested under conditions similar to those reported (Figure
7.2a). However, we could not observe any immediate increase in fluorescence with

STX, but observed an increase in fluorescence intensity and a slight blue shift over
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the course of 20 minutes, similar to the published work. However, as a blank sample
without any indicator was measured we detected that STX itself starts to
fluorescence upon illumination at 330 nm. This emission at 390 nm is shifted
compared to the coumarin emission at 401 nm and superimposition with the
coumarin fluorescence could explain the blue shift of the emission of the probe
which is untypical for PET-indicators (Figure 7.2). Excitation spectra and emission
spectra of both the coumarin dye and the STX illumination product are very similar
and overlap over a broad range (Figure S - 7.4). The STX decomposition product
shows excitation and emission peaks of 334 and 390 nm, respectively. This
corresponds to the fluorescent decomposition product that is usually obtained during
the pre- or post-column oxidation of the HPLC-fluorescence detection method,
where STX is chemically oxidized to a fluorescent purine derivate (Figure 7.2b) 2%
251 260 From this experiment, we concluded that the increase of fluorescence is not
caused by inhibition of the PET effect by STX. Instead, we were able to determine
that this increase in fluorescence can be attributed to a photooxidation product of
STX itself.
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Figure 7.2: a: Fluorescence spectra of STX (1.6*10° M), the coumarin dye (10 M), the dye + STX
measured, and the dye + STX calculated. The measured fluorescence enhancement of dye + STX is
not based on the complexation of STX but on the additional fluoresence b: Structure of STX and the
fluorescence oxidation product.
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To investigate the formation of this fluorescent STX product, we recorded the
emission spectra of a buffered solution (pH = 7.2) of STX alone (Figure S - 7.1).
When STX is stored without exposing to light, no increase in fluorescence is
observed. In contrast, strong fluorescence is detectable after illumination with UV
light. The fluorescence intensity of the oxidation product after illumination of STX
with different intensities in the fluorimeter clearly shows, that the formation of this
fluorescent STX product is highly dependent on the intensity of the applied UV light
and that STX does not form this product by simple exposure to ambient air (Figure S
-1.5).

It should be stated that the group of Gawley et al. also detected this background
fluorescence of STX, but interpreted it as a trace impurity of the STX solution and
did not observe its increase during their measurements 2°%. In our opinion, attributing
the fluorescence increase of STX using the coumarin indicator to PET inhibition is a
misinterpretation of data. The STX product shows very similar excitation and
emission spectra to the used coumarin indicator and an addition of both fluorescence
spectra explains the observed fluorescence enhancement by STX. Moreover,
fluorescence enhancement due to STX oxidation can explain the observed blue shift
of the emission in our measurement and in literature which is untypical for PET-
indicators 2°¢ 257, With this in mind and comparison of published stability constants
of STX-crown interaction with well-known ion-crown complexations, we believe
that the measurement of STX using this method in water is not achievable in the

environmental necessary concentration range.

However, crown ether sensors for STX based on other fluorophores have been
developed in the literature and work at different excitation/emission wavelengths.
For these probes the fluorescence increase is not influenced by this background
fluorescence 2*°. It is also important to note, that Gawley et al. in their earlier works
were using non-aqueous solutions or a very high percentage of organic solvents
which would be beneficial for the complexation of STX and much higher STX

concentrations were used for the measurements.
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7.3 Conclusion

A critical examination of the optical detection of STX using complexing fluorophore
indicators in aqueous media is presented. An attempt to improve the detection
method by using a new fluoroionophore which shows significant inhibition of the
PET effect with K™ or NHs" ions was not successful. Testing structural similar
compounds as STX in higher concentration also did not yield in a positive result.
When reproducing literature where STX was detected in aqueous solution using a
coumarin indicator dye, we discovered an artefact which was misinterpreted as
response to STX. This artefact can be attributed to the intrinsic fluorescence of a
known oxidative degradation product which is usually observed after chemical
oxidation. We were able to identify UV light to be the reason for this oxidation. With
this finding, it is possible to directly detect STX using this catalytic photooxidation
which is currently under investigating in our laboratory and will be presented in the
near future.
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7.4 Materials and Methods

Saxitoxin dihydrochloride (6.63*10° M in 3*10 M HCI) was purchased as certified
reference material from the National Research Council Canada (www.nrc-
cnrc.gc.ca). KCI and NH4Cl were obtained from Roth (www.carlroth.com).
Guanidine hydrochloride, L-Arginine monohydrochloride and L-Argininamide
dihydrochloride and Ethylendiamine were purchased from Sigma-Aldrich
(www.sigmaaldrich.com). All other chemicals were obtained from TCI-Europe
(www.tcichemicals.com). Synthesis of the BODIPY indicator was conducted as
reported elsewhere ®. Synthesis of the coumarin fluorophore was conducted
similarly to that described in literature 2%°. Luminescence spectra were measured on a
Fluorolog-3  luminescence  spectrometer  (Horiba).  Fluorescence  Kinetic
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7.4 Materials and Methods

measurements were performed in a stirred and sealed micro quartz-cuvette from
Hellma (www.hellma-analytics.com). All measurements were performed in buffered
solution (phosphate buffer, 50 mM, pH = 7.2). Measurements with surrogates were
performed in EtOH/THF/H20 (1/1/2) and DMSO/H20 (4/1) with a dye concentration
of 10® M, surrogate concentration of 1*10 M and a phosphate buffer (opH = 7.2, 50
mM).
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7 New Insights in the Saxitoxin Detection

7.5 Supporting Information

Response of BODIPY Fluoroionophore to STX

Figure S - 7.1: Fluorescence response of the BODIPY fluorophore with STX. Top: Fluorescence can
be turned on completly by acidificiation with HCI. STX does not show any respsone in the
micromolar range. Bottom: Closeup to the emission spectra of the blank and STX.
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7.5 Supporting Information

Response of BODIPY Fluoroionophore to Surrogates
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Figure S - 7.2: Normalized emission spectra of the BODIPY fluorophore (10 M) with surrogates (10
mM) in a mixture of HO/EtOH/THF (2/1/1) at pH 7.2.
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Figure S - 7.3: a: Normalized emission spectra of the BODIPY fluorophore (10 M) with surrogates
(10 mM) in a mixture of DMSO/H»O (4/1/) at pH 7.2. b: Zoom in.
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7 New Insights in the Saxitoxin Detection

STX Artefact

Figure S - 7.4: Excitation and emission spectra of the coumarin fluorophore and STX degradation
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Figure S - 7.5: a. Emission spectra of a buffered solution of STX (1.6*10-° M) after illumination and

after storage in darkness. b. Intensity of the emission maxima of the fluorescent product after

excitation with different excitation slits (different UV light intensities)

166




Future Prospect and Outlook

As presented in this manuscript, is not possible to detect STX with fluorogenic
crown ethers in aqueous solution. However, the degradation of STX to an
intrinsically fluorescent product is of high interest as it enables direct measurement
and does not require any additional indicator dye to interact with the analyte.

The mechanism of the degradation using UV light is not clear as STX does not
absorb light. However, it is known that the degradation is caused by oxidation of
STX and is routinely used in standardized analysis of STX using HPLC. Hereby, the
toxin is oxidized before or after separation on the column using tedious reaction
procedures with strong chemicals (e.g. H»O2) and heat programs.’’! One way to
overcome the use of toxic and harsh oxidation agents is the use of photosensitizers
which can produce singlet oxygen (10,).2%?

Photosensitizers absorb light and are excited to a singlet state with higher energy,
which then can undergo ISC to an excited triplet state (Figure 2.1 on p.10).
Molecular oxygen can then collide with the photosensitizer and the energy of the
triplet state is transferred to O» forming the highly reactive 'O2 species (Figure 7.3).
Singlet oxygen is a very reactive species of molecular oxygen which can be used as
an oxidising agent in chemical reactions or to selectively destroy tumor cells
(photodynamic therapy).?%®> Photosensitized generation is a simple and controllable
method for the production of 'O», requiring only oxygen, light of an appropriate

wavelength and a photosensitizer capable of absorbing this light.

= ; ISC
S, NN Singlet
— oxygen (*O
T, ygen (*0;)
absorption
Energy
Transfer
Su
Photosensitizer Oxygen (°0,)

Figure 7.3: Schematic illustration of the function principle of a photosensitizer. The photosensitizer
absorbs light and gets excited to an excited triplet state after intersystem crossing (ISC). The energy is
then transferred to a ground state oxygen (triplet oxygen 3QO,) which gets excited to a highly reactive
singlet oxygen species (102)
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7 New Insights in the Saxitoxin Detection

Based on the fact that STX forms a fluorescent product after oxidation, we attempted
to develop a method to determine the concentration of STX in water using 'O5. This
is the first purely optical based method as both the generation and the detection of
this STX product is based on photosensitization and fluorescence measurements.

The photosensitizer is added to an aqueous solution of STX and then illuminated at
its excitation maximum to generate 'O, which should then oxidize STX. The same
sample is then illuminated at the excitation maximum of the STX degradation
product (334 nm, Figure S - 7.4) and its emission it detected (390 nm). Therefore, it
1s important that the absorption and emission of the photosensitizer is > 400 nm to

prevent from any interference.

The fluorescein derivate Rose Bengal (RB) meets these criteria and its solubility in
water and high 'O» yield makes it a perfect candidate for this application (Figure
7.4).2%4

S 2 -
-} ™ =}

Norm. absorption
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o
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Figure 7.4: Structure and normalized absorption/emission spectra of the photosensitizer Rose Bengal

A cuvette containing a buffered solution (pH 7.4) of Rose Bengal and STX was
placed in a fluorimeter with a stirring bar and a fluorescence spectrum was recorded
(Aex = 310 nm). As shown in Figure 7.5, at 0 min there is only the Raman peak of
water (A) and the fluorescence of Rose Bengal (D) visible. Afterwards, the sample is
illuminated for a certain amount of time with 550 nm which is the excitation
maximum of Rose Bengal. Recording an emission spectrum after 30 min (Aex = 310
nm) shows the formation of the STX degradation product (B). Additionally, Rose
Bengal shows photobleaching (D) as the emission decreases. However, another
emission peak is visible at 500 nm (C) which could be another emission of a
degradation product of Rose Bengal.
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Figure 7.5: Fluorescence emission spectra of a sample containing STX (1.6 uM) and Rose Bengal
(0.3 mM) in a phosphate buffer (100 mM, pH 7.4) at different times. Excitation was performed at 310
nm. A: Raman peak of H>O. B: increasing emission of the STX degradation product that is formed

while illumination of the photosensitizer. C: Increasing fluorescence product of a degradation product

of Rose Bengal. D: Decreasing emission of Rose Bengal.

To validate if this method can be used for quantification of STX, we prepared

samples with different STX concentrations, while keeping the photosensitizer

concentration constant. [llumination was performed for 10, 30 and 60 min (Figure

7.6 a-c). A calibration curve can be obtained by taking the fluorescence maxima of

the STX degradation product at 390 nm vs. the concentration of STX (Figure 7.6 d-

f).
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Figure 7.6: Oxidation of different concentrations of STX using Rose Bengal as photosensitizer.

Emission spectra (excitation at 310 nm) were recorded after a generation of 'O (illumination at 550
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7 New Insights in the Saxitoxin Detection

nm) for 10, 30 or 60 min (a, b, ¢ respectively). Calibration curve is obtained by taking the
fluorescence at the maximum of the STX degradation product at 390 nm (d, e, f).

A longer time for generation of 'O, increases the amount of fluorescent STX product
and therefore a higher sensitivity can be achieved. However, as the amount of
generated 'O; is dependent on the amount of absorbed photons, it is possible to use
light with higher intensity to reduce the amount of time. This was achieved by using
Power-LED (535 nm) instead of the lamp of the fluorimeter. A comparison of the
efficiency of the 'O, production is shown in Figure 7.7a. The Power-LED with a
higher intensity generates more 'O, and therefore oxidizes more STX in the same
time as the fluorimeter lamp. Thus, it is possible to reduce the reaction time.
However, Rose Bengal is also prone to photobleaching due to its highly efficient
absorption of light which results in less production of 'O, over time. Using the
Power-LED, Rose Bengal is almost completely destroyed after 60 min of
illumination (Figure 7.7b).
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Figure 7.7: a: Comparison of a Power-LED and the lamp of the fluorimeter for generation of
photosensitized 'O,. A sample with 1.7 pM STX and 0.3 mM Rose Bengal was illuminated for 30 min
followed by recording an emission spectrum to determine produced STX degradation product. b:
Absorption spectra of Rose Bengal dissolved in water before and after illumination with the Power-
LED (535 nm, 35 umol m? s!). The insert shows a photographic image of the illuminated cuvette with
the LED.

Additionally, oxidations were performed at different pH values using the Power-LED
and a STX concentration of 1.7 uM. As shown in Figure 7.8, the oxidation is highly

dependent on the pH value of the sample. At low pH values, only minor degradation
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of STX can be detected after 45 minutes of illumination. Likewise, at higher pH (10),
no oxidation of STX is visible. However, at a neutral pH (7.4), a highly efficient and
fast oxidation of STX takes place.
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Figure 7.8: pH dependency of the generation of fluorescent STX degradation product. pH values were
(a) 4.0 (acetic acid buffer), (b) 7.4 (phosphate buffer) and (¢)10.0 (MES buffer).

Using photosensitizers, it is possible to efficiently generate an intrinsically
fluorescent derivate product of STX. The reaction time can be reduced by applying
highly intense light-sources in order to generate highly reactive 'O species more
efficiently, which can then oxidize STX. This method can be easily miniaturized, as
LEDs are available for both the excitation of Rose Bengal and the STX product and
also photodetectors to measure the emission of STX. This method represents a
promising alternative to the pre- or post-column oxidation method which is currently

routinely used.
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8 Summary and Conclusion

This thesis demonstrated the potential of optical technology for measuring various
analytes based on cation recognition. Different sensing materials and sensing
concepts were developed for measuring K*, Na* and dissolved ammonia and several

applications were demonstrated ranging from marine monitoring to live cell imaging.

We established a straightforward and efficient synthetic strategy leading to a range of
fluorescent indicator dyes with tuneable properties. These dyes combine selective
aza-crown ether receptors and bright and photostable tetraaryl-BODIPY
chromophores. Several representatives show absorption and emission in the red/NIR
part of the spectrum, high molar absorption coefficients and fluorescence quantum
yields. By employing different receptor units, we were able to develop sensors for of
a variety of different analytes and additionally tune the sensitivity and selectivity.

It was demonstrated that the polymer matrix in which the fluoroionophores are
embedded can further improve the sensor performance or even determine the
sensitivity towards analytes. Incorporating the dye into a polymer matrix yielded
robust and reproducible sensors, which can be used for continuous measurements as
they show a rapid and fully reversible response. Importantly, the new materials are
applicable in a variety of formats, including planar sensor foils and spots, fiber-optic

(micro)sensors and water-dispersible nanosensors.

Moreover, referenced sensing material can be prepared and enable measurements
with a commercially available compact phase fluorimeter. Nanoparticles, which can
be prepared via a simple precipitation procedure, showed efficient intracellular
uptake by multiple cell lines and enabled visualisation of ion fluxes using
fluorescence imaging techniques. Innovation potential of the new material was
demonstrated by modification of the polymer sensor membrane to transfer an K* ion

sensor to an NH3 gas sensor by measuring the corresponding NH4" ion.

Due to the high potential of and need for reliable ion sensors in many scientific
fields, the improvements achieved during this thesis take optical sensors one step

closer to becoming valuable analytical tools in the future.
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