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"l am among those who think that science has great beauty. A scientist in his laboratory
is not only a technician: he is also a child placed before natural phenomena which

impress him like a fairy tale."

- Marie Curie
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Zusammenfassung

Wundinfektionen im Frihstadium sind schwer zu erkennen. Eine rechtzeitige Diagnose
verbessert jedoch die Heilungsergebnisse erheblich und verringert das Risiko von
Narbenbildung oder systemischen Komplikationen. Gesunde Haut ist leicht sauer
(durchschnittlicher pH-Wert ~4,7), wahrend chronische oder infizierte Wunden alkalisch
bleiben (7,15-8,9) und wahrend der Heilung allmahlich wieder sauer werden. Die
Echtzeitiberwachung des pH-Werts von Wunden hat sich als wertvolles Instrument zur
Verfolgung des Heilungsfortschritts, zur Frihwarnung vor méglichen bakteriellen Infektionen
und zur Reduzierung unndtiger Antibiotikatherapien erwiesen.

pH-empfindliche  Farbstoffe, die innerhalb von Tragermaterialien sichtbare
Farbveranderungen durchlaufen, stellen einen einfacheren und kostenglnstigeren Ansatz fur
die Uberwachung des pH-Werts von Wunden dar. Aktuelle pH-Indikatoren leiden jedoch unter
geringer Lichtbestandigkeit und Farbstoffauswaschung, was ihre praktische Anwendung
einschrankt. Diese Arbeit prasentiert die Konzeption, die Synthese und die funktionelle
Bewertung von Carborhodol-Farbstoffen, die als lichtbestandige Alternativen zu
herkdbmmlichen pH-Indikatoren entwickelt und fir den physiologischen pH-Bereich optimiert
wurden.

Neun neue Carborhodole wurden aus ihren jeweiligen Carbopyronin-Vorlaufern durch
hydrolytische Desaminierung synthetisiert, wobei strukturelle Modifikationen vorgenommen
wurden, um die Photostabilitat, Loslichkeit und das Biokonjugationspotenzial zu verbessern.
Die Farbstoffe weisen unterschiedliche pH-abhangige optische Eigenschaften auf, mit pKs-
Werten im physiologisch relevanten Bereich (5-7). Die Deprotonierung fihrt zu einer
Erhéhung der Absorption, der Quantenausbeute und der Fluoreszenzlebensdauer, was eine
empfindliche Detektion von pH-Anderungen sowohl im kolorimetrischen als auch im
fluorogenen Modus ermdglicht. Im Vergleich zum Standardindikator Fluorescein und dem
gangigen biologischen Marker Cy5 weisen Carborhodole eine Uberlegene Photostabilitat auf
und beseitigen damit eine wesentliche Einschrankung bestehender Sonden. Dartber hinaus
zeigen die basischen Formen einen ausgepragten positiven Solvatochromismus, was auf ihre
Eignung als polaritatsempfindliche Sonden hinweist.

Um praktische Anwendungen zu demonstrieren, wurden die Farbstoffe in polymerbasierte
Systeme eingebaut. Die Einkapselung in PEG-b-PLA-Vesikel fiuhrte zu einer Zunahme der
Fluoreszenzintensitat bei steigendem pH-Wert, wahrend die kovalente Aufbringung auf
Chitosan-Filme zu Hydrogel-Verbanden fiihrte, die eine reversible Echtzeit-pH-Uberwachung
innerhalb des fir Wunden relevanten Bereichs ermdglichten. Diese Hybridmaterialien

verbinden hohe Stabilitdt und Biokompatibilitdt mit pH-abhangigen Farbanderungen, die mit
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bloRem Auge unter Umgebungslicht sichtbar sind, und einer unter UV-Beleuchtung mit dem
Auge leicht erkennbaren Fluoreszenzaktivierung. Damit zeigen sie die erfolgreiche
Ubertragung der Eigenschaften molekularer Farbstoffe auf funktionelle biomedizinische
Plattformen und unterstreichen ihr Potenzial fur intelligente Wundverbande und verwandte

Diagnosegerate.
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Abstract

Early-stage wound infections are challenging to detect; however, a timely diagnosis
significantly improves healing outcomes and reduces the risk of scarring or systemic
complications. Healthy skin is mildly acidic (average pH ~4.7), while chronic or infected wounds
remain alkaline (7.15-8.9) and gradually return to acidic during healing. Real-time monitoring
of wound pH has emerged as a valuable tool for tracking the progression of healing, providing
an early warning of potential bacterial infection, and reducing unnecessary antibiotic therapy.

pH-sensitive dyes that undergo visible color changes within carrier materials present a
simpler and cost-effective approach for wound pH monitoring. Current pH indicators, however,
suffer from low photostability and dye leaching, limiting their practical use. This work presents
the design, synthesis, and functional evaluation of carborhodol dyes, developed as photostable
alternatives to conventional pH indicators, optimized for the physiological pH range.

Nine novel carborhodols were synthesized from their respective carbopyronine precursors
through hydrolytic deamination, with structural modifications designed to enhance
photostability, solubility, and bioconjugation potential. The dyes exhibit distinct pH-dependent
optical properties, with pKs values in the physiologically relevant range (5—7). Deprotonation
leads to increases in absorption, quantum yield, and fluorescence lifetime, enabling sensitive
detection of pH changes by both colorimetric and fluorogenic modes. Compared to the
standard indicator fluorescein and the common biological label Cy5, carborhodols display
superior photostability, addressing a key limitation of existing probes. Additionally, the basic
forms exhibit pronounced positive solvatochromism, indicating their utility as polarity-sensitive
probes.

To demonstrate practical applications, the dyes were incorporated into polymer-based
systems. Encapsulation in PEG-b-PLA vesicles resulted in an increase in fluorescence
intensity with rising pH levels, whereas covalent grafting to chitosan films yielded hydrogel
dressings capable of reversible, real-time pH monitoring within the wound-relevant range.
These hybrid materials combine high stability and biocompatibility, with pH-dependent color
changes visible to the naked eye under ambient light, and fluorescence turn-on readily
detectable by the eye under UV illumination, showing the successful translation of molecular
dye properties into functional biomedical platforms, and highlighting their promise for smart

wound dressings and related diagnostic devices.
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1 Introduction and Motivation

Hospital-acquired infections (nosocomial infections) and chronic wound infections, particularly
in immunocompromised, immunosuppressed, or diabetic patients, represent a major global
health challenge.'? These complications result in higher morbidity and mortality rates and
impose substantial costs on the healthcare system.3* Conventional diagnostic approaches,
such as standard bacterial cultures and testing, are slow (taking up to 48 hours) and conducted
in laboratories separate from the patient.> The prevalence of skin wounds in everyday life,
along with their high occurrence rate, has a significant social and economic impact worldwide.®
Early diagnosis of pathogenic infections offers several benefits, including reducing
unnecessary or prolonged antibiotic use, thereby limiting the risk of antimicrobial resistance,
fewer unnecessary dressing changes, which can reduce the risk of reinfection, and overall
lower healthcare costs.”® Consequently, there is an urgent need for new strategies to monitor
wound conditions during treatment without removing the wound dressing.

Wound healing is a complex process, and pH is a key indicator of the wound's state. Healthy
skin has an average pH of 4.7, i.e., below 5.° When the skin is damaged, the underlying tissue,
which has a pH of 7.4, becomes exposed, creating conditions favorable for bacterial growth.™
Infections can raise the wound pH above 7.4 due to the production of alkaline byproducts by
bacteria.'” Persistently elevated pH levels at later stages strongly indicate a chronic wound,
which typically ranges from pH 7.15 to 8.9, and the pH will return to acidic during the wound
healing.'? Therefore, a pH-dependent point-of-care method would enable immediate diagnosis
through the real-time display of pH changes within a wound dressing.

Over the past decade, a variety of devices have been developed for wound pH monitoring,
including flex-circuit inductive transducers,'® optical sensors based on chemical dyes,'* pH-
sensitive electrodes,’® and carbon quantum dots.'® However, these methods often rely on
advanced technologies, which can increase production costs. Conventional glass pH probes,
on the other hand, provide only localized measurements, lacking the ability to capture complex
data across the entire wound area.' Alternatively, using pH-sensitive dyes that change color
in the visible spectrum is a straightforward method for tracking pH levels.

Natural dyes, including anthocyanins,'®22 anthraquinone, green tea extract,®* and
curcumin,?>?® as well as synthetic dyes such as phenol red, and rosolic acid?’” have been
investigated for their incorporation into polymers to develop pH-sensitive films for detecting
wound infections. However, these dyes suffer from poor photostability and generally function
as simple absorbance-based indicators, rather than enabling more sensitive and accurate
fluorescence-based sensing.?®-3" Additionally, the coloration of natural dyes depends on the

source of extraction, which limits reproducibility.®? Similarly, the pyranine-benzalkonium ion
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pair has been investigated as a fluorescent ratiometric probe for wound pH detection, but its
application is hindered by dye leaching from the system, reducing stability and reliability.3?

Fluorescein and its derivatives are the most widely used fluorescent pH indicators; however,
their tendency to photobleach limits long-term applications.®3® To address this drawback,
seminaphthorhodafluors (SNARF) were developed as an intracellular pH probe. Compared to
fluoresceins, SNARFs display improved photostability and pH-dependent dual-emission
properties, enabling sensitive ratiometric measurements.3® Nevertheless, most commercially
available SNARFs exhibit pKa values above 7, which restricts their suitability for monitoring pH
changes characteristic of wound environments.*

In this context, rhodol dyes represent promising alternatives. As structural hybrids of
fluorescein and rhodamine, rhodols often combine enhanced photostability with pKa values in
the range of 4.5-7, making them well-suited for biomedical sensing.®® Despite being first
described in the 19" century, rhodols have been less extensively studied than other xanthene
chromophores. Importantly, core-modified rhodols frequently display superior photophysical
properties compared to their parent scaffolds, although their synthesis is more challenging.®

Carborhodols, a distinct subclass of rhodol derivatives, were first synthesized by Sednev et
al. in 2013, with an alternative route reported by Jia et al. in 2018.4" Beyond these studies,
no synthetic approaches have been described, and their application as pH-responsive probes
remains unexplored. Preliminary investigations suggest that carborhodols exhibit pH equilibria
similar to classical rhodols; however, their potential for ratiometric sensing or integration into
bioresponsive materials has not been systematically evaluated. To address this gap, an
alternative synthetic strategy was employed in this thesis, yielding nine novel carborhodol
derivatives. As members of the xanthene dye family, these compounds are generally
considered biocompatible, making them attractive candidates for biomedical sensing
platforms.*

This work aims to develop novel, photostable, and pH-sensitive fluorescent dyes (pKa 5-7)
and incorporate them into polymer-based systems to create smart wound dressings for
continuous monitoring of wound healing and infection.

The main objectives are:

e To design, synthesize, and characterize novel photostable, pH-sensitive carborhodol

dyes with pK, values in the range of 57 (Chapter 3).

e To investigate the pH-dependent photophysical properties of the synthesized
carborhodols to evaluate their potential as colorimetric and fluorogenic probes
(Chapter 4). Specific aims include:

o Determination of their pKa values from pH-dependent absorption spectra.
o Investigation of their emission properties, including fluorescence quantum yield

and fluorescence lifetimes, in acidic and basic forms.
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e To assess the photostability of acidic and basic forms of carborhodols to evaluate their
suitability for long-term pH monitoring (Chapter 4).

e To analyze the absorption, emission, and fluorescence lifetimes of the acidic and basic
forms of carborhodols in solvents of varying polarity to elucidate how the local
environment influences their photophysical properties (Chapter 5).

e To chemically or physically incorporate selected carborhodol candidates into
polymersomes or polymer networks to test their application in pH-responsive wound
dressings (Chapters 6 & 7).

The overview of each main chapter of the thesis is presented in Figure 1.1.

Chapter 3 Chapter 4

4 5586264 7 8 10 pH 3 pH10
i il ] f'uf'

i | i |

absorption, emission, and photostability

| R

S

Synthesis and characterization of nine
novel pH-sensitive carborhodol dyes

Investigation of pH-dependent

/ Chapter 5 \ / Chapter 6 \ / ) Chapter 7 \

2

0w N

E/(30)

Encapsulation studies in pH 4 pH8

Solvatochromic behavior of : 2 .
polymeric vesicles Development of pH-responsive
/ k chitosan-based hydrogels /

\ carborhodols / K

Figure 1.1: Schematic overview of the thesis chapters.

In this thesis, Chapter 3 outlines the synthesis and structural characterization of nine novel
carborhodol derivatives, obtained via hydrolytic deamination of the corresponding
carbopyronine precursors. Structural modifications were introduced to enhance photostability,
solubility, and bioconjugation potential. This synthetic strategy provides access to two major
dye classes: carborhodols and carbopyronines.

Chapter 4 focuses on the pH-dependent photophysical behavior of carborhodols. The dyes
exhibit changes in absorption and fluorescence properties, including intensity, quantum yield,
and lifetime, under varying pH conditions, with pKa values in the physiological range (5-7).
These measurements are used to evaluate their suitability as colorimetric and fluorogenic
sensors, with potential relevance to biomedical sensing. Carborhodols are also compared to
the conventional indicator fluorescein and the common biological label Cy5 in terms of
photostability.

Chapter 5 presents studies on the solvatochromic behavior of the acidic and basic forms of

carborhodols. Absorption, emission, and fluorescence lifetime measurements in solvents of
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varying polarity reveal how the solvent environment affects the photophysical properties, with
the basic form showing pronounced positive solvatochromism. These results provide insight
into the dye's potential as polarity-sensitive probes.

Chapters 6 and 7 focus on the integration of carborhodols into functional material systems.
Chapter 6 explores dye encapsulation within vesicles formed from the amphiphilic block
copolymer poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA), examining how the
hydrophilicity and charge of the dye influence retention within the vesicle. Hydrophilicity is
quantified using octanol-water partition coefficients (log Kow), and the pH-dependent
fluorescence behavior of dye-encapsulated vesicles is characterized. Chapter 7 describes the
immobilization of carborhodols onto chitosan films to create hydrogel-based wound dressings
capable of reversible, real-time pH monitoring. These hybrid materials combine high
photostability, biocompatibility, and dual-mode optical sensing.

Overall, this work establishes carborhodol dyes as versatile, tunable, and photostable pH-
responsive probes. By integrating molecular design with material platforms, this thesis
demonstrates the potential of carborhodol dyes for biomedical and environmental sensing,

particularly in the development of smart wound dressings.
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2 State of Knowledge

In 1909, Sgrensen introduced the concept of pH as the negative logarithm of the hydrogen ion
concentration(pH = —log [H"]), with values typically ranging from 0 to 14.** The pH plays a
significant role in many areas, such as determining food quality,* skin protection barrier,*
accessibility of nutrients in soils,*® and body fluid balance regulation.” The pH level is a vital
indicator of the abnormal status of human organs, including the tumor microenvironment.*
The pH of bodily fluids, including tears, urine, sweat, and saliva, has been used to diagnose

some disorders.*®

2.1 Wound Infection and the Role of pH

The pH of the wound is an important parameter influencing microbial colonization, metabolic
activities, protease activity, and tissue regeneration.®® Under normal conditions, the skin
surface exhibits an acidic milieu with a pH below 5.° This acidic environment serves as a
natural barrier against microbial colonization. When the skin is damaged, exudate will appear
at the wound site, and its pH value changes along with several pathological changes, including
inflammation, collagen synthesis, and angiogenesis.®’

A temporary drop in pH occurs during the healing of acute wounds. The blood vessels in
the local tissue of the wound contract during inflammation, reducing the blood supply and
resulting in a deficiency of nutrients and oxygen, and at the same time, glycolysis increases
lactic acid and CO., leading to a decreased pH.'” An acidic pH in the wound facilitates many
aspects of the natural healing process.*? A low pH enhances oxygen release through the Bohr
effect, as hydrogen ions bind to hemoglobin, causing a conformational change in the protein
and reducing its oxygen-binding affinity.>® As a result, oxygen is more readily released into the
surrounding tissues. This effect increases the available tissue concentration of oxygen at the
wound edge, specifically at the frontier of migrating epithelium. Subsequently, fibroblast
proliferation, angiogenesis, and collagen synthesis are improved, thus promoting optimal
healing conditions.

If pathogens are present in the wound, they digest the wound's endogenous extracellular
matrix and produce ammonia, which makes the wound alkaline.*® If no appropriate measures
are taken, neutrophils will rapidly aggregate and release excessive elastase, a serine protease
that helps degrade damaged extracellular matrix components, allowing new tissue formation.%®
The excessive elastase will interact with necrotic and inactivated tissues in the wound, leading
to increased metabolic load at the injury and prolonged wound healing."> The pH value of

chronic wounds can range from 7.15 to 8.9,'2 which further fosters bacterial proliferation.%®
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Most pathogenic bacteria thrive in environments with a pH above 6. Staphylococcus aureus, a
common wound pathogen, proliferates at pH levels between 7.0 and 7.5.%° Thus, pH is a
reliable indicator of wound status, with fluctuations in pH predicting the chances of healing,
infection, and deterioration (Figure 2.1).5
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Figure 2.1. Change in pH value in the acute and chronic wound microenvironment over time.

Wound healing begins during the epithelialization phase, adapted from Schneider et al.'?, with
permission from Springer Nature.

2.2 pH-Sensitive Fluorophores

Absorption and fluorescence are fundamental photophysical processes widely used in
spectroscopy, sensing, and imaging applications. These phenomena occur when molecules
interact with light, leading to electronic transitions and energy release. A Perrin-Jablonski

diagram can explain the processes associated with a molecule's light absorption (Figure 2.2).
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Figure 2.2. Jablonski diagram, demonstrating the origin and positions of absorption, emission, and
phosphorescence bands.
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Jablonski diagram demonstrates the relative positions of molecular energy levels and the
photophysical processes that occur after photon absorption. When a photon is absorbed by
the molecule in the singlet ground state Sy, the system is excited to a higher electronic state
S». Then, the molecule undergoes a vibrational relaxation to the lowest vibrational level of S;.
Afterward, several processes can occur to relax the singlet ground state.®’

One of the radiative transitions is fluorescence, which occurs from S+ to So.% The emitted
photons possess lower energy than the absorbed photons, which accounts for the Stokes shift,
defined as the difference between the maximum of absorption and emission bands.5® Other
deactivation processes include internal conversion (IC) and intersystem crossing (ISC). IC
refers to a non-radiative transition between two electronic states of the same spin multiplicity,
converting the electronic energy of the initial state into the vibronic energy of the final state,
thus moving the system to a higher vibronic state, followed by a vibrational relaxation.®® ISC,
on the other hand, involves a non-radiative transition between two isoenergetic vibrational
levels linked to electronic states of different multiplicities. Unless there is a strong spin-orbit
coupling, this process is formally prohibited and proceeds slowly. Heavy elements like Br, Se,
I, and Pb promote intersystem crossing by increasing spin-orbit coupling.®' Phosphorescence
refers to the Ty — Sy transition that is accompanied by the emission of a photon.%®

All deactivation processes reduce the probability of the radiative S1 — Sy transition, thereby
diminishing the fluorescence quantum yield (®x). ®x is the fraction of the number of photons
emitted vs absorbed. An ideal fluorophore should be bright, and its brightness (signal strength)
is defined as the product of fluorescence quantum yield and the extinction coefficient.5?

Dyes that exhibit changes in the aforementioned processes with variations in pH are
extensively used in research. Such pH-sensitive dyes offer superior sensitivity and

responsiveness compared to traditional electrochemical methods such as pH electrodes.®?

2.2.1 Acidity Constant, pK;

The pKa is an important parameter that determines the optimal pH sensing range of a pH-
sensitive dye. Each pH-sensitive dye has a specific pKa, making them valuable tools for
monitoring pH in various environments.’* Consider a dye molecule DH that can be

deprotonated to D~ in an aqueous solution:

DH + H,0 < D™ 4+ H;0* (Eq. 2.1)
The protonated and deprotonated forms exhibit changes in their electronic structures, resulting
in shifts in absorption or fluorescence spectra.®® The concentration of water in Eq. 2.1 remains
essentially constant, so the expression for the equilibrium constant of the reaction is defined

as Ka, the acidity constant.5®
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_ [D~ ][H307] (Eq. 2.2)
¢ [DH]
The logarithmic form of the equation is the Henderson-Hasselbalch equation (Eq. 2.3). When
the pH is equal to the pK,, the concentration of the protonated (DH) and deprotonated (D)
species will be the same.®®

[D™] (Eq. 2.3)
[DH]

Dyes can be chemically modified to tune their pKa values, allowing their use in different

pK, = pH —log

environments, e.g., acidic compartments such as lysosomes, neutral cytosol, or alkaline
extracellular fluids.®” Introducing electron-withdrawing groups near an acidic site stabilizes the
conjugate base (D-) via inductive or resonance effects.%® Thus, with increased stability of D™,
K, increases and pK, decreases (Eq. 2.2). For example, introducing halogen groups to
fluorescein (1) produced the Oregon green series (2), and the pK, drops from 6.4 to around
4.8; therefore, these indicators are useful for measuring pH in acidic cellular environment
compartments.®® Contrarily, an increase in the electron-donating groups destabilizes the

conjugate base, or stabilizes the protonated form, and the pKaincreases.”

‘ COOH ‘ COOH
O O
HO o} o HO 0 o
1 2
Fluorescein Oregon Green 488
The pH-sensitive probes can either change color (colorimetric), fluorescence (emission

intensity, wavelength, or fluorescence lifetime), or both color and fluorescence in response to

pH variations.

2.2.2 Colorimetric pH Indicators

Colorimetric indicators undergo visible color changes due to structural changes in their
molecular forms, often caused by protonation or deprotonation of specific functional groups
such as phenols, carboxylic acids, or amines.”! Phenolphthalein is a well-known example
among colorimetric indicators. Phenolphthalein is colorless in acidic conditions but turns pink
when pH rises to 8-9. The lactone form of phenolphthalein 3 is stable in the acid range, but at
pH 8-9, the gamma-lactone ring is broken, and molecule 4 with the characteristic chromophore
of the triphenylmethane dyes results, which is pink due to extended conjugation
(Scheme 2.1).7
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Scheme 2.1. Protonation and deprotonation equilibrium of phenolphthalein.

Another example of a colorimetric indicator includes 4,(4-nitrophenoxy)benzeneamine)
derived azo dye 5. This azo dye undergoes a bathochromic shift of 122 nm from acidic to basic
conditions, changing from yellow (399 nm) to red (621 nm). The pH range in which the dye is
most sensitive is 7.9-10.4. After deprotonation, the dye forms a phenoxide ion 6, which
increases conjugation. The increased electron delocalization stabilizes the excited state,

lowers the energy gap, and causes the absorption to shift to longer wavelengths (bathochromic

shift).”
OH o
N OH™ N
HoNeli® e sHeg®
H
o C : ®
5 6

Yellow Red

Scheme 2.2. Protonation and deprotonation equilibrium of the azodye 5.

2.2.3 Common Fluorophores Used in pH Sensing

The determination of pH via fluorescence is often more accurate, as emitted light is measured
more sensitively than absorption.” This is particularly important when measuring in biological
samples, where either a lower concentration or amount of pH sensor is required, or an early
response is needed.” In the following section, the major classes of pH-sensitive fluorescent

dyes will be discussed.

2.2.3.1 Fluorescein Derivatives

Fluorescein and its derivatives are widely used fluorescent pH indicators. Fluorescein exists in
four molecular structures, depending on the pH. The four protolytic forms are cationic, neutral,
anionic, and dianionic.” The absorption spectra of fluorescein derivatives show a blue shift
and a decreased absorptivity with decreased pH. The fluorescence intensity decreases with a
decrease in pH, but the band shape and wavelength are mostly unaffected.” For biological
applications, carboxyfluorescein is commonly used as it is better retained in cells due to the

presence of an extra negative charge compared to fluorescein. However, both fluorescein
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derivatives rapidly leak from cells, making it very difficult to determine whether the observed
decrease in cellular fluorescence arises from the formation of acidic cations or is merely a
consequence of dye efflux. This prevents the accurate quantification of pH.”® The 2',7"-bis-(2-
carboxyethyl)-5-(and-6-) carboxyfluorescein (BCECF) (7) and its membrane-permeable
acetoxymethyl ester derivatives are the most used fluorescent probes for monitoring
intracellular pH, with a pKa of 7. Once inside the cell, the free form of the dye is well retained
due to the presence of four to five negative charges at physiological pH.”” Additionally, BCECF
conjugated to dextran exhibits high levels of intracellular retention, enhancing its utility for long-
term measurements.”® However, despite this improved retention, a significant limitation of
fluorescein-based dyes is their lack of photostability.”® Furthermore, their fluorescence
intensity is concentration-dependent, so when the dye accumulates, the observed
fluorescence changes may reflect local dye concentration variations rather than true pH

fluctuations.®°

2.2.3.2 Seminaphthorhodafluors (SNARF)

The seminaphthorhodafluors (SNARF) dyes were developed as pH indicators for the purpose
of measuring intracellular pH.* These are types of benzo[c]xanthene dyes with a pKa range of
7.5 — 7.9.% Like fluorescein, the molar absorptivities of SNARFs are highest under basic
conditions, and their absorbance maxima shift to the red. However, unlike most fluorescein-
based pH indicators, these dyes are characterized by higher photostability and a pH-
dependent band shape or wavelength of the fluorescence spectrum. This enables ratiometric
measurements using the much more sensitive fluorescence spectroscopy to determine the
pH.%¢ For example, both the acidic and basic forms of the dye are excited at a particular
wavelength simultaneously, while the ratio of the two fluorescence intensities is correlated with
the pH of the medium.8' Since the pKa. of SNARF derivatives is above 7.5, it is unsuitable for
measuring intracellular pH below 7, assessing wound status, etc. However, the pK, of these
dyes can be lowered by introducing electron-withdrawing groups. For example, C-SNARF-4F
is prepared by fluorinating the benzo[c]xanthene ring system, which results in a pKs of
approximately 6.4, making it more suitable for detecting lower pH values.®2 Additionally, the
fluorescence characteristics of SNARF derivatives, such as C-SNARF-1 (8), can be

significantly influenced by factors like temperature and the surrounding environment.3®

2.2.3.3 Rhodols

Rhodol is a hybrid fluorophore derived from rhodamine and fluorescein.®® They share the same
backbone as rhodamine dyes; however, one dialkylamino group in rhodamines is substituted
with oxygen.® These dyes exhibit significantly higher photostability and longer practical

observation times compared to fluorescein derivatives, and are suitable for pH measurements
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in acidic environments with pK, values typically ranging from 4.5 to 7.38 They exhibit significant
changes in absorbance spectra as the pH varies, possess higher absorption coefficients, and
are well-suited for dual excitation ratiometric pH measurements.” The conjugate of rhodol 9
with ethylenediamino-ouabain (ouabain is a glycosylated steroid) has been utilized for
investigating the pH values in the acidic microenvironment of the cardiac glycoside-binding site
of Na*/K*-ATPase, which shows the highest fluorescence in its basic form and significantly

lower fluorescence in its acidic form.%

BCECF C.SNARF-1 Rhodol

2.2.3.4 Fluorescence On/Off Probes
Several signal-conversion mechanisms, such as Foérster resonance energy transfer (FRET),
intramolecular charge transfer (ICT), photo-induced electron transfer (PET), and restriction of
intramolecular motion (RIM), can be utilized to design turn-on probes for acidic environments.
The non-fluorescent spirocyclic xanthene-based probes, which open upon protonation,
resulting in a highly fluorescent form, are an excellent example of RIM-based pH sensing.®
Fluorescein, Rhodol, and rhodamine-based spirolactone or spirolaclam probes are extensively
studied, and the fluorescent form of these possesses all the desirable photophysical
characteristics of their parent.®® The pH-responsiveness of rhodamine spirolactams (RSLs)
can be tuned by increasing the steric bulk near the spirolactam nitrogen.®” Stratton et al.
investigated a series of 19 aniline-derived RSLs and found that the pK; value increases as the
substituent size and the electron-withdrawing character increase.®® Both the steric and
electronic stabilization of the protonated spirocyclic intermediate form of the RSLs, making
them less likely to donate protons, results in a higher pK,.28 A significant disadvantage is that
it sometimes requires an organic co-solvent for ratiometric sensing in an aqueous environment,
due to the potential for ring opening in the absence of a low pH, resulting from the polar protic

nature of the environment.®®
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Closed spirolactam form Open rhodamine form
Colorless, non-fluorescent Colored, fluorescent

Scheme 2.3. Spirolactam equilibrium of rhodamine (R = aniline) derivatives.

The simple BODIPY-linked aniline (Scheme 2.4) can serve as an example of H" monitoring

involving PET.
L —
pH decreasing Neutral condition
N NH,
e
Reductive PET
D
F F
Protonated form Neutral form
- LUMO - LUMO
= Fluorescence On Fluorescence Off
+ 'ﬂ' HOMO
NH,
B~
D
F F
Excited BODIPY core Excited BODIPY core

Scheme 2.4. Mechanism of photoinduced electron transfer (PET) between the BODIPY moiety and the
phenylamino unit in protonated form (left) and neutral form (right).

In photoexcited BODIPY, the intramolecular electron transfer from the phenylamine to the
BODIPY is energetically favorable, and fluorescence of the BODIPY moiety is quenched
through PET. In an acidic environment, protonation introduces a positive charge on the
nitrogen atom, leading to a reduced highest occupied molecular orbital HOMO energy level,
which restricts the PET process and restores fluorescence in the BODIPY moiety. The probe

shows more than 500-fold enhanced fluorescence when the pH is shifted from 4.12 to 1.42.%°
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2.3 Solvatochromism of Dyes

The absorption or fluorescence spectrum of a molecule shifts depending on the surrounding
solvent. In 1922, Hantzsch introduced the term solvatochromism to describe the changes
observed in the UV-Vis absorption spectra of dyes when the solvent is varied.®' Solvent-
dependent spectral shifts result from solute-solvent interactions. These interactions can be
classified into non-specific interactions, such as dispersion or dipole forces, and specific
interactions, including hydrogen bonding or charge transfer.% The polarity of solvents can
preferentially stabilize either the ground or excited state, leading to different energy level gaps

and thus a solvent-dependent absorption or emission spectrum.

2.3.1 Solvent Effects on Absorption
An increase in solvent polarity can cause the absorption band to shift to shorter wavelengths
(blue or hypsochromic shift), known as negative solvatochromism, or to longer wavelengths

(red or bathochromic shift), referred to as positive solvatochromism.® (Figure 2.3)

Positive Solvatochromism Negative Solvatochromism
r 3
Y
o —
* ’
e __ Franck-Condon
E = 4+ excited state
Red shift
—_— _— Blue shift
- AE=hvy
““—L_ Ground state
Solvent polarity Solvent polarity

Figure 2.3. Positive (left) and negative (right) solvatochromatic shifts in terms of electronic transition
energy, adapted from Reichardt et al.®3, with permission from John Wiley and Sons.

The red-shifted absorption observed in a polar solvent arises from the greater stabilization
of the Franck-Condon excited state compared to the ground state.®® Such positive
solvatochromism is commonly seen in donor-acceptor substituted dyes. For example, in the
case of imine dye 12, a HOMO-LUMO transition (TT—1*) involving an internal charge transfer

from the N,N-dimethylaminophenyl electron donor to the nitrothienyl electron acceptor group
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leads to an increase in the dipole moment of the excited state (ue) compared to the ground
state (ug).** The polar solvent molecules interact with the solute, stabilizing its excited state
and reducing the energy required for excitation.® The energy gap between the ground and
excited state decreases, causing a bathochromic (red) shift in the absorption spectrum.®
Conversely, if the excited state is less stable than the ground state (i.e., yg > pe), more
energy is needed to excite the molecule, and this increases the energy gap between the two
states, causing a hypsochromic (blue) shift in the absorption spectrum.®® Reichardt’s dye (2,6-
Diphenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate) (13) is a classic example of a dye showing
large negative solvatochromism. This betaine dye exhibits a large permanent dipole moment
in the ground state (ug = 15 Debye). It contains an extensively polarizable 1T-electron system
with 44 tr-electrons, making it suitable for registering dispersion interactions. The phenolate
oxygen in Reichardt’s dye serves as a strong electron pair donor center, allowing interactions
with hydrogen bond donor solvents and Lewis acids. As solvent polarity increases, the highly
dipolar ground state undergoes greater stabilization through solvation compared to the less

dipolar Franck-Condon excited state and results in negative solvatochromism.%

=
/ \N*|
—O (T
B \ O
O,N” S
12 O o O

13

2.3.2 Solvent Effects on Fluorescence

If the relaxation time for the rearrangement of the solvent molecules surrounding the solute in
the Franck-Condon excited state (7r) is significantly less than the finite lifetime of the molecule
in the excited state (7.), the solvent molecules can reorient after electronic excitation, leading
to a relaxed excited state (S1) with a new solvation equilibrium. The fluorescence occurs from
this equilibrium state at room temperature. There is also a Franck-Condon ground state (S'o)
after emission, which exists briefly until the solvent molecules reorganize to the equilibrium
arrangement for the ground state.®® The energy of the relaxed excited state (S1) decreases
with increasing strength of solute/solvent interaction. In the case of a fluorophore with pe>py,
S+ is more stabilized by polar solvents, which results in a red shift and the corresponding

Stokes shift of the emission band.®” (Figure 2.4)
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Figure 2.4. State diagram of the photoexcitation and the deactivation pathways of a dipolar fluorophore
in a more and less polar solvent, adapted from Reichardt et al.3, with permission from John Wiley and
Sons.

Interactions between the excited-state molecules and the surrounding solvent often
influence the emission properties of fluorophores.® In protic solvents, strong hydrogen bonding
can lower the energy of the excited state, causing a red shift in the fluorescence emission.
The electronic effects of substituents also play an important role; as polarity increases,
electron-donating groups on the fluorophore tend to stabilize the excited state, leading to red-
shifted emission. In contrast, electron-withdrawing groups may destabilize the excited state in
polar environments, resulting in a blue shift.®® Additionally, in viscous solvents, the restricted
motion of the fluorophore reduces non-radiative energy loss by limiting intramolecular rotation,
which extends the fluorescence lifetime.'?

Sasaki et al. showed the effect of solute molecules conformational restrictions (torsion) in
solvatochromism. They found that the twisted conformations are more sensitive to changes in
solvent polarity by investigating the push-pull biphenyl analogues (4-(N,N-dimethylamino)-4-
formylbiphenyl) with a modulated dihedral angle of the aryl-aryl bond, using methyl groups 14
or a bridged structure 15. The increased torsion between the N,N-dimethylaniline donor and
the benzaldehyde acceptor enhances the polarization of the twisted intramolecular charge
transfer (TICT) excited state, resulting in pronounced positive solvatochromism. Compound 14
(with R"= R3= CH3 and R? = R*= H) exhibited a more substantial solvatochromic shift than

well-known polarity-sensitive dyes like Prodan.™’
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14 15
R', R% R, R*=CHjorH X = C(CHj3), or -CH,CH,-

2.3.3 Solvent Parameters

Various solvent polarity scales and solvatochromic parameters have been developed to
quantify and compare solvent effects.'® One of the well-established measures is the E7(30)
scale, which was developed based on the solvent-dependent shifts of the absorption maximum
of Reichardt’s dye 13 and its large negative solvatochromism.'® The Er(30) values represent
the molar transition energies (in kcal/mol) of Reichardt’s dye (Betaine 30) (Eq. 2.4), where h,
¢, and Na denote Planck’s constant, the speed of light, and Avogadro’s constant, respectively.
Additionally, Amax indicates the wavelength, while vmax refers to the wavenumber of the long-
wavelength absorption maximum for Reichardt’s dye, and high Et(30) value indicates a high
polarity solvent.'%*

28591 (Eq.2.4)

Amax

Er(30) = hcVmg Ny =

The Er(30) scale is normalized to the EN scale, with dimensionless values ranging from 0
(for tetramethylsilane) to 1 (for water).’® However, the Et(30) scale is based on a single
empirical parameter and uses only one probe, so it assumes that the nature and strength of
the solute—solvent interactions observed for the indicator dye are comparable to those
experienced by the solute of interest, and this assumption may not always hold.®’

Apart from the Et(30) scale, many other multiparameter solvent polarity scales have been
introduced to quantitatively assess the solvent/solute interaction and the resulting spectral
shifts.'% The effect of solvent polarity on the absorption or emission spectra and Stokes shifts
is interpreted utilizing linear solvation energy relationship (LSER) using a Kamlet-Taft
Equation.'” (Eq. 2.5)

V=vy+snt"+bf +aa (Eq. 2.5)

Where v is the solute property, w is the value of vin a non-interacting reference solvent or in
the gas phase, m* is a measure of both dipolarity and polarizability,'®® a'® and B'% represent
a solute’s ability to donate or accept hydrogen bonds, respectively. The coefficients s, b, and

a are the relative susceptibilities of the solvent-dependent solute property to the corresponding
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solvent parameters (a, B, and *).""° While the Kamlet-Abboud-Taft model uses a single
parameter (7*) to describe both dipolarity and polarizability, Catalan later proposed two
separate scales: one for dipolarity (SdP)'"" and another for polarizability (SP),"'? allowing these
two solvent effects to be considered independently. Additionally, the Gutmann donor number
(DN) and acceptor number (AN) are used to describe the nucleophilic and electrophilic nature
of solvents,"® and the acid-base behavior of solvents can be evaluated using Catalan’s solvent
acidity (SA)""* and basicity (SB)'"® scales.

2.4 Polymer-Based Systems as Dye Carriers

2.4.1 Amphiphilic Block Copolymer Vesicles
Polymers are large macromolecules made up of repeating building blocks called monomers.
When the polymer chain is composed of only one type of monomer, it is known as a
homopolymer. In contrast, copolymers are formed from two or more distinct monomers linked
together within the same chain. If these different monomers are grouped into distinct sections,
the polymer is called a block copolymer (BCP). When one monomer is completely polymerized
before introducing the second monomer, the resulting structure contains two distinct segments
and is called a diblock copolymer.'"® An amphiphilic diblock copolymer consists of a hydrophilic
and a hydrophobic segment. A typical example is poly (ethylene glycol)-block-poly (lactic acid)
(PEG-b-PLA), where the PEG segment is hydrophilic, and the PLA segment is hydrophobic. '’
Amphiphilic block copolymers have attracted significant attention due to their ability to self-
assemble into well-defined nanostructures in aqueous environments. This behavior primarily
arises from the differences in solubility or hydrophilicity between the constituent blocks.'® They
form ordered structures such as spheres, cylinders, lamellae, vesicles, and many other
complex forms of assemblies."'® A molecule's packing parameter (p) determines its probable
self-assembled structure. The dimensionless p is defined in equation 2.6. where v; is the
volume of the hydrophobic segment, ap is the optimal area of the head group, and [; is the

length of the hydrophobic segment (Figure 2.5).

p= Ve (Eqg. 2.6)
aol,

Spherical micelles typically form when p < 1/3. As p increases to the range 1/3 < p £ 1/2,
cylindrical, also known as worm-like or rod-like micelles, are obtained. Vesicles are seen for

1/2< p < 1, while for p =1, lamellar structures are formed.'?° (Figure 2.5)
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Figure 2.5. Simplified schematic illustration of AB diblock copolymer morphologies: (a) sphere,
(b) cylinder, (c) lamella, or vesicle, (d) Parameters of Eq. 2.6 are shown in the cylinder assembly.
Hydrophilic block A is represented in blue, and the hydrophobic block B is in red, with dashed lines
indicating the interface between the two domains in each morphology. Adapted from Mai et al.''®, with
permission from the Royal Society of Chemistry.

Among these assemblies, the BCP vesicles, first introduced in 1995 by the groups of
Eisenberg'and Meijer'?', have attracted significant research interest and are now extensively
investigated for their applications as versatile carriers in biomedical and nanotechnological
fields.?2

Vesicles with well-defined morphologies are commonly prepared using either a solvent-
switch method or film rehydration followed by extrusion to control size distribution.’® In
contrast, giant unilamellar vesicles can be generated through electro formation.'?*

The technique used in this thesis is the solvent-switch method. In this approach, the BCP
is first dissolved in a water-miscible organic solvent capable of solubilizing both hydrophilic and
hydrophobic segments, such as tetrahydrofuran or 1,4-dioxane. Subsequently, a selective
non-solvent, typically water or an aqueous buffer that preferentially interacts with the
hydrophilic block, is gradually added to the stirring solution of the BCP in organic solvent.'?
Self-assembly into vesicles occurs to minimize energetically unfavorable hydrophobic—water
interactions.'?? After several hours of stirring to allow for structural equilibration, excess water
is added to freeze the vesicular structure. Finally, residual organic solvent and unassembled
BCP are removed by dialysis against water to yield purified vesicles.'?®

If the BCP does not dissolve in water-miscible organic solvents but is soluble in a water-
immiscible solvent with chloroform, vesicle formation can still occur through a reversed self-
assembly technique by adding the organic BCP solution to the stirring aqueous phase (3:1
v/v), such as with hyaluronic acid-block-poly (lactic acid) (HYA-b-PLA) vesicle formation. 26

The resulting vesicles are composed of hollow spheres featuring a hydrophobic wall along
with hydrophilic coronas on both the inside and outside.'?” This enables the transportation of
both hydrophilic and hydrophobic cargo molecules in an aqueous environment. Hydrophilic

cargos are encapsulated inside the central aqueous cavity or adsorbed to the hydrophilic
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corona, whereas the hydrophobic molecules are typically embedded in the hydrophobic

membrane core.'?® (Figure 2.6).

Figure 2.6. Schematic illustration of a polymeric vesicle. The hydrophilic block is shown in blue, and the
hydrophobic block is shown in red. Entrapped hydrophilic cargo is illustrated in magenta, while
hydrophobic cargo is in green.

Block copolymers have been developed to react to different kinds of stimuli for the delivery
of stored cargo to the target area for therapeutic and diagnostic applications. These stimuli or
triggers can be physical, chemical, and biological in nature. Physical triggers include
temperature,’® light,'*° ultrasound, " or electric and magnetic fields.'? Chemical triggers can
be changes in pH,™3 ionic strength,”™* or oxidation.”™® Enzymes'*® and metabolites™’ are
examples of biological triggers. For example, Proteinase K, a readily available model enzyme
for the proteinase produced by Pseudomonas aeruginosa,'*® can degrade the vesicles of PEG-
b-PLA by facilitating the hydrolysis of PLA,"® subsequently releasing their cargo during this

process.

2.4.2 Chitosan

Chitin is a naturally occurring polysaccharide composed of B-(1—4)-linked N-acetyl-D-
glucosamine units.' It was first described by Henri Braconnot in 1811, and its name is derived
from the Greek term chiton, meaning a protective covering, highlighting its early identification
in the exoskeletons of fungi, shells, and bones. ™" Similar to the role of cellulose in plants, chitin
provides mechanical strength to cell walls in lower animals and plants with nitrogen-rich
diets.'? Chitin exists in nature as ordered crystalline microfibrils and is the second most
abundant polymer after cellulose.'? Although chitin is widely distributed in nature, its primary
industrial sources are marine crustaceans, particularly shrimp and crabs.'® During the
production of chitin, mineral components, such as calcium carbonate, are first removed using
dilute acid solutions, followed by alkaline extraction to solubilize proteins. Bleaching is often
employed to eliminate pigments and enhance purity and visual quality.'

Chitosan is produced by the deacetylation of chitin through alkaline hydrolysis at elevated

temperatures or enzymatic hydrolysis using enzymes such as chitin deacetylase, during which
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acetamide groups are cleaved to yield the deacetylated polymer.*® The degree of
deacetylation varies from 56% to 99% depending on the production method and species. ¢
Rouget first discovered chitosan by heating chitin in an alkaline medium in 1859."" Hoppe-

Seyer later named it chitosan, but its chemical structure was not clarified until 1950.'48

OH
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Figure 2.7. Chemical structures of (a) chitin and (b) chitosan.

Chitosan is a biocompatible, nontoxic linear aminopolysaccharide with a high nitrogen
content and a rigid D-glucosamine backbone, contributing to its high crystallinity and
hydrophilic nature.™® It is biodegradable as it contains breakable glycosidic bonds.'° Both
amine and hydroxyl groups provide multiple reactive sites for chemical modification and cross-
linking."™'-1>* While it is insoluble in water and most organic solvents, it dissolves readily in
dilute aqueous acids due to protonation of its amino groups (pKa ~6.2)."° Chitosan exhibits
significant intermolecular hydrogen bonding, resulting in high viscosity in solutions.’® As a
cationic biopolymer with high charge density, carrying one positive charge per glucosamine
unit, chitosan interacts with negatively charged entities such as sialic acid residues in mucin,
contributing to its mucoadhesive properties.'” '8 |t also binds to anionic components of
microbial cell membranes and biofilms, leading to membrane disruption and antimicrobial
activity.'%-'! Chitosan promotes hemostasis by adsorbing red blood cells and platelets at the
site of bleeding, facilitating platelet aggregation and thrombus formation.'®? Additionally, its
strong chelating ability toward various metal ions enables its application in metal ion removal
and recovery across diverse industrial processes. %

Chitosan has gained significant attention for its remarkable physicochemical and biological
properties, making it suitable for various applications, including wound healing, '®+'%® drug
delivery systems,®%'7% biomedical applications,’”" tissue engineering,'%'"® cosmetology,'"*
food packaging,'® wastewater treatment,'® beverage clarification,’”” and localized

antimicrobial therapy.'”®

2.4.21 Chitosan Hydrogels

A hydrogel is a polymeric structure composed of chains crosslinked through non-covalent
and/or covalent bonds to form a three-dimensional network that exhibits no flow when in a
steady state.'® These structures possess the ability to retain large amounts of water, causing
the swelling of the structure.'® Gels are biphasic: the consistency of a gel is provided by the

solid phase, which absorbs a tremendous amount of liquid and remains insoluble, and in
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hydrogels, the liquid phase is water.'®' These hydrogels are called physical gels if the origin of
the network is due to physical phenomena (phase separation, sol-gel transition, etc.), which is
reversible, and called chemical gels if the network is due to chemical cross-linking, which is
irreversible.' The biopolymer chitosan can form hydrogels in response to slight pH or ionic
strength changes. Reversible non-covalent interactions, including electrostatic attractions,
hydrophobic forces, hydrogen bonding, and the formation of crystalline regions between
polymer chains, primarily mediate the gelation of physical chitosan hydrogels.®® Chitosan films
can be created by spin-coating chitosan solutions onto substrates like silicon wafers and
glass'®* or by drop-casting on polystyrene, followed by drying.'®

Chitosan-based hydrogels are compatible with living tissues and are widely employed in
186

biomedical applications, including scaffolding materials for tissue engineering,

biodegradable sutures,'®” membranes for hemodialysis,'® wound and burn care.'®®

2.5 Methods Used to Analyze Fluorescent Dyes

2.5.1 Ultraviolet-visible (UV-VIS) Spectrophotometry

Studying pH-sensitive dye usually begins with a simple observation of color changes at
different pH levels. To evaluate the response more accurately, a quantitative method is
needed. For this purpose, UV-VIS spectroscopy is often employed, which records the
absorbance of ultraviolet and visible light across a range of wavelengths. The specific
wavelengths that are absorbed can be directly related to the perceived color of the
compound.'

As a beam of light passes through a solution, it becomes attenuated due to partial
absorption by the molecules present in the solution. The absorbance (A, also known as optical
density) and transmittance (T) can be determined by measuring the intensity of light before
and after it passes through the sample.’' The Beer-Lambert law, shown in Equation 2.7,
describes a linear relationship between absorbance and the product of the molar absorptivity
(€), concentration (c), and path length (d).

I
A= —log (T) =log (70) —ecd (Eq. 2.7)

¢ is a wavelength-dependent constant that reflects the probability of an electronic transition.
This probability is governed by spectroscopic selection rules, particularly the conservation of
spin multiplicity. Allowed transitions, such as ™ — 11 in conjugated organic dyes, are more
probable and exhibit high ¢ values.'®? For highly concentrated dye solutions, if concentration-
dependent reactions or aggregation occur, the ¢ of the resulting species, such as reaction

products or dimers, must be considered.'®?
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2.5.2 Determination of Fluorescence Quantum Yields
The fluorescence quantum yield (®1) is the ratio of the number of photons emitted to the

number of photons absorbed (Eq. 2.8).%®

_ no.of photons emitted (Eq. 2.8)
" no.of photons absorbed

fl

®x primarily depends on the molecular structure of the dye, but is also influenced by external
factors such as temperature,’®* viscosity,'®® polarity,’® and pH'"" of the environment. The
environment of a fluorophore can consist of solvent molecules or other dissolved substances,
as well as coupled biomolecules or a cell membrane. Changes in fluorescence intensity allow
the fluorescent dye to act as a molecular probe, providing insights into specific properties of

the surrounding environment.'®

2.5.2.1 Absolute and Relative Methods

The determination of &y is primarily achieved through two methods: absolute determination
and relative determination. If every absorbed photon were re-emitted as fluorescence, the
quantum yield would be 1 or 100%. In practice, however, non-radiative deactivation pathways
always compete with fluorescence, causing a portion of the absorbed energy to be dissipated
as heat. This heat release forms the basis for absolute quantum yield measurements using
calorimetric techniques, such as the thermal blooming method.'®® While effective, these
approaches require sophisticated experimental setups and rely on a solid theoretical
framework for accurate design and interpretation of the results.?%

For relative determination, the unknown quantum yield of a fluorophore is measured by
comparing it to the known quantum vyield of a standard or reference dye under the same
experimental conditions, such as the geometry of the beam path (e.g. 90° or front face
arrangement), detector gain, and the slit width (or bandpass) in a fluorescence spectrometer.
In this thesis, ®nis determined using the relative method. For accurate determination, both the
sample and reference should exhibit identical absorption at the excitation wavelength, ensuring
they absorb the same number of photons. The quotient of the integrated fluorescence spectra
(Int = area of the fluorescence band) of both solutions, recorded under the same experimental
conditions, gives the ratio of the quantum yields for both dyes, allowing for the straightforward
calculation of the unknown quantum yield. Suppose different solvents are to be used for the
sample and reference because of variations in solubility; this must be considered by
incorporating the two refractive indices n in the calculation. The ®gis given by Eq. 2.9, where
®s and ®r are the fluorescence quantum yields of the sample and reference, respectively.

Ints and Intrrepresent the integrated fluorescence emission (area under the emission band) of
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the sample and reference. Asand Arare the absorbance at the excitation wavelength, and ns

and nrare the refractive indices of the solvent used for the sample and the reference.'®®

Ints 1-107 72 (Eq. 2.9)
IntR 1-— 1O_A5 nRZ

(ps=(pr

Additionally, to minimize reabsorption effects, the absorbance of the solution in a 1 cm
cuvette should be kept below 0.05 for the determination of ®s. At higher concentrations,
internal filter effects can occur, which significantly falsify the measurement. In highly
concentrated samples, the excitation light cannot fully penetrate the solution, thereby reducing
the excitation of molecules located deeper in the cuvette. Also, some of the emitted
fluorescence may be reabsorbed by other dye molecules in the path before reaching the
detector. As a result, the recorded emission spectrum may appear artificially reduced,
particularly on the short-wavelength side. It is also essential to consider how temperature

affects the measurement results.?°’

2.5.2.1.1 Excitation Wavelength Selection in Relative Methods

The excitation wavelength of the sample and reference can be selected in two ways. One
approach is to choose the wavelength at which the long-wavelength absorption bands of the
sample and reference intersect. At this intersection point, both dyes exhibit equal absorbance
despite their individual absorption maxima differing slightly. This is illustrated in Figure 2.8a: at
513.1 nm, the intersection of the absorption spectra of the sample (ATTO 532 carboxy) and
the reference (ATTO 488 carboxy), both solutions show identical absorbance values (0.0183).
Excitation of both sample and reference at this wavelength ensures equal photon absorption
by both dyes, allowing for a more accurate and direct comparison of their fluorescence
quantum vyields.

The second approach involves exciting each dye at its respective absorption maximum. To
ensure a valid comparison, both the sample and reference must exhibit identical absorbance
at their individual excitation wavelengths. As shown in Figure 2.8b, ATTO 532 carboxy and
ATTO 488 carboxy show the same absorbance value (0.0420) at 532 nm and 500 nm,
respectively, and are chosen for the excitation. When using this method, it is essential to
correct for differences in excitation light intensity at the two selected excitation wavelengths.?%?
Modern fluorescence spectrometers address this issue by utilizing a calibrated photodiode to
monitor the wavelength-dependent intensity of the excitation source and any fluctuations over
time. This correction must be activated in the instrument software before data acquisition, as
it cannot be applied after measurement. Additionally, the selected detection range should

cover the entire emission profile of the fluorophore.2%



24 CHAPTER 2: STATE OF KNOWLEDGE
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Figure 2.8. Absorption spectra of ATTO 488 carboxy (blue) and ATTO 532 carboxy (red) in PBS buffer.
The spectra illustrate (a) identical absorbance at the intersection wavelength (513.1 nm) and (b) identical
absorbance at the respective absorption maxima. Reprinted with permission from ATTO-TEC GmbH.2%3
2.5.3 Determination of Fluorescence Lifetime

Fluorescence lifetime (1) refers to the time it takes for the number of excited molecules (n4) to
decrease to 1/e (about 37%) of its initial value. This is given by equation 2.10, where nq(t)
denotes the number of excited-state molecules at time t, n4(0) is the initial population of excited
molecules immediately after excitation, tis the elapsed time, and 7 represents the fluorescence
lifetime.%® The time a photon stays in an excited state depends on the environment of the
fluorescent probe, such as the solvent, temperature, and pH.2%

n,(£) = ny(0)e /D (Eq. 2.10)

The 1 values for the fluorescent dyes were determined using the time-correlated single photon
counting (TCSPC) technique. In this method, the sample is irradiated with periodic laser
pulses, which serve as the start time. Fluorescence photons are emitted after excitation, and
the exact period is measured until the first photon reaches the detector; this point is set as the

end time. This time interval corresponds to the fluorescence lifetime (Figure 2.9).

Laser pulse
Fluorescence |
! photon |
| o | ,
1
I I ': |
\ : . !
1 ] ! !
1 I ! !
1 ! ! .
Start-stop Start-stop
time time

9] 9]
Figure 2.9. Principle of TCSPC: A laser pulse marks the start time, and the arrival of single photons at

the detector defines the end time; the interval between them corresponds to the fluorescence lifetime
(1). Adapted from M. Wahl?%, with permission from PicoQuant GmbH.
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By repeating this process over many excitation-emission cycles and collecting a statistically
significant number of photon arrival times, a histogram of photon counts versus time is
generated, from which the fluorescence decay profile can be reconstructed.?%

Detectors and electronics have a dead time, during which no photon can be registered for
at least a few nanoseconds after a photon event. TCSPC systems are typically designed to
register about one photon per cycle. At a higher rate, the system often registers the first photon
but misses the subsequent ones. This leads to an overrepresentation of early photons in the
histogram, an effect known as pile-up, which significantly affects accuracy.?%

In this thesis, the fluorescence lifetimes of the pH-sensitive dyes in solution were measured
using a TemPro lifetime spectrometer. Typically, intense laser or semiconductor diodes are
used as the excitation light source. In TemPro, a nano LED serves as the light source, with the
wavelength selected based on spectral data. Additionally, choosing an appropriate cut-off filter
helps to block scattered excitation light from reaching the detector.

The sample solutions are prepared with an absorbance of less than 0.1 at the 1 cm cuvette
to prevent reabsorption and concentration quenching. It is also essential to keep the count rate
below 2% of the repetition rate of the pulsed excitation light to avoid pile-up, and the detection
time frame should be sufficiently long (210000 counts). The counting rate can be lowered by
diluting the sample, inserting a neutral density filter in the excitation path to reduce light
intensity, or by using a filter with a longer wavelength cut-off in the emission channel to limit
the detected wavelength range.

To determine the instrument response function, which reflects the performance of the
detection electronics, a scattering solution such as 0.01% Ludox AS40 colloidal silica in water
is measured. This reference measurement can be used later during data analysis to correct
for instrumental effects. The fluorescence decay of the sample is then fitted to a mathematical
model. Theoretically, fluorescence decay follows a mono-exponential function, as expected for
a first-order process similar to radioactive decay. However, a higher exponential curve can
also yield a better fit for the measured points. This may be the case, for example, when multiple
fluorescent species with varying lifetimes are present or when one species exists in two
environments.?% For multi-component processes, a multi-exponential fit is expected. The time-
dependent fluorescence decay, A(t), can be described as a sum of exponential functions

(Eqg. 2.11), where 1, and a; are the lifetime and amplitude of the i'" component, respectively

A(t) =Zai*exp (_—t) (Eq. 2.11)

. Ty
L
Figure 2.10 illustrates an example of the lifetime measurement of a batch of ATTO 647 N
carboxy using the TemPro device. A bi-exponential decay with x> = 1.06 and a standard
deviation uniformly distributed was selected as the most suitable fit. Here, the dominant lifetime

component (3.55 ns) accounted for over 95% of the total amplitude, while the minor component
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(1.77 ns) contributed less than 5%. Also, fitting the data with a mono-exponential model yielded
a comparable x? value of 1.08 and a lifetime of 3.5 ns, indicating that the inclusion of the minor
component had minimal impact on the overall fit quality. Therefore, the lifetime of the dominant
component, 3.5 ns, with a relative amplitude of 95.97%, is considered to represent the

fluorescence decay time of ATTO 647N carboxy in aqueous solution (PBS, pH 7.4) at 22 °C.

' Fitting ... =
100000 A
The fitted parameters are:-
11 - 32.26495 ch; 1.7704E-09 sec
Prompt = Ludox I T = 64.71388 ch; 3.5508E-09 sec |
IFT = 6.3843E-0Z ch; .5031E-1Z sec
B 1l = 3.6835E-03 [ 4.03 Rel.Ampl]
= = 4. - i el. Aup
UeLLy Decay = ATTO B 2 4.3742E-02 ( [25-37 Rel.ampl
647 N carbox G =—H.202266
y CHISQ = 1.058274 [ 805 Deg.Freedon]
/ CALIE = G&.4870E-1ll sec/ch
1000 £ Chi-scuared Probability = 1Z.00841 percent v
:
[

5 :
o
;—’ . . Discard ] Keep |
= = Y
g : E .
100 3 -
.
i i .
J r .
. o i
10 % < sy
- - — -
F -1 [ - 1 T i T T T i =
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Channels
4
2 ’ P Residuals
& # otk AL ottt 8ol R Tl A RO
5 ‘ ‘ | l | 1 Ui | I ]
g
-4
600 700 500 900 1000 1100 1200 1300 1400 1500 1600 1700
Range:
[ = [ ] tow: [670 = High: [1490 -

Figure 2.10. Fluorescence decay of ATTO 647N carboxy (red) fitted with a bi-exponential model. The
prompt signal was recorded using Ludox (blue). Residuals indicate good fit quality (x* = 1.06). The plot
was generated from DAS analysis software (Horiba Scientific).

For the lifetime determination of carborhodols in chapters 4 and 5, biexponential fitting was
employed. Although biexponential fitting was applied to the fluorescence decay data, the
dominant component consistently exhibited a relative amplitude exceeding 95%. The lifetime
associated with this major component was nearly identical to the value obtained from mono-
exponential fitting. Therefore, the lifetime of the dominant species was used to represent the
system's decay behavior. The minor component, contributing less than 5%, was considered

negligible in this context. Details of the exceptions can be found in the respective chapter.

2.5.3.1 Fluorescence Lifetime Imaging Microscopy
For the fluorophore incorporated into polymer networks, Fluorescence Lifetime Imaging
Microscopy (FLIM) is used to determine the lifetime of the fluorophore. The measurement of

fluorescence lifetime using fluorescence decay curves with a confocal microscope is known as
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FLIM, and lifetimes obtained at the pixel level are color-coded to create visual images. As a
result, FLIM provides data on the spatial distribution of a fluorescent molecule, alongside
details about its nano environment.?”” Fluorescence decay curves can be obtained through
TCSPC. To implement time-domain detection in FLIM, a pulsed light source, such as a pulsed
laser, should be installed on the microscope. For detection in scanning microscopy modes, a
photomultiplier tube (PMT) along with dedicated TCSPC electronics or a gated detection
system is required.?®® The sample, usually fixed on a glass slide, is illuminated with a pulsed
laser that has a specific wavelength and pulse rate. A selected region of the sample is scanned
line by line, and TCSPC histograms are generated for each pixel. Details of FLIM

measurements with dye-incorporated hydrogel will be discussed in more detail in Chapter 7.
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3 Synthesis and Characterization of Novel pH-
Sensitive Carborhodol Dyes

The substitution of one of the amine groups in carbopyronine dyes with an oxygen atom yields
the hybrid carborhodol dye. This chapter describes the design and synthesis of nine novel
carborhodol dyes through hydrolytic deamination of carbopyronine precursors in aqueous
hydroxide solutions. This one-step transformation requires the presence of a dimethyl amino
group at one terminal position of the carbopyronine chromophore. Halogenated derivatives
were synthesized to enhance photostability, while carboxylic acid-functionalized compounds
were converted into reactive esters suitable for bioconjugation. Quinoline-derived units were
introduced to increase molecular rigidity and improve photophysical properties. Additionally,
the introduction of sulfonic acid groups enhanced the hydrophilicity of the dye. Notably, this
synthetic approach also enables the simultaneous formation of carborhodol and

carborhopyronine products, thereby increasing overall synthetic efficiency and utility.’

3.1 Introduction and Objective

Asymmetric hybrid fluorophores are created by combining structural motifs from two or more
symmetric dyes, often resulting in novel properties that are not present in the original parent
compounds.?®® One such example is the carborhodol dye, which arises from the combination
of fluorescein and carbopyronine scaffolds (Figure 3.1).#° The replacement of the oxygen atom
at the C-10 position with a quaternary carbon results in an orange-red emission, thereby
reducing cellular autofluorescence, making the uncharged carborhodol dyes particularly well-

suited for microscopy applications compared to conventional xanthene dyes.?'°

O COOH ‘ coo ‘ COOH
CCC CLC L
HO o} o} RaN NR, RoN 0

Fluorescein Carbopyronine Carborhodol
Figure 3.1. General structures of fluorescein, carbopyronine, and carborhodol.
The symmetrical nature of xanthene dyes allows for their one-pot synthesis from phthalic

anhydride and two equivalents of either a 3-dialkylaminophenol (used for rhodamine)?'" or a

" The carbopyronine precursors AZ 229, AZ 234, AZ 43, AZ 481, and AZ 129 were synthesized by
Dr. Alexander Zilles (ATTO-TEC GmbH) and were directly used for the conversion. The re-synthesis of
AZ 233 was carried out as part of this thesis.
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resorcinol (used for fluorescein).?'? The synthesis of carborhodol dyes requires the introduction
of a carbon bridge to the asymmetrically substituted substrate, which makes it challenging and
requires a multi-step process.*® The synthesis of carborhodols was first reported by Sednev et
al. in 2013 (Scheme 3.1).4° They performed a twelve-step synthesis that begins with the
coupling of 3-bromoanisole (1) and 4-nitrobenzoyl chloride in the presence of a Lewis acid,
followed by the reduction of the nitro group, yielding ketone 3. Due to challenges with ketal
protection, the keto group was fully reduced after methylation of the amino group.
Subsequently, ring closure, oxidation, and arylation produced the methylated rhodol molecule
9, which, after amidation and subsequent demethylation, results in carborhodol 12 with an
overall yield of 1.6%. However, the requirement for halogen-lithium exchange at two key steps
limits the synthetic versatility, and employing butyllithium requires specific protecting groups
that can withstand this reagent. The resulting compound 12 was primarily utilized for two-color

fluorescence imaging.
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Scheme 3.1. General approach to the synthesis of carborhodols.#

Later in 2018, Jia et al. reported an alternative synthetic approach towards the carborhodol
skeleton (Scheme 3.2).*' Copper probes were developed by attaching an arylmetal species
with a copper-binding receptor to a carborhodol derivative. These probes show selective turn-

on responses upon Cu*binding. In the synthesis process, the Negishi cross-coupling of methyl
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2-bromo-5-methoxybenzoate and 4-methoxybenzylzinc chloride vyielded methyl
benzylbenzoate 13. Subsequently, ring closure and demethylation produced 15, followed by a
DDQ-mediated oxidation reaction to give dihydroxy-carboxanthone 16. The conversion of the
latter to the corresponding ditriflate 17 with NPhTf, and a subsequent nucleophilic aromatic
substitution with morpholine resulted in the monoamino-substituted carboxanthone 18.
Hydrolysis of the triflate group, followed by protection of the hydroxyl group with TBDMSCI,
arylation, and deprotection, led to carborhodol 19.

MeO co,Me ClZn MeO OMe MeO OMe
L™ oo e LD
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13 14
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Scheme 3.2. Synthesis of carborhodol-based copper sensors.*!

Although Sednev et al.®® discuss the pH equilibrium of carborhodols, which closely
resembles that of the well-known rhodols, they do not provide any reference to the application
or suitability of these dyes as pH sensors or for ratiometric measurements. For the acidic form,
no optical data is available, and the pK, value is unknown. Knowing that the pKa of reported
rhodols ranges from 4.5 to 7,%® and assuming that the pK, of carborhodols should also fall

within this range, which is suitable for the detection of wound infections, motivates the
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synthesis of various carborhodols with different functionalities. The overall aim is to synthesize
photostable carborhodols capable of detecting clinically relevant pH changes. The primary
objectives include, firstly, the preparation of halogenated carborhodols, with an aim to improve
photostability, as fluorinated analogs of fluorescein (e.g., Oregon Green) are known to exhibit
significantly better photostability than the parent fluorophore,?'® and secondly, the introduction
of coupling groups for covalently linking the compound to a scaffold. The third goal was to
introduce particular quinoline units into the fluorophore to increase rigidity, photostability, and
fluorescence quantum yields.?" Apart from the previously mentioned syntheses, no methods
have been reported for synthesizing carborhodol derivatives. Additionally, Sednev et al. could
not synthesize fluorinated carborhodol dyes using their approach. Therefore, there is strong
motivation to develop shorter and more efficient synthetic routes that enable the preparation

of a diverse array of carborhodols with varied functionalities in high yields.

3.2 Results and Discussion

The first synthetic approach developed in this thesis involved the coupling of a methoxy
fragment with an amine fragment, introducing both ends of the chromophore at an early stage,
followed by ring closure and arylation to produce the corresponding carborhodol. This strategy
aimed to reduce the number of synthetic steps and offer flexibility to introduce different
heterocyclic amines, such as tetrahydroisoquinoline and julolidine.

Based on this approach, the synthesis proceeded as follows. The reduction of 2-bromo-4-
methoxy-benzaldehyde provided the corresponding benzylic alcohol 20, while the alkylation of
2,2 ,4-trimethyl-1,2-dihydroquinoline yielded the quinoline fragment 21 (Scheme 3.3). Coupling
of 20 with 21 was attempted in the presence of BCls. As confirmed by mass spectrometry, the
product 22 was formed; however, various column chromatography methods failed to purify the

crude product. A second coupling attempt using glacial acetic acid did not lead to any reaction.
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Scheme 3.3. Attempts to prepare the carborhodol precursor 22.

21
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The alkaline hydrolysis of rhodamines to rhodols has been previously reported; however,
this transformation is generally characterized by prolonged reaction times and low yields
(<30%), but interestingly, further hydrolysis to fluorescein is not observed.?2'S Later,
Grzybowski et al., reported the synthesis of P=0O-bridged rhodols through the hydrolysis of
P=0 rhodamines in basic aqueous solutions, achieving yields of up to 93%.2'® Moreover,
prolonged exposure to aqueous basic conditions generates P=0-bridged fluoresceins. In this
context, the alkaline hydrolysis of different carbopyronines to produce carborhodols directly,
without further hydrolysis to carboxyfluorescein, was attempted, and the reaction conditions
were optimized.

Using this synthetic approach, the preparation of the following nine carborhodols was
possible for the first time. Furthermore, the previously reported carborhodol AS 11, described

by Sednev et al., was also synthesized under the proposed reaction conditions (Figure 3.2).
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Figure 3.2. Structures of synthesized carborhodol derivatives.

This strategy enabled the efficient synthesis of carborhodol derivatives with aryl head
groups (halogenated) and coupling functionalities, with isolated yields reaching up to 70%.

Additionally, this synthesis route enabled the simultaneous production of two valuable dyes:
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the precursor carbopyronine and the product carborhodol. The only prerequisite for this simple
one-step reaction is the presence of a dimethylamino group, at least at one terminal end of the
chromophoric system of the parent carbopyronine compound, as shown in the following

examples of precursors used for the preparation (Table 3.1).

Table 3.1. Carbopyronine precursor compounds used for the carborhodol synthesis.

Compound Structure Precursor of

AZ 229 AS 01
AZ 234 AS 02
AS 03 and AS 07
AZ 233 In an intermediate step, the para-fluorine
is substituted by taurine (AS 03) or 2-
mercaptoethansulfonic acid (AS 07).
AZ 481 AS 10
AZ 43 AS 11
AZ 129 AS 12
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The ATTO-TEC research group has previously optimized the synthesis of carbopyronines,
which can generally be achieved through two different synthetic routes.

Carbopyronine dyes bearing halogenated aryl head groups (e.g., AZ 229, AZ 233, and
AZ 234) were synthesized through the coupling of a quinoline derivative (compound A) with a
halogen-substituted phenol (compound B) in glacial acetic acid. The resulting intermediate
undergoes sulfonation and partial oxidation upon treatment with concentrated sulfuric acid.
Final oxidation and aromatization are accomplished using p-chloranil, yielding the fully

conjugated carbopyronine chromophore C (Scheme 3.4).
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Scheme 3.4. Synthesis of carbopyronine dyes bearing halogenated aryl head groups.

Fragments A and B were synthesized from readily available commercial starting materials.
For the preparation of fragment A used in AZ 233 and AZ 234, an iodine-mediated conjugate
addition of the 3-bromoaniline to mesityl oxide afforded the dihydroquinoline intermediate 23.
Subsequent ethylation produced compound 24. Lithiation of 24 with n-BuLi in Et.O, followed
by condensation with acetone and acidic work-up, yielded the benzylic alcohol 25. Finally,
dehydration using KHSO,4 at elevated temperature produced the precursor 26 in 96% yield
(Scheme 3.5).
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Scheme 3.5. Synthetic route to fragment A used in AZ 233 and AZ 234 preparation.
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Fragment A for AZ 229 was synthesized via a two-step sequence starting from the
corresponding methyl ketone derivative. A Grignard reaction yielded secondary alcohol 27,
and subsequent dehydration using KHSO4 afforded 3-isopropenyl-N,N-dimethylaniline (28) in
93% yield (Scheme 3.6).

\N/©\’rOMe Mg, Iz, CHgl, ag. HCI N KHSO, -
N
| 0] Et,0,50°C ™ 0°C >50°C | OH 140°C,2h,93% |

2h, 92% 27 28

Scheme 3.6. Synthetic route to fragment A used in AZ 229 preparation.

Fragment B derivatives were prepared through a Grignard reaction of the N-methylated
bromoaniline with the corresponding aryl aldehydes, yielding 29a and 29b. The benzylic
alcohols 29a, which bear a dichlorinated aryl moiety, were used in the synthesis of AZ 229 and

AZ 234, while 29b, which contains a perfluorinated aryl group, was specific to AZ 233

(Scheme 3.7).
Ar Ar Ar = C|/©\C| 29a = Fragment B for AZ 229
B AZ 234
N~ THF,85°C>10°C—>rt. N F
| | F F
Ar = 29b = Fragment B for AZ 233
29a-b . .

A

Scheme 3.7. Synthesis of fragment B for AZ 229, AZ 233, and AZ 234.

The synthesis of precursors AZ 43, AZ 481, and AZ 129 proceeds through an anthrone
intermediate (Scheme 3.8). The synthetic route begins with the reduction of a para-substituted
benzaldehyde, which produces the corresponding benzyl alcohol 30. This intermediate
undergoes a Friedel-Crafts alkylation with 3-isopropenyl-N,N-dimethylaniline (28) in the
presence of BCl; as a Lewis acid catalyst. The resulting alkylated product subsequently
undergoes intramolecular cyclization upon treatment with HsPO4, forming the leuco compound
31. Oxidation of 31 using KMnO4 furnishes the corresponding anthrone derivative 32. This keto
intermediate is then subjected to an arylation reaction with an appropriate oxazolone derivative
(either 33a or 33b, depending on the target dye) in the presence of t-BuLi. The final step
involves hydrolysis of the arylated intermediate, affording the fluorescent dyes AZ 43, AZ 481,
or AZ 129.
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Scheme 3.8. Synthetic route for the preparation of AZ 43, AZ 481, and AZ 129.

Any alkaline or alkaline earth hydroxide, such as lithium, sodium, potassium, cesium,
calcium, or barium hydroxide, can be used for the conversion of carbopyronines to
carborhodols. Lithium, sodium, and potassium hydroxide are preferred because of their higher
reactivity. The direct precursor compound is dissolved in an aqueous hydroxide solution.
Organic solvents, such as ethanol, methanol, acetone, or acetonitrile, can be used as co-
solvents to enhance the solubility of the reactants. The reaction time depends on the
concentration of the reactants (precursor and alkali) and the temperature. The best results
were obtained with temperatures between 50 and 90 °C.

For the synthesis of AS 01 and AS 02, the carbopyronine derivatives AZ 229 and AZ 234
were each dissolved in a 1:1 mixture of 0.1 M aqueous LiOH and ethanol, and the reaction
mixture was stirred at 90 °C. Under these conditions, both precursors were efficiently converted
to the corresponding carborhodols (Scheme 3.9a, shows the synthesis of AS 01).

However, several side reactions were observed when the same protocol was applied to
AZ 233. Specifically, nucleophilic substitution at the para-fluorine position led to the formation
of hydroxylated and ethoxylated byproducts. Additionally, the leaving of the head group
generated the corresponding anthrone, alongside the desired carborhodol. The formation of
these byproducts was confirmed by mass spectrometric analysis. To overcome these side
reactions, AZ 233 reacted with sodium 2-mercaptoethanesulfonate to produce AS 06. A
separate reaction with 2-aminoethanesulfonic acid (taurine) afforded AZ 444. These
modifications prevented undesired nucleophilic substitutions at the fluorine site, allowing for
the selective formation of the carborhodol product without significant formation of side products
(Scheme 3.9b shows the synthesis of AS 07).
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Although some anthrone formation persisted, lowering the reaction temperature to 50 °C
partially suppressed this pathway. Due to the distinct polarity difference between the anthrone
and carborhodols, chromatographic separation was straightforward. Moreover, introducing
sulfonic acid moieties improved the overall hydrophilicity of the resulting compounds (Scheme

3.9; one representative example from each synthetic route is shown).

(a) Cl O Cl Cl O Cl

0.1 M aq LiOH
0L “eonmomen LI
\N \N/ ~ o \N °
| | Clo, |
AZ 229 AS 01
SOaNa
Hs 0.1 M agq. LiOH
DIPEA _
DMSO, r.t., 12 h 50 °C, 40 h
94% 51%
CF5CO0

AS 07

Scheme 3.9. Synthesis of (a) AS 01 and (b) AS 07.

To introduce functional groups suitable for covalent binding to an analyte, carbopyronine
derivatives bearing carboxylic acid groups at the aryl substituents (AZ 43, AZ 129, and AZ 481)
were selected as precursors. These compounds were treated with a 1:1 mixture of 2.5 M aq.
NaOH and ethanol at 85°C. NaOH, being more reactive than LiOH, facilitated a faster
conversion under these conditions. As a result, AZ 481, AZ 43, and AZ 129 were successfully
converted into the corresponding carborhodol derivatives AS 10, AS 11, and AS 12,
respectively (Schemes 3.10 and 3.11).

To prevent the formation of the colorless spirolactone form, often undesirable for
fluorescence applications, the ortho-carboxylic acid groups of AS 11 and AS 12 were further

functionalized. Specifically, AS 11 was modified using piperidine-4-carboxylic acid to yield
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AS 14, while AS 12 was derivatized with methyl 4-(methylamino)butanoate to give AS 15.
Multiple attempts to directly generate active esters from AS 11 and AS 12 were unsuccessful.
Consequently, these elongations were carried out via the corresponding acid chloride
intermediates. The resulting elongated compounds AS 14 and AS 15 were then converted into
their respective active esters for coupling applications (Scheme 3.10).

In contrast, for AS 10, the NHS ester formation was feasible at the meta-carboxylic acid
position. Subsequent elongation of this NHS ester with 4-(methylamino) butyric acid furnished
the derivative AS 13 (Scheme 3.11).

1) POCly, CICH,CH,CI
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(@) O OH O OH 2) C>_/<0
HN

OH

_25MagNaOH NEts, CH5CN, r.t., 30 min
oso
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N DCC, NHS N
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, LI, " L,
AS 14 AS 14 NHS

1) POCl3, CICH,CH,CI

(b) 80°C,4h
OH OH 2) MeNH(CH,)3CO,Me

NEts, CH3CN, r.t, 30 min
(0]

2.5 M aq NaOH 0 3) ag. NaOH, THF, r.t., 30 min
O‘O _ EtOH,85°C, 10 h, 54% O“ 67%
)N ITI s N 0

cIo,
)

AZ 129 AS 12
L
OH
0 L/KO DCC, NHS
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N o]
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AS 15 AS 15 NHS

Scheme 3.10. Synthesis of the NHS ester derivatives of (a) AS 14, (b) AS 15.
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Scheme 3.11. Synthesis of AS 13.

3.3 Conclusion and Outlook

In this study, nine novel carborhodols, along with the previously reported carborhodol AS 11
(as described by Sednev et al.), were successfully synthesized via a straightforward hydrolytic
deamination of the corresponding economically produced carbopyronine precursors under
basic conditions. The key requirement for this one-step transformation is the presence of a
dimethyl amino substituent at at least one terminal position of the carbopyronine chromophoric
system. Structural confirmation of the synthesized compounds was achieved through NMR
spectroscopic analysis ('H, *C,'°F, COSY, HSQC, HMBC) and mass spectrometry.

This synthetic approach enabled the efficient preparation of halogenated carborhodols,
which are promising candidates for dye molecules with improved photostability. Additionally,
carborhodols bearing carboxylic acid functionalities were obtained and successfully converted
into reactive esters for covalent conjugation to analytes. Quinoline-derived structural elements
such as tetrahydroquinoline were incorporated to enhance the photophysical properties,
offering increased molecular rigidity and the potential for improved photostability and
fluorescence quantum yields. Moreover, para-fluorine substitution with sulfonic acid derivatives
improved the hydrophilicity of the resulting dyes, which is advantageous for biological
applications. The ability to obtain both carborhodol and carbopyronine products in a single
process further increases the practicality of this strategy.

These results establish a chemical foundation for subsequent pH sensor application of the
resulting carborhodols. Following the evaluation of their pH-responsive behavior (see
Chapter 4), further application of these dyes is envisioned through either physical

encapsulation or chemical incorporation into polymer-based systems. Hydrophilic derivatives
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such as AS 03 and AS 07 are well-suited for integration into vesicular carriers like
polymersomes (see Chapter 6), while the reactive ester-functionalized compounds AS 14 and

AS 15 offer potential for covalent attachment within hydrogel networks (see Chapter 7).

3.4 Experimental Section
The carbopyronine precursors AZ 229, AZ 234, AZ 43, AZ 481, and AZ 129 were synthesized

by Dr. Alexander Zilles and were directly used for the conversion. The re-synthesis of AZ 233

was carried out.

3.4.1 Equipment

NMR spectra were recorded with a Jeol ECZ 500 ('H: 500 MHz, ®C: 125 MHz, and '°F:
470 MHz) at 25 °C. Spectra were analyzed with the software Mestre Nova (version: 12.0.3)
and referenced to the respective solvents DMSO-ds ("H = 2.50, *C = 39.5), CD;0D ('H = 3.31,
3C =49.0), and CDCl; (sH = 7.26, *C = 77.1). Chemical shifts are given in ppm.

Mass spectra were recorded using an Agilent 1260 Infinity Il liquid chromatography system
coupled with an Agilent LC/MSD XT mass selective detector. The Electrospray lonization (ESI)
source operated at a capillary voltage of 4 kV, with nitrogen as the working gas. The capillary
temperature was set to 300 °C. Chromatographic separation was achieved at a flow rate of
0.5 mL/min, while the column temperature was maintained at 30 °C.

High-performance liquid chromatography (HPLC) analysis was conducted using an Agilent
1260 Infinity system equipped with a quaternary pump (G1311B), a diode array detector (DAD;
G1315D), a column compartment with temperature control (25 °C), and an autosampler with
an injection valve. Chromatographic separation was achieved on a Poroshell 120 EC-C18
column (3x100 mm, particle size 2.7 um, pressure limit 1000 bar). The mobile phase consisted
of solvent A (acetonitrile) and solvent B (water containing 0.1% trifluoroacetic acid, TFA). The
flow rate was set to 0.7 mL/min, and detection was performed via UV absorbance using the
DAD module.

Reversed-phase chromatography was carried out using a YMC-DispoPack AT ODS-25
column packed with C18-modified silica (particle size: 25 ym). The separation was performed
at a flow rate of 10 mL/min using a gradient elution system composed of acetonitrile and water,
containing 0.01% trifluoroacetic acid (TFA). Fractions corresponding to the target compound
were collected based on retention time and further analyzed by thin-layer chromatography
(TLC) and high-performance liquid chromatography (HPLC) for purity assessment.

The synthesis and characterization of the compounds are described in the synthesis
section, and the corresponding NMR spectra are provided in the Appendix associated with this

chapter.
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3.4.2 Synthesis
(2-Bromo-4-methoxyphenyl)methanol (20)

To a suspension of LiAlHs (2.58 g, 68.0 mmol) in Et,O (100 mL), a solution of 2-bromo-4-
methoxy-benzaldehyde (22.0 g, 97.2 mmol) in Et.O (400 mL) was added dropwise over 2
hours. Gas evolution was observed at the dropping point. The reaction mixture was stirred at
room temperature for 10 minutes before being cooled in an ice/methanol bath. Subsequently,
the reaction was quenched by slowly adding an aqueous sodium hydroxide solution (w = 5%,
30 mL) over the course of 30 minutes. The precipitate was filtered and washed with Et,O (3 x
40 mL). The combined organic layers were dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. The product 20 was obtained as a yellowish oil (20.5 g,
94.4 mmol, 97%)

"H-NMR (500 MHz, CDCl3): 6 =2.29 (t, 3J =7 Hz, 1 H, 1-CH,0H), 3.78 (s, 3 H, 4-OCHj3),
4.65 (d, 3J =7 Hz, 2 H, 1-CHy), 6.84 (dd, *J =8 Hz, *J =2 Hz, 1 H, 5-H), 7.09 (d, *J = 2 Hz, 1
H,3- H), 7.33 (d, 3*J = 8 Hz, 1 H, 6-H).

7-Bromo-2,2 4-trimethyl-1,2-dihydroguinoline hydrobromide (23)

S 4
6 X3
.
Br7 INT2
8 Hy _

Br
lodine (17.5 g, 69.0 mmol) was added to a reaction mixture of 3-bromoaniline (95.0 mL,
872 mmol) and mesityl oxide (200 mL, 1.74 mol) under a nitrogen atmosphere. Toluene
(400 mL) was added dropwise over 1 hour. The resulting brown solution was heated to 110 °C
and stirred for 18 hours. Upon completion, the reaction mixture was cooled to room
temperature and concentrated under reduced pressure using rotary evaporation. The crude
product was purified by flash chromatography. The collected fractions were concentrated and
dissolved in acetone (1000 mL). Aqueous HBr (w = 48%, 85 mL) was then added dropwise,
resulting in precipitation of the product as its hydrobromide salt, yielding compound 23 as a
brown solid (140 g, 420 mmol, 48%).

"H-NMR (80 MHz, CDCls): & =1.71 (s, 6 H, 2-(CHs)2), 2.09 (d, *J = 2 Hz, 3 H, 4-CH3), 5.68
(d,*J=2Hz,1H, 3-H),7.24 (d,3J =8 Hz, 1 H, 5-H), 7.59 (dd, 3J = 8 Hz, *J =2 Hz, 1 H, 6-H),
8.17 (d, *J =2 Hz, 1 H, 8-H).
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(9-(Dimethylamino)-1-ethyl-2,2,11,11-tetramethyl-6-(perfluorophenyl)-1,2,11,12a
tetrahydronaphtho[2,3-g] quinolin-4-yl)methanesulfonic acid (AZ 233)

Glacial acetic acid (12 mL) was added to a reaction mixture containing 1-ethyl-2,2,4-trimethyl-
7-isopropenyl-1,2-dihydronaphthalene (A) (760 mg, 3.15 mmol) and [4-
(dimethylamino)phenyl](perfluorophenyl)methanol (B) (1.00 g, 3.15 mmol). The brown reaction
mixture was stirred for 3 h at 70 °C (TLC control). After cooling to 0 °C, ag. NaOH (¢ =1 M, 10
mL) and dichloromethane (DCM) (20 mL) were added. The aqueous phase was extracted with
DCM (3 x 20 mL), dried over anhydrous Na>SO4, and concentrated under reduced pressure.
The crude product was redissolved in DCM (20 mL) and added dropwise to concentrated
H2SO4 (w = 96%, 7 mL) at 0 °C under vigorous stirring.

After 12 h, the DCM was removed under reduced pressure. For further oxidation, the crude
product was dissolved in ethanol (10 mL) and added to a solution of p-chloranil (660 mg,
2.68 mmol) in ethanol (40 mL). The reaction mixture was refluxed at 90 °C for 15 minutes,
during which it turned green. After cooling, water (50 mL) and DCM (100 mL) were added, and
the product was extracted with DCM. The organic layer was dried over anhydrous Na>SO,4 and
concentrated under reduced pressure. The product AZ 233 was isolated by reverse phase
column chromatography (C18 modified SiO», 120 g; H.O/CH3CN/TFA 7/3/0.001) as a green
solid (695 mg, 966 pmol, 31%).

HPLC: CH3CN/ H20 + 0.1 v/iv% TFA = 30/70 to 95/5 in 30 min, detection at 676 nm, tr =
7.17 min (>99%).

"H-NMR (500 MHz, CDCls): 6 =1.41 (t, 3J =7 Hz, 3 H, 1-CH2-CH3),1.54 (s, 6 H, 2-(CHs).),
1.74 (s, 6 H, 11-(CH3)2), 2.00 (br. s, 1 H, 4-CH2SO3H), 3.33 (s, 6 H, 9-N(CH3)2), 3.73 (s, 2 H,
4-CH,), 3.79 (q, 3J =7 Hz, 2 H,1-CH;), 5.87 (s, 1 H, 3-H), 6.73 (dd, *J =10 Hz, *J =2 Hz, 1 H,
8-H), 6.96 (s, 1 H, 12-H), 7.02 (d, 3%J = 9 Hz, 1 H, 7-H), 7.04 (d, *J = 2 Hz,1 H,10-H), 7.50 (s,
1 H, 5-H).

BC-NMR (125 MHz, CDCl3): 6 = 14.3 (1-CH,-CH3), 29.3 (2-(CHj3)2), 34.3 (11-(CHs)2), 41.0
(1-CH,), 41.1 (9-N(CHjs),), 41.9 (C11), 53.9 (4-CH>), 61.9 (C2), 109.6 (t, 2Jo—r = 20 Hz, C1’),
111.1 (C10), 111.5(C12), 113.1 (C8), 119.8 (C6a), 121.5 (C5a), 122.7(C4a), 124.2 (C4), 130.1
(C5), 134.7 (C7), 135.3 (C3), 137.1 (C1’), 138.2 (dm, "Jcr = 256 Hz, C3’ & C5’), 142.2 (dm,
'Jcr = 254 Hz, C4’), 144.1 (dm, "'Jc_r = 249 Hz, C2’ & C6’), 146.2 (C6), 153.7 (C12a), 155.1
(C10a), 155.6 (C9), 158.5 (C11a).
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YF-NMR (470 MHz, CDCl3) 6 = -138.2 (dd, 3J = 22 Hz, *J = 7 Hz, 2 F, C2'-F & C6'-F), -
149.9 (t, °3J = 22 Hz, 1 F, C4’-F), -159.2 (ddd, 3J = 21 Hz, *J =7 Hz, 2 F, C3'-F & C5'-F)
LCMS (ESI*): m/z calcd for C32H32FsN203S [M + H]* 619.2, found 619.4.

Remark: The *C-NMR spectrum exhibits broad and low-intensity signals for the C1’, C2’, C3’,
C4’, C5, and C6’ carbon atoms. These signals were tentatively assigned based on their

chemical shifts.

2-(4-(9-(Dimethylamino)-1-ethyl-2,2,11,11-tetramethyl-4-(sulfomethyl)-1,2,11,12a
tetrahydronaphtho[2,3-g] quinolin-6-y1)-2,3,5,6 tetrafluorophenyl) amino)ethanesulfonic acid
(AZ 444)

To a solution of AZ 233 (50 mg, 68 umol) in DMSO (2 mL), taurine sodium salt (51.0 mg,
341 umol) was added. The reaction mixture was stirred at 70 °C for 3 h (HPLC control). The
product AZ 444 was isolated by reverse phase column chromatography (C18 modified SiOo,
40 g; H.O/ CH3CN/TFA 8/2/0.001) as a green solid (50.0 mg, 59.8 umol, 88%).

HPLC: CH3sCN/ H20+ 0.1 viv% TFA = 30/70 to 95/5 in 30 min, detection at 676 nm, fr =
3.73 min (>99%).

"H-NMR (500 MHz, CDs0D): 6=1.41 (t,3J=7 Hz, 3 H, 1-CH,-CHz),1.58 (s, 6 H, 2-(CHs).),
1.79 (s, 6 H, 11-(CHa)2), 3.23 (t, °J =7 Hz, 2 H, CH’), 3.35 (s, 6 H, 9-N(CHj3),), 3.74 (s, 2 H, 4-
CH,), 3.89 (q, *J=7 Hz, 2 H,1-CH,), 3.93 (t, *J =7 Hz, 2 H, CH'), 5.81 (s, 1 H, 3-H), 6.92 (dd,
3J=9Hz,*J=2Hz,1H,8-H),7.12 (s, 1 H, 12-H), 7.22 (d, *J =2 Hz, 1 H, 10-H), 7.33 (d, 3J =
10 Hz, 1 H, 7-H), 7.46 (s, 1 H, 5-H).

BC-NMR (125 MHz, CD;0D): & = 14.3 (1-CH,-CHj3), 29.2 (2-(CHs)2), 34.3 (11-(CHa)2), 41.4
(1-CH), 40.9 (9-N(CHs).), 42.4 (CH>), 42.9 (C11), 52.2 (CH>"), 54.6 (4-CH>), 62.5 (C2), 102.0
(C4), 112.4 (C12), 112.5 (C10), 113.6 (C1’), 114.4 (C8), 121.8 (C6a), 122.3 (C5a), 122.5
(C4a), 124.1 (C4), 131.1 (C5), 137.0 (C3), 137.6 (C7), 139.3 (dm, "Jcr = 223 Hz, C2’ & CB’),
145.4 (dm, 'Jc_r = 250 Hz, C3’ & C5’), 150.3 (C6), 154.1 (C12a), 157.1 (C10a), 157.6 (C9),
159.5 (C11a).

LCMS (ESI): m/z caled for CasHs7F4N3OsS2 [M + H]* 724.2 found 724 4.
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Remark: The *C-NMR and '"H-NMR signals were tentatively assigned based on their chemical
shifts.

2-(4-(9-(Dimethylamino)-1-ethyl-2,211,11-tetramethyl-4-(sulfomethyl)-1,2.11,12a-
tetrahydronaphtho[2,3-g] quinolin-6-yI)-2,3,5,6-tetrafluorophenyl) thio)ethanesulfonic acid

(AS 06)

HO,S

THZI
CH,

S

To a solution of AZ 233 (60.0 mg, 81.9 ymol) in DMSO (3 mL), sodium 2-mercaptoethane
sulfonate (68 mg, 0.41 mmol) and N,N-Diisopropylethylamine (21.0 uL, 123 pmol) were added.
The reaction mixture was stirred at room temperature for 12 h (HPLC control). The product
was isolated by reverse phase column chromatography (C18 modified SiO,, 40 g;
H20O/CH3CN/TFA 8/2/0.001) as a green solid (66.0 mg, 77.2 ymol, 94%).

HPLC: CH3sCN/ H20+ 0.1 viv% TFA = 30/70 to 95/5 in 30 min, detection at 676 nm, fr =
3.86 min (99%).

"H-NMR (500 MHz, DMSO-ds): & = 1.30 (t, 3J = 7 Hz, 3 H, 1-CH,-CHs),1.49 (s, 6 H, 2-
(CH3)2), 1.78 (s, 6 H, 11-(CHa)2), 2.54 (br. s, 1 H, 4-S-CH,-CH2'SOzH), 2.80-2.83 (m, 2 H,
CH'), 3.28-3.30 (m, 2 H, CHy), 3.32 (s, 6 H, 9-N(CHz3),), 3.38 (s, 2 H, 4-CH_), 3.93 (q, 3J =
7 Hz, 2 H,1-CH,), 5.67 (s, 1 H, 3-H), 6.88 (dd, *J =9 Hz, /=2 Hz, 1 H, 8-H), 7.16 (s, 1 H, 12-
H), 7.27 (d, “*J =2 Hz, 1 H, 10-H), 7.32 (d, 3*J =9 Hz,1 H, 7-H), 7.46 (s, 1 H, 5-H).

BC-NMR (125 MHz, DMSO-ds): & = 14.0 (1-CH,-CHj5), 28.7 (2-(CHjs)2), 30.4 (CH,), 33.6
(11-(CH3)2), 39.9 (1-CH.), 40.6 (9-N(CHa)2), 41.4 (C11), 51.6 (CH2"), 54.7 (4-CH), 61.3 (C2),
111.8 (C12), 111.8 (C10), 113.6 (C8), 114.3 (t, 2Jc—r = 21 Hz, C1’), 115.6 (C4’), 118.9 (C6a),
119.6 (C5a), 121.4 (C4a), 124.0 (C4), 129.5 (C5), 134.9 (C3), 134.9 (C7), 143.3 (dm, 'Jcr=
251 Hz, C2’ & C6’), 145.1 (C6), 146.7 (dm, 'Jcr = 250 Hz, C3’ & C5’), 152.4 (C12a), 154.7
(C10a), 155.5 (C9), 157.2 (C11a).

F-NMR (470 MHz, DMSO-ds) 6 = -133.2 (dd, 3J = 26 Hz, *J =11 Hz, 2 F, C2'-F & C6'-F),
-140.4 (dd, 3J =26 Hz, *J =11 Hz, 2 F, C3'-F & C5'-F).

LCMS (ESI*): m/z calcd for CasH37F4N2O6S3 [M + H]* 741.1, found 741.4.
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2-(4-(1-Ethyl-2,2,11,11-tetramethyl-9-o0x0-4-(sulfomethyl)-1,2,9.11 tetrahydronaphtho [2,3-g]
quinolin-6-yl)-2,3,5,6-tetrafluorophenyl) amino)ethanesulfonic acid (AS 03)

AZ 444 (50.0 mg, 59.7 pmol) was dissolved in a 0.1 M aqg. LiOH (10 mL, 1.0 mmol). The
solution was stirred at 50 °C for 50 h (HPLC control). The color changed from green to blue
after about 8 hours of stirring. After the completion of the reaction, the reaction mixture was
acidified to pH 5 using trifluoroacetic acid (TFA). The resulting solution was subjected to
reverse phase column chromatography (C18 modified SiO», 40 g; H.O/CH3CN/TFA 8/2/0.001).
The magenta-colored fractions were collected and concentrated, affording AS 03 as a blue
powder (28.0 mg, 34.5 ymol, 58%).

HPLC: CH3CN/ H20 + 0.1 v/iv% TFA = 15/85 to 95/5 in 30 min, detection at 550 nm, fr =
7.06 min (>99%).

"H-NMR (500 MHz, CDs0D): & = 1.47 (t, 3J =7 Hz, 3 H, 1-CH»-CHs), 1.65 (s, 6 H, 2-(CHs).),
1.78 (s, 6 H, 11-(CHa)2), 3.24 (t, 3J = 7 Hz, 2 H, CH'), 3.79 (s, 2 H, 4-CHy), 3.95 (t, 3J = 7 Hz,
2 H, CH), 4.09 (q, ®*J =7 Hz, 2 H,1-CHy), 5.99 (s, 1 H, 3-H), 6.88 (dd, *J =8 Hz, *J =2 Hz, 1
H, 8-H), 7.30 (s, 1 H, 12-H), 7.33 (d, *J = 2 Hz, 1 H, 10-H), 7.34 (d, 3J =8 Hz, 1 H, 7-H), 7.59
(s, 1 H, 5-H).

3C-NMR (125 MHz, CD30OD): & = 14.6 (1-CH2-CHj3), 28.7 (2-(CHs)2), 33.6 (11-(CHa)2), 42.3
(CHz), 42.8 (1-CH), 42.9 (C11), 52.3 (CH?’), 54.4 (4-CH>), 64.3 (C2), 101.5 (C1’), 114.8 (C12),
116.0 (C10), 117.4 (C8), 123.6 (C6a), 123.9 (C4), 124.3 (C4a), 125.4 (C5a), 131.2 (C4’), 132.3
(C5), 136.1 (C7), 139.0 (C3), 139.4 (dm, "Jcr = 248 Hz, C3' & C5’), 145.6 (dm, "Jcr = 250 Hz,
C2’ & C6’), 150.7 (C6), 155.5 (C10a), 156.9 (C12a), 162.3 (C11a), 166.8 (C9).

F-NMR (470 MHz, CD3;0D) & = -144.0 (d, 3J = 17 Hz, 2F, C2'-F & C6'-F), -160.5 (dd, 3J =
17 Hz, 2F, C3’-F & C5'-F).

LCMS (ESI*): m/z calcd for C32H32FsN2O7S, [M + H]* 697.1, found 697 .4.
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2-(4-(1-Ethyl-2,2.11,11-tetramethyl-9-oxo0-4-(sulfomethyl)-1,2.9,11-tetrahydronaphtho[2,3-g]
quinolin-6-yl)-2,3,5,6-tetrafluorophenyl) thio)ethanesulfonic acid (AS 07)

AS 06 (45.0 mg, 52.6 ymol) was dissolved in 0.1 M aq. LiOH (10 mL, 1.0 mmol). The solution
was stirred at 50°C for 40 h (HPLC control). The color changed from green to blue after about
9 hours of stirring. After the completion of the reaction, the reaction mixture was acidified to
pH 5 using trifluoroacetic acid. The resulting solution was subjected to reverse phase column
chromatography (C18 modified SiO2, 40 g; H-O/CH3CN/TFA 8/2/0.001). The magenta-colored
fractions were combined and concentrated under reduced pressure yielded AS 07 as a blue
powder (22.0 mg, 26.6 ymol, 51%).

HPLC: CH3CN /H20 + 0.1 viv% TFA = 15/85 to 95/5 in 30 min, detection at 550 nm, tr =
7.41 min (>99%).

"H-NMR (500 MHz, CDs0D): 6 =1.48 (t,®*J=7 Hz, 3 H, 1-CH,-CHx), 1.65 (s, 6 H, 2-(CHs).),
1.80 (s, 6 H, 11-(CHz3)2), 3.22-3.26 (m, 2 H, CH?’), 3.41-3.44 (m, 2 H, CH), 3.82 (s, 2 H, 4-
CH.), 4.12 (q,3J=7 Hz, 2 H, 1-CH,), 5.98 (s, 1 H, 3-H), 6.87 (dd, *J=8 Hz, *J =2 Hz, 1 H, 8-
H), 7.28 (d, 3J =9 Hz, 1 H, 7-H), 7.34 (s, 1 H, 12-H), 7.35 (d, *J = 2 Hz, 1 H, 10-H), 7.57 (s, 1
H, 5-H).

BC-NMR (125 MHz, CDs0D): 6 = 14.7 (1-CH,-CH,), 28.6 (2-(CHs)2), 30.5 (CH>), 33.6 (11-
(CHs)2), 43.0 (1-CH), 43.1 (C11), 53.1 (CH.’), 55.1 (4-CH.), 64.6 (C2), 115.2 (C12), 116.1
(C1), 116.3 (C10), 117 (C4’), 117.6 (C8), 122.7 (C6a), 124.2 (C4), 124.6 (C4a), 124.9 (C5a),
132.0 (C5), 135.6 (C7), 139.3 (C3), 145.1 (dm, "Jcr = 247 Hz, C2’ & C6’), 148.3 (C6), 149.1
(dm, "Jor = 250 Hz, C3’ & C5’), 155.4 (C10a), 157.1 (C12a), 162.2 (C11a), 167.0 (C9)

F-NMR (470 MHz, CDs0D) & = -133.6 (dd, 3J = 24 Hz, *J = 11 Hz, 2 F, C2'-F & C6'-F),
-141.0 (dd, 3J =26 Hz, *J =11 Hz, 2 F, C3’-F & C5'-F).

LCMS (ESI*): m/z calcd for CaoH31F4sNO7S3 [M + H]* 714.1, found 714.3.

Remark: The "*C-NMR spectrum exhibits broad and low-intensity signals for the C1’, C2’, C3’,
C5’, and C6’ carbon atoms. These signals were tentatively assigned based on their chemical
shifts.
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10-(2,6-Dichlorophenyl)-7-(dimethylamino)-9,9-dimethylanthracen-2(9H)-one (AS 01)

AZ 229 (140 mg, 260 pmol) was dissolved in a 1:1 mixture of ethanol (20 mL) and 0.1 M aq.
LiOH (20 mL, 2.0 mmol). The reaction mixture was stirred at 90 °C for 7 h (HPLC control). A
color change from greenish blue to blue was observed after 2 h of stirring. Upon completion,
the organic layer was separated using DCM, and the aqueous phase was acidified with TFA
and extracted with DCM (3 x 30 mL). The combined organic extracts were dried over
anhydrous Na,SO4 and concentrated under reduced pressure. The crude product was purified
by reverse phase column chromatography (C18 modified SiO2, 40 g; H.O/ CHsCN /TFA
7/3/0.001). The red-colored fractions were collected and concentrated under reduced
pressure, yielding a sticky residue. This residue was dissolved in MeCN (4 mL) and added
dropwise to a stirring solution of water (5 mL), an aqueous NaClO4 solution (10% w/v, 5 mL),
and aqueous HCIO4 (w = 60%, 400 pL). The mixture was stirred for 30 min, leading to the
precipitation of the perchlorate salt of the compound. The precipitate was collected by filtration
and dried in a desiccator over CaCl,, affording AS 01 as a red powder (56.0 mg, 136 umol,
52%).

HPLC: CH3CN /H20 + 0.1 v/iv% TFA = 30/70 to 95/5 in 30 min, detection at 525 nm, tr =
6.54 min (>99%).

"H-NMR (500 MHz, DMSO-ds): & =1.75 (s, 6 H, 9-(CHa).), 3.52 (s, 6 H, N(CHj3).), 6.87 (dd,
3J=9Hz, 4J=2Hz, 1H, 3-H),6.97 (d, 3J = 8 Hz, 1 H, 4-H), 7.08 (d, 3J = 10 Hz, 1 H, 5-H),
7.15(dd, *J=9Hz, *J=2Hz, 1H,6-H),7.38 (d,*J=2Hz, 1H, 1-H), 7.45 (d, *J =2 Hz, 1 H,
8-H), 7.71 (dd, *J =9 Hz,*J=8Hz, 1 H, 4-H), 7.80 (d, 3J =8 Hz, 1 H, 3’-H), 7.80 (d, 3J = 9 Hz,
1 H, 5-H).

BC-NMR (125 MHz, DMSO-ds): 6 = 32.8 (9-(CHs).), 41.6 (C9), 42.0 (N(CH3)2), 114.2
(C8),115.4 (C1), 116.8 (C3),117.3 (C6), 120.3 (C4a), 121.3 (C10a), 128.8 (C3’ & C5’), 132.4
(C4"),132.6 (C1’), 133.3 (C2’ & CB’), 133.9 (C4), 137.1 (C5), 154.6 (C9a), 156.1 (C10), 158.1
(C7), 158.3 (C8a), 165.9 (C2).

LCMS (ESI*): m/z calcd for C24H21CI,NO [M + H]* : 410.1, found 410.2.
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(6-(2,6-Dichlorophenyl)-1-ethyl-2,2,11,11-tetramethyl-9-ox0-1,2,9.11-tetrahydronaphtho[2,3-
g] quinolin-4-ylYmethanesulfonic acid (AS 02)

AZ 234 (200 mg, 287 pymol) was dissolved in a 1:1 mixture of ethanol (20 mL) and 0.1 M aq.
LiOH (20 mL, 2.0 mmol). The reaction mixture was stirred at 90°C for 7 h (HPLC control). The
color of the reaction mixture changed from greenish blue to blue after 2 h of stirring. Upon
completion, the organic layer was separated using DCM, and the aqueous phase was acidified
with trifluoroacetic acid (TFA) and extracted with DCM (3 x 30 mL). The combined organic
extracts were dried over anhydrous Na>SO4 and concentrated under reduced pressure. The
crude product was purified by reverse phase column chromatography (C18 modified SiO2, 40
g; H20O/ CHsCN /TFA 7/3/0.001). The magenta-colored fractions were collected and
concentrated under reduced pressure, yielding AS 02 as a magenta powder (70.0 mg, 123
pumol, 43%).

HPLC: CH3CN /H20 + 0.1 v/iv% TFA = 20/80 to 95/5 in 30 min, detection at 550 nm, tr =
7.79 min (>99%).

"H-NMR (500 MHz, DMSO-ds): & = 1.36 (t, 3J = 7 Hz, 3 H, 1-CH»-CHs), 1.56 (s, 6 H, 2-
(CHa)2), 1.75 (s, 6 H, 11-(CHj3)2), 3.20 (s, 2 H, 4-CHy), 4.13 (q, 3J = 7 Hz, 2 H,1-CH,), 5.93 (s,
1 H, 3-H), 6.85 (dd, 3*J =9 Hz, *J =2 Hz, 1 H, 8-H), 6.89 (d, *J=9 Hz, 1 H, 7-H), 7.21 (s, 1 H,
5-H), 7.32 (s, 1 H, 12-H), 7.38 (d, *J =2 Hz, 1 H, 10-H), 7.65 (dd, 3J =9 Hz,3J=7 Hz, 1 H, 4"-
H), 7.72 (d, 3J =8 Hz, 2 H, 5’-H, 3"-H).

BC-NMR (125 MHz, DMSO-ds): 6 = 14.2 (1-CH,-CHs), 28.1 (2-(CHjs)2), 32.6 (11-(CHs)z),
41.3 (1-CH,), 41.5 (C11), 52.9 (4-CH>), 62.8 (C2), 113.8 (C12), 115.0 (C10), 116.3 (C8), 120.7
(C6a), 122.1 (Cbha), 123.1 (C4a), 123.2 (C12a), 128.6 (C3’ & C5’), 129.4 (C5), 132.1 (C4’),
132.4 (C1’), 133.2 (C7), 133.3 (C2’ & C6’), 136.2 (C3), 153.6 (C10a), 155.0 (C6), 155.2 (C4),
160.0 (C11a), 164.6 (C9).

LCMS (ESI*): m/z calcd for C3gH29CIoNO4S [M + H]* : 570.1, found 570.3.
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2-(6-(Dimethylamino)-10,10-dimethyl-3-0x0-3,10-dihydroanthracen-9-yl)terephthalic acid
(AS 10)

AZ 481 (100 mg, 176 pmol) was dissolved in a 1:1 mixture of ethanol (7 mL) and 2.5 M aq.
NaOH (7.0 mL, 17.5 mmol). The reaction mixture was stirred at 85 °C for 2 h (HPLC control).
A color change from blue to red was observed within 15 minutes. After the completion of the
reaction, the reaction mixture was cooled to 0 °C and acidified to pH 5 using TFA. The resulting
solution was subjected to reverse phase column chromatography (C18 modified SiO,, 40 g;
H,O/MeCN/TFA 8/2/0.001). The red fractions were combined and concentrated under reduced
pressure, yielding AS 10 as a red powder (42.0 mg, 77.3 umol, 45%).

HPLC: CH3CN /H20O + 0.1 viv% TFA = 15/85 to 95/5 in 15 min, detection at 550 nm, tr =
5.18 min (>99%).

"H-NMR (500 MHz, DMSO-ds): & = 1.68 (s, 3 H, 10-CH3’), 1.79 (s, 3 H, 10-CHj3), 2.95 (s,
6 H, N(CHs),), 6.47 (d, °J = 8 Hz, 1 H, 8-H), 6.51 (d, 3J =9 Hz, 1 H, 1-H), 6.61 (dd, *J = 9 Hz,
4J=2Hz,1H, 2-H), 6.62 (dd, 3J =9 Hz, *J =2 Hz, 1 H, 7-H), 6.95 (d, *J = 2 Hz, 1 H, 5-H),
7.11(d,*J=2Hz,1H,4-H), 743 (s, 1 H, 6'-H), 8.09 (d, °J =8 Hz, 1 H, 3’-H), 8.16 (dd, °J =8
Hz, “J =2 Hz, 1 H, 4-H).

BC-NMR (125 MHz, DMSO-ds): 6 = 33.3 (10-CHs), 34.4 (10-CH3’), 37.8 (C10), 40.0
(N(CHa)z2), 109.2 (C5),112.1 (C7), 112.7 (C4),114.9 (C2), 117.8 (C8a), 121.1 (C9a), 123.9 (C6’)
125.3 (C3’), 128.2 (C1), 128.9 (C8), 129.0 (C9), 130.2 (C4’), 136.9 (C2’), 145.8 (C10a), 147.1
(C4a), 150.6 (C6), 155.3 (C5’), 158.1 (C3),158.0 (C1’), 166.0 (C5’-COOH), 169.0 (C2’- COOH)

LCMS (ESI*): m/z calcd for C26H23NOs [M + H]* : 430.16, found 430.2.

4-(3-Carboxypropyl) (methyl)carbamoyl!)-2-(6-(dimethylamino)-10,10-dimethyl-3-ox0-3,10-
dihydroanthracen-9-yl)benzoic acid (AS 13)
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To a stirred solution of AS 10 (20.0 mg, 36.0 pmol) in anhydrous acetonitrile (10 mL, pre-dried
over 3 A molecular sieves) containing p-toluenesulfonic acid (5 g/L) at 0 °C, N-
hydroxysuccinimide (5.50 mg, 47.8 umol and N,N'-dicyclohexylcarbodiimide (8.05 mg,
38.6 umol) were added. A precipitate occurs immediately after the addition of DCC. The dull
orange colored reaction mixture was stirred at 0 °C overnight (HPLC control). The reaction
mixture was filtered using a 0.2 ym membrane filter to remove the solids. The filtrate was
concentrated under reduced pressure, yielding a magenta-colored residue, which was
redissolved in CH3CN (2 mL), and the active ester of AS 10 was precipitated with diethyl ether
as a red powder (19.0 mg, 35.2 ymol, 98%).

HPLC: CH3CN /H2O + 0.1 viv% TFA = 15/85 to 95/5 in 15 min, detection at 550 nm, tr =
6.64 min (96%).

LCMS (ESI*): m/z calcd for C3oH26N207 [M + H]* : 527.1, found 527.2.

To a solution of AS 10 active ester (19 mg, 36 ymol) in anhydrous DMSO (3 mL), 4-
(methylamino) butyric acid potassium salt (21 mg, 90 umol) was added. The red-colored
reaction mixture was stirred at room temperature for 2 h (HPLC control). The reaction mixture
was then added to Milli-Q water (13 mL) while stirring at 0 °C. The product was isolated by
reverse-phase column for purification (C18 modified SiO;, 12 g; H.O/MeCN/TFA 8/2/0.001),
yielding AS 13 (23.0 mg, 35.8 pmol, 99%) as a red solid.

HPLC: CH3CN /H20 + 0.1 viv% TFA = 15/85 to 95/5 in 30 min, detection at 550 nm, tr =
4.98 min (99%).

"H-NMR (500 MHz, CD30OD): 6 = 1.74 (s, 3 H, 10-CH3), 1.77-1.79 & 1.91-1.97 (m, 2 H,
CH?'), 1.85 (s, 3 H, 10-CHy’), 2.11-2.15 & 2.36-2.41 (m, 2 H, CH.”), 2.95 & 3.06 (s, 3 H, 5'-
CON(CH3)), 3.28-3.31 & 3.54-3.60 (m, 2 H, CH), 3.33 (s, 6 H, 6-N(CHs3).), 6.70-6.73 (m, 1
H, 2-H), 6.83-6.90 (m, 1 H, 1-H), 6.98 (dd, 3J = 9.0 Hz, *J = 2.0 Hz, 1 H, 7-H), 7.03-7.08 (m,
1H, 8-H), 7.25-7.28 (m, 2 H, 4-H & 6’-H ), 7.37 (s, 1 H, 5-H), 7.71-7.76 (m, 1 H, 4’-H), 8.26
(d,3J=8.0Hz, 1H, 3-H)

BC-NMR (125 MHz, CD3;0D): 6 = 23.1 & 24.2 (CH'), 31.2 & 32.2 (CH?"), 32.1 (10-CHj3),
33.2 &37.9 (5'-CON(CHs)), 41.6 (C10), 42.3 (6-N(CHj3)2), 48.2 & 51.7 (CH>), 113.9 (C5), 114.9
(C4), 116.1 (C7), 116.6 (C2), 123.8 (C9a), 124.3 (C8a), 126.7 (C6’), 129.0 (C2’), 129.1 (C4’),
130.4 (C3’),134.4 (C1), 136.4 (C8), (142.5 (C1’), 142.7 (C5’), 153.4 (C4a), 156.3 (C10a), 155.9
(C6), 164.1 (C9), 169.1 (2’-COOH), 171.8 (5’'-CON(CH3)(CH2)3COOH), 172.1 (C3), 175.8 (5’-
CON(CH3)(CH2)3COQOH).

LCMS (ESI*): m/z calcd for C31H32N20s [M + H]* : 529.2, found 529.4.
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2-(6-(Dimethylamino)-10,10-dimethyl-3-0x0-3,10-dihydroanthracen-9-yl)benzoic acid (AS 11)

AZ 43 (0.40 g, 0.78 mmol) was dissolved in a 1:1 mixture of ethanol (50 mL) and 2.5 M aq.
NaOH (50.0 mL, 125 mmol). The reaction mixture was stirred at 85 °C for 8 h (HPLC control).
The color of the solution changed from blue to red within 30 minutes. After the completion of
the reaction, the reaction mixture was cooled to 0 °C and acidified to pH 5 using TFA. The
organic layer was separated using DCM, and the aqueous phase was extracted with DCM (3
x 30 mL). The combined organic extracts were dried over anhydrous Na,SO. and concentrated
under reduced pressure. The crude product was purified by reverse phase column
chromatography (C18 modified SiO2, 120 g; H.O/MeCN/TFA 7/3/0.001). The red-colored
fractions were collected and concentrated under reduced pressure, yielding AS 11 as red
powder (202 mg, 524 pymol, 67%).

HPLC: CH3CN/H20 + 0.1 viv% TFA = 15/85 to 95/5 in 30 min, detection at 550 nm, fr =
8.48 min (>99%).

"H-NMR (500 MHz, DMSO-dg): 6 = 1.67 (s, 3 H, 10-CHj3), 1.78 (s, 3 H, 10-CHg’), 2.93 (s,
6 H, 6-N(CHs)), 6.44 (d, 3J=9 Hz, 1 H, 8-H), 6.47 (d, *J =9 Hz, 1 H, 1-H), 6.59 (dd, 3J = 9 Hz,
4J=2Hz, 1H, 7-H), 6.61 (dd, 3J =9 Hz, *J =2 Hz, 1 H, 2-H), 6.92 (d, *J = 2 Hz, 1 H, 5-H),
7.06 (d, ®*J=8Hz, 1H, 6-H), 7.09 (d,*J =2 Hz, 1 H, 4-H), 7.64 (ddd, 3J=7 Hz, *J =2 Hz, 1 H,
4’-H), 7.70 (ddd, 3J =7 Hz, *J =2 Hz, 1 H, 5'-H), 7.96 (dd, 3J =8 Hz, *J =2 Hz, 1 H, 3'-H), 9.67
(br. s, 1H, 2’-COOH).

BC-NMR (125 MHz, DMSO-dg): & = 33.0 (10-CHs), 34.5 (10-CH3’), 37.8 (C10), 39.6 (6-
N(CHs)2), 109.0 (C5),111.9 (C7), 112.6 (C4),114.7 (C2), 118.5 (C8a), 121.8 (C9a), 123.6 (C6’)
124.5 (C3’), 125.7 (C2’), 128.1 (C8), 128.7 (C1), 128.7 (C9), 129.3 (C4’), 135.2 (C5’), 145.6
(C10a), 147.0 (C4a),150.5 (C6), 155.1 (C1°), 157.9 (C3), 169.8 (2’-COOH).

LCMS (ESI*): m/z calcd for C2sH23NO3 [M + H]* : 386.2, found 386.2.

1-(2-(6-(Dimethylamino)-10,10-dimethyl-3-0x0-3,10-dihydroanthracen-9-yl)benzoyl)
piperidine-4-carboxylic acid (AS 14)
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To a solution of AS 11 (100 mg, 0.2 mmol) in DCM (10 mL), POCI3 (951 pL, 10.2 mmol) was
added. After stirring at 80 °C for 4 h, all volatile materials were evaporated in vacuo, and the
solid residue was dissolved in CH3CN (5 mL). A solution of piperidine-4-carboxylic acid
(129 mg, 1.00 mmol) in CH3CN (5 mL) was added, followed by the addition of NEts (842 pL,
6.00 mmol). After stirring at room temperature for 30 min, all volatile materials were removed
in vacuo. The residue was redissolved in DCM (20 mL) and washed with a saturated aq. NH4Cl
solution. The organic layer was separated, dried with anhydrous Na>SOQs, and the solvent was
removed under reduced pressure. Reverse phase column chromatography (C18 modified
SiOg, 40 g; H.O/CH3CN/TFA 8/2/0.001) yielded AS 14 (67 mg, 0.11 mmol, 55%) as a red solid.

HPLC: CH3sCN/H20 + 0.1 viv% TFA = 15/85 to 95/5 in 60 min, detection at 550 nm, g =
11.97 min (97%).

"H-NMR (500 MHz, CD;0D): & = 1.23-1.34 (m, 4 H, CHy"), 1.67 (s, 3 H, 10-CH3), 1.84 (s,
3 H, 10-CH3"), 2.41-2.48 (m, 1 H, CH>), 2.66-2.71 (m, 1 H, CHy"), 2.94-3.03 (m, 1 H, CH.),
3.49 (s, 6 H, 6-N(CHs3)2), 3.56-3.70 (m, 1 H, CH.), 4.06—4.14 (m, 1 H, CH2), 6.78 (dd, °J=9 Hz,
4J=2Hz, 1H, 2-H), 7.01 (dd, 3J =9 Hz, *J =2 Hz, 1 H, 7-H), 7.20 (d, J = 9 Hz, 1 H, 1-H),
7.30 (d, *J =2 Hz, 1 H, 4-H), 7.33 (d, 3*J =7 Hz, 1 H, 8-H), 7.34 (s, 1 H, 5-H), 7.45-7.47 (m,
1H, 3-H), 7.56-7.60 (m, 1 H, 6'-H), 7.70-7.74 (m, 2 H, 4’-H & 5’-H).

3C-NMR (125 MHz, CDsOD): & = 30.7 (CHy"), 31.2 (10-CHjs), 31.2 (10-CHjs), 36.1 (10-
CH3'), 41.4 (CH2), 41.9 (6-N(CHzs)2), 42.1 (CH2"), 42.9 (C10), 113.8 (C5), 115.8 (C7), 116.3
(C4), 117.1 (C8a), 117.4 (C2), 117.7 (C9a), 123.7 (C9), 128.2 (C6’), 130.5 (C4’ & C5’), 130.7
(C1),131.6 (C3’), 137.0 (C2"), 138.6 (C1), 140.9 (C8), 157.0 (C4a), 159.9 (C6), 160.6 (C10a),
163.3 (C2’-CONCsHgCOOH), 168.8 (C3), 177.6 (C2-CONCsHsCOOH).

LCMS (ESI*): m/z calcd for C31H32N204 [M + H]* : 497.2, found 497 4.

2-(1-Ethyl-11,11-dimethyl-9-0x0-1,2,3,4,9,11-hexahydronaphtho[2,3-g]quinolin-6-yl)benzoic
acid (AS 12)

AZ 129 (0.30 g, 0.48 mmol) was dissolved in a 1:1 mixture of ethanol (35 mL) and 2.5 M aq.
NaOH (35 mL, 87.5 mmol). The reaction mixture was stirred at 85 °C for 10 h (HPLC control).
The color of the solution changed from blue to red after 2 h. After the completion of the reaction,
the reaction mixture was cooled to 0 °C and acidified to pH 5.0 using TFA. The organic layer
was separated using DCM, and the aqueous phase was extracted with DCM (3 x 30 mL). The

combined organic extracts were dried over anhydrous Na>SO., and concentrated under
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reduced pressure. The crude product was purified by reverse phase column chromatography
(C18 modified SiO», 120 g; H>O/CH3CN/TFA 8/2/0.001). The red-colored fractions were
collected and concentrated under reduced pressure, yielding AS 12 as a red solid (110 mg,
259 umol, 54%).

HPLC: CH3CN/H20 + 0.1 viv% TFA = 30/70 to 95/5 in 15 min, detection at 550 nm, tr =
5.12 min (>99%).

'H-NMR (500 MHz, DMSO-dg): & = 1.10 (t, 3J = 7 Hz, 3 H, 1-CH,-CHs), 1.64 (s, 3 H, 11-
CHs), 1.73 (s, 3 H, 11-CHg’), 1.75-1.80 (m, 2 H, 3-H), 2.36-2.47 (m, 2 H, 4-H), 3.23 (t, 3J =
7 Hz, 2 H, 2-H), 3.44 (q, ®*J = 7 Hz, 2 H,1-CH,), 6.13 (s, 1 H, 5-H), 6.44 (d, 3J=9 Hz, 1 H, 7-
H), 6.59 (dd, ®*J =8 Hz, *J =2 Hz, 1 H, 8-H), 6.78 (s, 1 H, 12-H), 7.08 (d, 3J = 8 Hz, 1 H, 6'-H),
7.09 (d, *J =2 Hz, 1 H,10-H), 7.63 (ddd, 3J =7 Hz, *J = 2 Hz, 1 H, 4-H), 7.70 (ddd, 3J = 7 Hz,
4J=2Hz, 1H,5-H),7.95(d, 3J=7Hz, 1H, 3-H).

BC-NMR (125 MHz, DMSO-ds): 6 = 10.4 (1-CH,-CH,), 21.4 (C3), 27.1 (C4), 33.1 (11-CH3’),
34.4 (11-CHs), 37.7 (C11), 44.9 (1-CH,), 48.0 (C2), 107.5 (C12), 112.8 (C10), 114.8 (C8),
117.3 (C5a), 121.9 (C4a), 122.1 (C6a), 124.2 (C6’), 125.0 (C3’), 126.2 (C2’), 127.6 (C5), 128.7
(C6), 129.1 (C7), 129.4 (C4’), 135.1 (C5’), 144.7 (C11a), 146.0 (C12a), 147.6 (C10a), 158.2
(C1’), 158.5 (C9), 169.8 (C2’-COOH).

LCMS (ESI*): m/z calcd for C2sH27NO3 [M + H] : 426.2, found 426.3.

4-(2-(1-Ethyl-11,11-dimethyl-9-0x0-1,2.3,4,9,11-hexahydronaphtho[2,3-g] quinolin-6-yl)-N-
methylbenzamido)butanoic acid (AS 15)

To a solution of AS 12 (80.0 mg, 148 umol) in DCM (10 mL), POCI; (704 L, 7.50 mmol) was
added. After stirring at 80 °C for 4 hours, all volatile materials were evaporated in vacuo, and
the solid residue was dissolved in CH3CN (5 mL). A solution of methyl-4-(methylamino)
butanoate (97 mg, 0.74 mmol) in CH3sCN (5 mL) was added, followed by the addition of NEts3
(842 uL, 6.00 mmol). After stirring at room temperature for 30 min, all volatile materials were
removed in vacuo. The residue was redissolved in DCM (20 mL) and washed with a saturated
aq. NH4Cl. The organic layer was separated, dried with anhydrous Na>SOs, and evaporated.
For the hydrolysis of the ester group, the crude product was stirred for 5 h at room
temperature in a mixture of H20O (22 mL), THF (34 mL), and aq. NaOH (c=1 M, 1.4 mL). Acetic

acid (23 mL) was added, and the mixture was evaporated to dryness. Purification of the crude
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product by reverse phase column chromatography (C18 modified SiO2, 40 g; HoO/CH3CN/TFA
8/2/0.001) yielded AS 15 (63 mg, 98.6 umol, 67%) as a red solid.

HPLC: CH3CN/H20 + 0.1 v/iv% TFA = 15/85 to 95/5 in 15 min, detection at 550 nm, tr =
6.56 min (>99%).

"H-NMR (500 MHz, CDs0D): & =1.41 (t, 3J = 7 Hz, 3 H,1-CH,-CHa), 1.43-1.50 (m, 2 H,
CH>"), 1.70 (s, 3 H, 11-CH3), 1.80 (s, 3 H, 11-CH3’), 1.83—-1.90 (m, 2 H, CH,"), 1.96-2.05 (m,
2 H, 3-H), 2.65-2.70 (m, 2 H, 4-H), 2.94 (s, 3 H, 22CON(CHz3)), 3.17-3.38 (m, 2 H, CH>), 3.76
(t,3J=6.0Hz, 2 H, 2-H), 3.83-3.98 (m, 2 H, 1-CH,), 6.79 (dd, 3*J=9.0 Hz, *J=2.0 Hz, 1 H, 8-
H), 6.97 (s, 1 H, 5-H), 7.13 (d, 3J=9.0 Hz, 1 H, 7-H), 7.28 (s, 1 H, 12-H), 7.30 (d, *J = 2.0 Hz,
1 H, 10-H), 7.43-7.47 (m, 1 H, 6’-H), 7.62-7.65 (m, 1 H, 3’-H), 7.69-7.73 (m, 2 H, 4-H & 5'-
H).

BC-NMR (125 MHz, CD;0D): 6 = 12.3 (1-CH,-CH3), 21.8 (C3), 23 (CH2'), 27.6 (C4), 31.7
(CH2"), 32.1 (11-CHy’), 35.2 (11-CHj3), 37.9 (2'-CON(CHs)), 42.5 (C11), 47.5 (CHy), 49.1 (1-
CH;), 52.2(C2),113.4 (C12),115.7 (C10), 116.5 (C8), 124.0 (C5a), 124.3 (C6a), 127.5 (C4a),
128.4 (C3’), 130.4 (C4’ & C5’), 131.7 (C6’), 135.5 (C2’), 137.4 (C7), 137.4 (C1’), 137.4 (CH),
155.8 (C10a), 157.5 (C12a), 160.9 (C11a), 162.9 (C6), 166.3 (C9), 170.6 (C2’-CONCHj3),
176.2 (C2’-CON(CHs)(CH2)sCOOH).

LCMS (ESI*): m/z calcd for Cs3H3sN204[M + H]* : 525.2, found 525.4.

2,5-dioxopyrrolidin-1-yl 1-(2-(6-(dimethylamino)-10,10-dimethyl-3-0x0-3,10-
dihydroanthracen-9-yl) benzoyl) piperidine-4-carboxylate (AS 14 NHS)

0
O-N
O~
o
i o
L v

To a stirred solution of AS 14 (45.0 mg, 73.7 pmol) in MeCN (10 mL), at 0 °C, NHS (17.0
mg, 147 ymol) and DCC (31.0 mg, 0.147 mmol) were added one after the other. A precipitate

(dicyclohexylurea) formed immediately after the addition of DCC. The ice bath was removed,
and the red-colored reaction mixture was stirred for 40 h (HPLC control). Small amounts of
NHS and DCC were successively added to complete the reaction. The reaction mixture was
filtered using a 0.2 ym membrane filter to remove the solids. The filtrate was concentrated
under reduced pressure, yielding a red-colored residue, which was redissolved in CH3CN
(2 mL). The active ester of AS 14 was precipitated by the addition to diethyl ether/n-hexane
(1:1) and obtained as a red powder (43.0 mg, 72.4 ymol, 98%).
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HPLC: CH3CN /H2O + 0.1 v/iv% TFA = 15/85 to 95/5 in 15 min, detection at 550 nm, {r =
6.5 min (89%).
LCMS (ESI*): m/z calcd for C3sH3sN3Os [M + H]* : 594.2, found 594 .4.

2,5-Dioxopyrrolidin-1-yl 4-(2-(1-ethyl-11,11-dimethyl-9-0x0-1,2,3,4,9,11-
hexahydronaphtho[2,3-g] quinolin-6-yl)-N-methylbenzamido)butanoate (AS 15 NHS)

NL

To a stirred solution of AS 15 (35.0 mg, 54.8 mmol) in MeCN (10 mL), at 0 °C, NHS (13 mg,
0.11 mmol) and DCC (23 mg, 0.11 mmol) were added one after the other. A precipitate

(dicyclohexylurea) formed immediately after the addition of DCC. The red-colored reaction
mixture was stirred for 30 h at r.t. (HPLC control). Small amounts of NHS and DCC can be
successively added to complete the reaction. The reaction mixture was filtered using a 0.2 um
membrane filter to remove the solids. The filtrate was concentrated under reduced pressure,
yielding a magenta-colored residue, which was redissolved in CH3sCN (2 mL). The active ester
of AS 15 was precipitated by the addition to diethyl ether/n-hexane (1:1) and obtained as a
magenta powder (32.0 mg, 51.5 ymol, 94%).

HPLC: CH3CN /H20 + 0.1 v/iv% TFA = 15/85 to 95/5 in 15 min, detection at 550 nm, tr =
7.4 min (87%).

LCMS (ESI*): m/z calcd for C37H39N306 [M + H]* : 622.2, found 622.4.

A model reaction was conducted using benzylamine as the nucleophilic amine to assess
the coupling efficiency of newly synthesized NHS esters. A stock solution of benzylamine (0.1
v/Iv%) was prepared by diluting 100 pyL of benzylamine in 100 mL of anhydrous MeCN.
Subsequently, 500 uL of this solution was added to 1 mg of the respective NHS esters (AS 14

or AS 15), and the mixture was allowed to react at room temperature for 30 minutes.

HPLC analysis (CHsCN /H2O + 0.1 viv% TFA = 15/85 to 95/5 in 15 min) showed the
appearance of new peaks at retention times of 7.1 min (AS 14 NHS) and 7.8 min (AS 15 NHS),
indicating successful amide bond formation between the NHS esters and benzylamine, which

confirms the coupling efficiency of the synthesized esters.
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Attempts towards the synthesis of 6-(2-bromo-4-methoxybenzyl)-1-ethyl-2,2.4-trimethyl-1,2-

~o Br N
K

Under a nitrogen atmosphere, a solution of (2-bromo-4-methoxyphenyl)methanol (20) (1.00
g, 4.61 mmol) and 1-ethyl-2,2,4-trimethyl-1,2-dihydroquinoline 21 (928 mg, 4.61 mmol) in DCM
(30 mL) was cooled to -15 °C using an ice/methanol bath. A solution of BCl; in DCM (5.5 mL,

5.53 mmol) was added dropwise over 20 minutes, during which the reaction mixture changed

dihydroquinoline (22)

from green to brown. After the addition was complete, the reaction mixture was stirred at room
temperature for 60 minutes. Upon complete conversion of 20 (TLC control), the reaction
mixture was cooled to 0 °C and quenched by the addition of 10% aq. NaOH, followed by water
(50 mL). The organic phase was separated using DCM (3 x 25 mL). The combined organic
layers were washed with water (30 mL) and dried over anhydrous Na,SO.. After filtration, the
solvent was removed under reduced pressure. Mass spectrometry confirmed the presence of
the expected product; however, attempts to purify them by column chromatography were

unsuccessful.

Second attempt
Glacial acetic acid (5 mL) was added to a mixture of 20 (500 mg, 2.30 mmol) and 21 (463 mg,

2.30 mmol), and the reaction mixture was stirred at room temperature. After 1 hour, TLC

analysis indicated no product formation. The temperature was then increased to 60 °C and

subsequently to 100 °C; however, no reaction progress was observed.
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4 pH-Dependent Photophysical Properties of
Carborhodol Dyes

To assess the suitability of the newly synthesized carborhodol dyes, discussed in Chapter 3,
for application as pH indicators, their pH-responsive photophysical properties were
investigated in aqueous buffer and ethanol. All compounds exhibited notable pH-dependent
spectral changes, with increased absorbance and fluorescence intensity under basic
conditions. The determined pK, values (5—7) indicate suitability for sensing applications in
physiological environments such as wound dressings. Deprotonation induced a planar,
conjugated structure, leading to enhanced absorption, fluorescence quantum yield, and
lifetime. Notably, the N,N-dimethylamino-substituted carborhodol derivative AS 01, showed up
to 48-fold higher fluorescence in its basic form relative to the acidic form. The dyes also
demonstrated superior photostability compared to the standard pH indicator fluorescein and
the common NIR fluorescent label Cy 5. These results highlight the potential of carborhodols
for use as dual-mode pH sensors, capable of functioning both as colorimetric and fluorogenic

probes in bioresponsive materials.

4.1 Introduction and Objective

Rhodols are neutral fluorophores characterized by an asymmetric electron density, with their

electronic structure represented by neutral and dipolar forms (Scheme 4.1).%°

Ar Ar
7 A 2 - X = 0, C(CHj3),, Si(CH3),, P(=O)Ph, Se
-~ ‘ O R = H, alkyl, aryl, cyclic chain
R,N X i S Ar = Aryl head grou
oN 6 - i 2 30 RoN X (o) y group

Scheme 4.1. Resonance structure of rhodol showing neutral (left) and dipolar (right) forms. The general
position numbering of the rhodol chromophore is illustrated in its neutral form.

Rhodol derivatives can be structurally modified to alter the conjugation pathway, thereby
tuning their photophysical properties, which allows one to obtain the desired compound
suitable for various applications. Rhodol derivatives with X = O (O-rhodol) containing an
unsubstituted amino group demonstrate a strong fluorescence at 516 nm. The introduction of
an alkyl (Alk) or aryl (Ar) substituent at the amino group increases the electron-donor strength
of the amino group, which results in a bathochromic shift of ~10-15 nm of the absorption and
emission maxima.®* A more pronounced red shift (~25 nm) is observed in rhodols containing
fully annulated C-N bonds, such as those incorporating a julolidine moiety, due to the restricted

rotation around the amino group.?'’
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The aryl group, oriented orthogonally to the xanthene framework, reduces the sensitivity of
the fluorophore’s m-conjugated system to nucleophilic attack.2'® Additionally, introducing a
bulky substituent at the ortho-position of the aryl head group enhances fluorescence efficiency
by restricting the rotation of the aryl part, thereby minimizing the non-radiative deactivation
pathways in the excited state.?'%?2° Furthermore, functionalizing amino R groups enables the

development of targeted probes.??'

The Dewar-Knott rule states that electron-donating groups
(EDG) at the meso-position (C9) and the bridging position (C10) cause a hypsochromic shift,
while electron-withdrawing groups (EWG) induce a bathochromic shift of the absorption
maximum (Figure 4.1).22

EWG - Red shift
EDG - Blue shift

N
Targetmgfunchon\} O

Alk —>'\4 X x\ e}
Redshift of A/ QU_a_ntum
10-15 nm ' efficiency
Redshift
about 25 nm

Figure 4.1. The effect of substituents on the optical properties of rhodols.

The presence of an ionizable phenolic hydroxyl group makes the rhodols sensitive to pH.
In the case of carborhodols, they exist in their deprotonated dye form under basic conditions,
while acidic conditions favor the protonated species (Scheme 4.2). Each of these forms

exhibits distinct pH-dependent optical properties, including absorption and emission.

Ar Ar
908
| | .
acidic form basic form

Scheme 4.2. The protonation-deprotonation equilibrium of general carborhodols.

Most of the reported O-rhodol pH-sensors are fluorescence on/off probes; in many cases,
structural modifications in the chromophore promote the non-fluorescent spirocyclic (closed)
forms, which open under acidic conditions (dye form), thereby restoring fluorescence.??-2%

The pKa values of O-rhodol derivatives typically range between 4.5 and 7,34 and Si-rhodol
is reported to have a pK, of ~6,°2 making them suitable for biological pH monitoring. In
contrast, P(=0)-rhodols exhibit lower pK, values (3.7-4.0),2'® which limits their applicability in
physiological contexts such as wound dressings. Previously reported carborhodol derivatives

have primarily been explored as fluorescent imaging agents and copper-responsive probes.
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However, their potential application as pH sensors or for ratiometric pH measurements has not
been investigated, and no pKs values or optical data for their protonated forms have been
reported.

In this chapter, the influence of pH on the photophysical properties, such as absorption,
emission, fluorescence quantum yield, and fluorescence lifetime, of newly synthesized
carborhodol compounds (see Chapter 3, Figure 3.2) is investigated. Given that rhodol dyes
are known to exhibit greater photostability than their parent compound fluorescein, the
photostability of both the acidic and basic forms is also assessed, as this property is essential

for reliable long-term pH monitoring.

4.2 Results and Discussion

4.2.1 Absorption Properties
The dependence of the absorption properties of carborhodols on pH was determined using

photometric acid-base titrations in Britton Robinson buffer at pH levels ranging from 2.0 to 10
(Figure 4.2).
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Figure 4.2. pH-dependent absorption spectra of (a) AS 02 and (b) AS 15. Arrows in the spectra indicate
the development of absorption bands as the pH increases. The red trace corresponds to the spectrum
at pH 2, and the blue trace represents the spectrum at pH 10. Insets show the absorbance at 627 nm
(AS 02) and 599 nm (AS 15) as a function of pH, with the red line denoting the best fit of the experimental
data to the theoretical isotherm of a weak acid; the pKa is determined from this plot. The corresponding
visible color changes of (c) AS 02 and (d) AS 15 at different pH values.

All the carborhodol dyes exhibit significant spectral changes with increasing pH. Among the

ten synthesized carborhodol derivatives, two representative compounds, AS 02, which bears
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a halogenated aryl head group, and AS 15, featuring a coupling functionality, are discussed
here.

In the case of AS 02, at acidic pH (pH 2), the absorption spectrum displays a broad band
centered at 545 nm (red trace), corresponding to the protonated form of the dye. As the pH
increases, this band gradually diminishes, while a new, narrow band with a higher absorbance
emerges at 627 nm (blue trace), corresponding to the deprotonated form of the dye. The
spectral shift is accompanied by a visible color change from magenta to sky blue (Figure 4.2c).
The gradual shift in color across the pH range confirms the dye’s capability for colorimetric pH
sensing and monitoring pH changes in the wound by the naked eye. The measurement of the
absorption spectrum at different pH clearly shows a well-defined isosbestic point in the visible
region at 571 nm, indicating the conversion between two defined species, i.e., the protonated
(acidic) and deprotonated (basic) form (Scheme 4.2). Additionally, less pronounced isosbestic
points are also observed in the UV region at 300, 314, 334, and 407 nm. The absorption at
Amax = 627 nm was plotted against the pH value of the solution, and the experimental data were
analyzed by a fit to the theoretical model for weak acids (Henderson—Hasselbalch)??’, giving a
pKa value of 5.6 (Figure 4.2a, inset).

For AS 15, the protonated form exhibits a broad absorption band centered at 515 nm,
whereas the deprotonated form displays a narrow band at 599 nm. In addition to the isosbestic
point at in the visible region (553 nm), isosbestic points are also observed in the UV region at
289, 338, and 401 nm (Figure 4.2b). The color gradually changes from pink to violet as the pH
increases (Figure 4.2d). The pK, of AS 15 was determined to be 6.3, based on the sigmoidal
fit of the absorbance at 599 nm versus pH (Figure 4.2b, inset). The remaining carborhodols
exhibited similar trends. The results are summarized in Table 4.1, and the plot of absorption
vs pH is provided in the Appendix associated with this chapter (Figure S1).

The protonated form of the carborhodol derivatives exhibits an absorption spectrum
characterized by a broader and less structured band. This spectral feature is indicative of a
molecular conformation that is either less rigid or less planar than its deprotonated counterpart.
Such structural characteristics enable a more diverse population of vibrational states during
the electronic transition, consequently contributing to the broadening of the absorption band.8?
Furthermore, the positive charge at the amine, combined with the presence of the hydroxyl
group, restricts the effective delocalization of the 1-electron system across the chromophore,
which in turn leads to higher energy absorption.” Together, these structural and electronic
features account for the broader and less intense absorption property of the acidic form.

Upon deprotonation under basic conditions, a redshifted, intense, and narrow absorption
band emerges. This bathochromic shift reflects the formation of a phenolate anion, which
enhances Tr-electron delocalization across the chromophore and promotes a more planar,

quinoid-like structure. The time-dependent density functional theory (TD-DFT) studies of O-
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rhodols have demonstrated that they possess a perfectly planar arrangement in their basic
form, which facilitates effective p-orbital overlap between the terminal nitrogen and the
oxygen.?'® The narrow bandwidth of the absorption band suggests a rigid and well-defined
geometry in both the ground and excited states, minimizing vibrational broadening .22

The compounds exhibit pKa values in the range from 5 to 7, indicating that the pKa is only
slightly affected by changes in molecular structure and the introduction of different
substituents. This flexibility allows the structure to be adapted to desired optical and chemical
properties without significantly altering the critical pKa. A slight decrease in pKa is observed for
dyes bearing halogenated aryl head groups compared to those with carboxy-substituted aryl
groups. This trend can be attributed to the inductive electron-withdrawing effects of the
substituents at the 9-aryl position, which although not part of the conjugated chromophore, are
electronically coupled through o-bonds. For example, AS 01 (with a dichlorophenyl head
group) shows a relatively low pK, of 5.2, whereas AS 10, AS 11, and AS 13 (with
carboxyphenyl head groups) exhibit pK; values of 6.1— 6.2, even though all of them possess
the same chromophoric system (Table 4.1). The chlorine atoms exert a stronger inductive
effect than the carboxylate (-COO") group through o-bonding, effectively withdrawing electron

density from the xanthene core and stabilizing the phenoxide anion, thus lowering the pKa.

Table 4.1. Absorption maxima and molar extinction coefficients of ten carborhodol derivatives,
measured in acidic (pH 3) and basic (pH 10) aqueous buffer solutions, along with their pKa values
determined using Britton-Robinson buffer (pH range 2—10). For the acidic form, A (igher abs.)/A (lower abs.) iS
given.

Dye pKa Acidic form (pH 3 buffer) Basic form (pH 10 buffer)
Aabs, (NM) e(M'cm™) Aabs, (NM) e(M'cm™)
AS 01 5.2 518/551 35000 594 73000
AS 02 5.6 545/581 31000 627 83600
AS 03 5.6 548/591 16000 632 36000
AS 07 5.6 547/590 15000 635 33000
AS 10 6.2 511/545 14000 575 56000
AS 11 6.1 510/545 13000 573 75000
AS 12 6.6 511/545 17000 587 35000
AS 13 6.2 512/547 15000 578 72000
AS 14 5.7 516/549 22000 586 50000
AS 15 6.3 515/551 20000 599 50000

AS 01 exhibits a bathochromic shift of 20 nm in its basic form relative to analogues AS 10
and AS 11, and 16 nm compared to AS 13. This red shift is likely due to the enhanced
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stabilization of the polarized excited state by the electron-withdrawing chlorine atom in the
phenyl head group of AS 01. The incorporation of a fused cyclohexane ring, as seen in
analogues AS 02, AS 03, and AS 07, resulted in a more pronounced bathochromic shift
compared to AS 01. Specifically, the acidic forms of these dyes, along with the basic form of
AS 02, exhibited shifts of approximately 30 nm. For the basic forms of AS 03 and AS 07, an
even larger shift of about 40 nm was noted. These bathochromic shifts are primarily attributed
to the restricted rotation of the amino group enforced by the fused ring, which significantly
increases the planarity and rigidity of the chromophore, thereby promoting more efficient 1r-
electron conjugation. In AS 03 and AS 07, the combination of the fused ring with strong
electron-withdrawing substituents, four fluorine atoms as opposed to two chlorine atoms,
further amplifies this effect, resulting in greater red shifts. Additionally, the fused-ring system
in AS 12 induces a bathochromic shift 13 nm in its basic form when compared to AS 11. In the
acidic form of all dyes, protonation of the amino group reduces its electron-donating ability,
thereby disrupting conjugation. This could be the reason for the minimal changes in the
absorption maximum upon varying substitutions compared to the basic form. Consistently
across the series, as exemplified by AS 02 and AS 15, the basic forms of all dyes exhibit higher

molar extinction coefficients (¢) than their corresponding acidic forms (Table 4.1).

4.2.2 Fluorescence Properties

The pH-dependent fluorescence properties of the synthesized carborhodol dye, including
fluorescence turn-on ratio, quantum yield, and fluorescence lifetime, were investigated in
aqueous buffer solutions at pH 3 and pH 10, corresponding to their protonated (acidic) and
deprotonated (basic) forms, respectively. In addition, these photophysical parameters were
measured in ethanol under both acidic (EtOH with 0.1% v/v TFA) and basic (EtOH with 0.2%
v/v DIPEA) conditions.

Fluorescence Turn-On Ratio

For all dyes, the basic form is strongly fluorescent in comparison to its acidic form, both in
aqueous buffer and in ethanol. To quantify this difference, fluorescence turn-on ratios were
calculated using the relative quantum yield method, as described in Chapter 2.5.3. In this
approach, the basic form of each dye was used as the reference standard, with its quantum
yield arbitrarily set to 100. The quantum yield of the corresponding acidic form was then
determined relative to this reference. The resulting ratio represents the fluorescence
enhancement of the basic form and is referred to as the fluorescence turn-on ratio. Each form
was excited at its respective absorption maximum, ensuring matched absorbance at the

excitation wavelength. The fluorescence turn-on ratios, emission maxima of both acidic (a) and
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basic (b) forms, and Stokes shifts in aqueous buffer and in EtOH of all compounds are
summarized in Table 4.2.

Table 4.2. The turn-on ratio, emission maximum of acidic (a) and basic (b) forms (T = 23 °C, Abs. =
0.04-0.05 in a 1 cm cuvette, Aexc = Aabs (Table 4.1) for each dye, Aabs in EtOH is given in Chapter 5
(Tables 5.1 to 5.5); and Stokes shifts (Aem—Aabs) in aqueous buffer and EtOH.

Dye Buffer EtOH
Turn on Aem (NM) Stokes Turn on Aem (NM) Stokes
ratio alb Shift (nm) ratio alb shift (nm)
alb alb

AS 01 48 619 (b) 24 (b) 62 618 (b) 45 (b)
590 (a) 72 (a) 603 (a) 32 (a)

AS 02 4.0 659 (b) 32 (b) 8.0 661 (b) 48 (b)
660 (a) 115 (a) 674 (a) 113 (a)

AS 03 36 662 (b) 30 (b) 36 663 (b) 48 (b)
649 (a) 101 (a) 648 (a) 82 (a)

AS 07 3.6 669 (b) 34 (b) 8.0 674 (b) 59 (b)
653 (a) 106 (a) 655 (a) 90 (a)

AS 10 38 605 (b) 30 (b) 49 593 (b) 38 (b)
586 (a) 76 (a) 592 (a) 34 (a)

AS 11 17 602 (b) 28 (b) 36 595 (b) 40 (b)
586 (a) 76 (a) 587 (a) 32 (a)

AS 12 1.9 615 (b) 27 (b) 1.5 607 (b) 35 (b)
599 (a) 88 (a) 594 (a) 34 (a)

AS 13 27 605 (b) 27 (b) 48 599 (b) 41 (b)
586 (a) 74 (a) 588 (a) 31 (a)

AS 14 29 614 (b) 28 (b) 44 614 (b) 48 (b)
597 (a) 81 (a) 596 (a) 34 (a)

AS 15 1.7 624 (b) 25 (b) 1.5 628 (b) 40 (b)

625 (a) 110 (a) 600 (a) 35 (a)
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Among the ten synthesized carborhodol derivatives, two representative compounds were
selected for detailed photophysical analysis. The N,N-dimethylamino-substituted derivative
AS 01 exhibited the highest fluorescence turn-on ratio. In contrast, AS 02, which contains a
fused-ring system at the amino position, exhibited a comparatively lower turn-on ratio, thereby

allowing for a more distinct observation of its emission band in the acidic form (Figure 4.3).
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Figure 4.3. Fluorescence spectra of carborhodol dyes recorded in aqueous buffer at pH 10 (blue trace)
and pH 3 (red trace). Emission spectra of (a) AS 01, excited at their respective absorption maxima:
518 nm (pH 3) and 594 nm (pH 10), and (b) AS 02, excited at 545 nm (pH 3) and 627 nm (pH 10).
Photographic images of dye solutions in pH 3 (left) and pH 10 (right) buffers under 365 nm UV
illumination for (c) AS 01 and (d) AS 02, illustrating the pronounced fluorescence enhancement under
basic conditions. These solutions were used to record the emission spectra shown in the figure above.
For each pair (acidic and basic forms), the absorbance was adjusted to a constant value in the range of
0.04—-0.05 in a 1 cm cuvette, at the excitation wavelength to ensure comparability of fluorescence

intensity.

As shown in Figure 4.3a and b, the emission profile of the dye changes significantly with
pH. At pH 10 (blue trace), corresponding to the dye's basic form, a strong and narrow
fluorescence emission band is observed at 619 nm for AS 01 and at 659 nm for AS 02.
Conversely, at pH 3 (red trace), both dyes exhibit significantly reduced fluorescence intensities
with broader emission bands, with maxima at 609 nm for AS 01 and 660 nm for AS 02. The
basic form of AS 01 shows a 48-fold higher fluorescence than the acidic form, and the turn-on
ratio for AS 02 is 4. Photographs of the corresponding dye solutions under UV illumination
(Figure 4.3c and 4.3d) visually confirm the spectroscopic findings. In both cases, the dye in
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basic solution emits brightly, whereas the acidic solution exhibits weak fluorescence for AS 02
(Figure 4.3d) and practically non-fluorescent to the naked eye for AS 01 (Figure 4.3c) under
UV irradiation.

Figures 4.4 and 4.5 illustrate the fluorescence enhancement of the basic form of all the dyes
in aqueous buffer and EtOH, respectively. The emission spectra of the remaining carborhodol
derivatives in aqueous buffer and EtOH are provided in the Appendix associated with this

chapter (Figure S2 and Figure S3, respectively).

(b)

| . |

Figure 4.4. Photographic images of dye solutions in pH 3 (left) and pH 10 (right) buffers under 365 nm
UV illumination for (a) AS 03, (b) AS 07, (c) AS 10, (d) AS 11, (e) AS 12, (f) AS 13, (g) AS 14, and (h)
AS 15. Each pair has the same absorbance in the range of 0.04—0.05 in a 1 cm cuvette.

(d).
(h).

(9)

Figure 4.5. Photographic images of dye solutions in acidic EtOH (left) and Basic EtOH (right) under
365 nm UV illumination for (a) AS 01, (b) AS 02, (c) AS 03, (d) AS 07, (e) AS 10, (f) AS 11, (g) AS 12,
(h) AS 13, (i) AS 14, and (j) AS 15. Each pair has the same absorbance in the range of 0.04—0.05in a
1 cm cuvette.
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The compounds can be effectively used either as ratiometric or as fluorogenic sensors, e.g.,
to determine the pH of the surrounding medium or environment, or its change during a
chemical reaction, a biochemical process, or a metabolic process. The visual difference
highlights its utility as a fluorescent turn-on probe in pH-responsive wound dressings. A
dressing material with these dyes incorporated would exhibit strong fluorescence
(fluorescence turn-on) in chronic wound conditions, and while low or no fluorescence
(fluorescence turn-off) would occur in healing wounds.

Carborhodol derivatives bearing fused-ring systems through fully annulated C-N bonds,
such as AS 02, AS 07, AS 12, and AS 15, generally exhibit lower turn-on ratios compared to
those bearing N,N-dimethylamino substituents, except AS 03. Furthermore, all compounds,
except AS 03, AS 12, and AS 15, exhibit enhanced turn-on behavior in ethanol compared to
aqueous buffer, while these three analogues display similar turn-on ratios in both media. In
line with their absorption properties, the presence of a fused cyclohexane ring, as present in
AS 02, AS 03, and AS 07, induces a notable bathochromic shift of approximately 40-50 nm in
both solvent environments relative to AS 01, which can be attributed to the reduced rotational
freedom of the amino substituent and enhanced 1r-conjugation across the dye scaffold. In
particular, the acidic form of AS 02 in ethanol exhibits a red shift of 71 nm. Similarly, the
incorporation of a fused-ring system in AS 12 results in an approximately 10 nm red shift in
both its basic and acidic forms compared to its structural analogue AS 11 in both solvents.

These compounds exhibit notably large Stokes shifts, typically ranging from 20 to 120 nm.
In particular, the protonated (acidic) forms in aqueous buffer display pronounced Stokes shifts
between 74 and 115 nm. A large Stokes shift is very beneficial for multiplexing applications,
where various dyes are excited simultaneously at one single wavelength and their spectrally
separated fluorescence is detected within different emission channels. The spectral separation
of excitation light with optical filters is easier for dyes with a larger Stokes shift. This results in
a better signal-to-noise ratio and thus a higher detection sensitivity.

An additional advantage of the compounds is their absorption and fluorescence at
wavelengths above 550 nm or even above 600 nm in the red region of the visible spectrum. In
this spectral region, there is little inherent natural fluorescence in biological samples. Lower
absorption and less scattering of light with increasing wavelength enable a greater depth of
penetration of the excitation light into samples like blood and tissue.?? This facilitates a more

reasonable and sensitive pH detection in biofilms or infected wounds, respectively.

Fluorescence Quantum Yield and Lifetime

The fluorescence quantum yields (®s), of the carborhodol dyes were determined using
established relative methods with well-characterized standards. For measurements in basic
conditions (pH 10 buffer), ATTO 647N carboxy (®s = 65% in PBS)?* was used as the
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reference. Under acidic conditions (pH 3 buffer), the sample was compared against two
standard fluorophores: rhodamine 6G (®s = 95.5% in EtOH)?*' and rhodamine B (®n= 34% in
pH 3 buffer, at T = 23 °C, as determined by comparative measurements with rhodamine 6G in
EtOH). For measurements in ethanol, ATTO 647N carboxy (®n= 88% in acidic EtOH) served
as the reference for the basic form, while rhodamine 6G (®n= 95.5% in EtOH) was used for
the acidic form. The reference and sample were excited at their respective absorption maxima,
with absorbance matched at the excitation wavelengths.

An example of the fluorescence spectral distribution for the sample AS 12, along with the

reference standards, is presented in Figure 4.6.
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Figure 4.6. Fluorescence spectra of AS 12 in its (a) basic and (b) acidic forms in buffer for the
determination of the fluorescence quantum yield. The red trace corresponds to the emission spectrum
of AS 12, while the blue trace represents the respective standard. Measurements were conducted at
23°C with absorbance values of 0.04—0.05 in a 1 cm pathlength cuvette.

Consistent with observations for AS 01 and AS 02, the basic form of AS 12 displayed a
relatively sharp emission band centered at 615 nm, whereas the acidic form showed a
significantly broader emission profile, spanning from 590 to 630 nm, with a maximum at 599
nm. The @5 of remaining carborhodols (both acidic and basic forms) in aqueous buffer and in

EtOH is summarized in Table 4.3.
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Table 4.3. Fluorescence quantum yield of acidic and basic forms of carborhodols in buffer and EtOH
(T=23°C, Abs. =0.04-0.05 in a 1cm cuvette, Aexc = Aabs (Table 4.1) for each dye, Aabsin EtOH is given
in Chapter 5 (Tables 5.1 to 5.5).

Dye ®n (%) Pn (%)
Basic form Acidic form

Buffer EtOH Buffer EtOH
AS 01 35 66 0.60 1.1
AS 02 15 41 3.2 4.2
AS 03 7.5 26 0.16 0.61
AS 07 5.8 19 1.5 2.2
AS 10 38 89 1.6 1.1
AS 11 40 79 2.0 1.7
AS 12 49 91 22 44
AS 13 43 75 1.3 1.6
AS 14 36 78 1.1 1.8
AS 15 48 72 22 46

Since the fluorescence quantum yield is directly proportional to the fluorescence lifetime (7),
both of which reflect the efficiency of radiative versus non-radiative decay processes,®® the
same trend with the quantum yield values is observed in lifetime measurements as well. The
fluorescence lifetimes of both the basic and acidic forms of the dyes in their respective buffer
and EtOH conditions were determined using the TCSPC technique, as described in Chapter
2.5.3, and the compilation of the measured fluorescence lifetimes is provided in Table 4.4.
From the bi-exponential fit, the lifetime of the dominant species was used to represent the
system's decay behavior. The minor component, contributing less than 5%, was considered

negligible in this context.
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Table 4.4. Fluorescence lifetimes of the acidic and basic forms of carborhodols measured in buffer and
ethanol. The quality of fits was assessed using reduced x? values and the distribution of weighted
residuals. For the basic form, bi-exponential fits with x? values between 0.900 and 1.200 and an even
distribution of the residuals were selected as optimal. For the acidic form with very short lifetime
components (7 < 0.2 ns), bi-exponential fits with slightly elevated x? values (1.2—1.4) were accepted due
to the increased fitting complexity.

Dye 7, (ns) 7, (ns)
Basic form Acidic form

Buffer EtOH Buffer EtOH
AS 01 1.8 3.9 0.20 0.07
AS 02 1.2 3.0 0.50 0.60
AS 03 0.64 2.1 0.30 0.16
AS 07 0.56 1.7 0.23 0.36
AS 10 2.2 4.3 0.16 0.16
AS 11 2.2 4.2 0.10 0.10
AS 12 2.9 4.3 1.5 3.1
AS 13 2.2 4.3 0.16 0.35
AS 14 1.9 4.2 0.21 0.35
AS 15 2.7 4.2 1.6 29

In all cases, the basic form of the carborhodol dyes exhibits both higher fluorescence
quantum yields and longer fluorescence lifetimes compared to their acidic form. Among the
basic forms, AS 12 showed the highest fluorescence efficiency, with &5 values of 49% in
aqueous buffer and 91% in ethanol, and corresponding lifetimes of 3.0 ns and 4.4 ns,
respectively. In contrast, AS 07 displayed the lowest @5 in the basic form, with values of 5.8%
in buffer and 19% in ethanol, and lifetimes of 0.56 ns and 1.7 ns, respectively. The markedly
reduced emission of AS 07 in its basic form is demonstrated in Figure 4.4b, where its
brightness is significantly lower than that of the other dyes.

For the acidic form, AS 12 and AS 15 exhibited the highest fluorescence quantum yields,
with values of 22% for both in buffer, and 44% and 46% in EtOH, and AS 12 also showed the
longest fluorescence lifetime in the acidic form, with 3.2 ns in ethanol and 1.5 ns in buffer,
followed closely by AS 15, which had a lifetime of 1.6 ns in buffer. In contrast, AS 03 exhibited
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the lowest @5 in the acidic form, with values of only 0.64% in buffer and 0.16% in ethanol. The
shortest fluorescence lifetimes in the acidic form were observed for AS 11, with 0.10 ns in both
buffer and ethanol, and AS 01, which also showed 0.10 ns in ethanol.

The fluorescence characteristics of the dye can be explained based on the structural
differences between its protonated (acidic) and deprotonated (basic) forms, as shown in
Scheme 4.2. In the basic form, deprotonation induces a planar, extensively conjugated -
system that facilitates delocalization of excited-state electron density across the molecule.?®
This structural rigidity suppresses nonradiative relaxation pathways, promoting efficient
fluorescence and resulting in a high quantum yield and prolonged fluorescence lifetime. The
emission spectrum of the basic form strongly overlaps with the absorption spectrum,
accompanied by relatively narrow spectral bands (Figure 4.7a), a typical characteristic of
symmetric, rigid fluorophores like rhodamines, and indicates minimal geometric reorganization
and dipole moment change upon excitation, resulting in a small Stokes shift.232

In contrast, the acidic form exhibits significantly reduced fluorescence efficiency. This can
be attributed to disrupted conjugation and increased conformational flexibility, particularly
around the protonated amino group in non-fused analogues bearing an N,N-dimethylamine
group, which enhances nonradiative decay processes. The absence of strong mirror-image
symmetry between the absorption and emission spectra, with broader bands in the acidic form
(Figure 4.7b), and the larger Stokes shift observed for the acidic form, supports the idea that
there are more electron distribution changes during excitation, followed by excited-state

structural relaxation and nonradiative deactivation.*?
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Figure 4.7. Normalized absorption and emission spectra of AS 01 in (a) its basic form and (b) its acidic
form in buffer. (T = 23 °C, Abs. = 0.04-0.05 in a 1 cm cuvette, Aexc = Aabs).

Incorporation of the terminal amino groups into a rigid ring system increases the
chromophores structural rigidity, which typically enhances fluorescence quantum yield by
suppressing nonradiative decay pathways.?' This trend is also observed in the current study.

However, the effect of rigidification is more pronounced in the acidic form than in the basic
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form of the dyes. For instance, AS 12, a ring-fused analogue of AS 11, exhibits a moderate
increase in quantum yield and fluorescence lifetime in the basic form, from 40% to 49%, and
from 2.2 ns to 3.0 ns, respectively. In contrast, the acidic form shows a substantial
enhancement: the quantum yield increases from 2% (AS 11) to 22% (AS 12), and the lifetime
from 0.1 ns to 1.5 ns. These results support the conclusion that fluorescence quenching in the
acidic form is primarily due to the free rotation of the protonated terminal amino group, which
facilitates nonradiative decay. Restricting this motion through ring fusion significantly reduces
quenching and improves the fluorescence properties of the acidic form. Consequently, the
fluorescence turn-on ratios of the ring-fused analogues (AS 02, AS 07, AS 12, and AS 15),
except AS 03, are lower compared to their N,N-dimethyl analogues (Table 4.2).

AS 02 is the ring-fused analogue of AS 01. As discussed earlier, the acidic form of AS 02
exhibits an increase in both fluorescence quantum yield (from 0.6% to 3%) and lifetime (from
0.2 ns to 0.5 ns), consistent with the suppression of nonradiative decay due to rigidification. In
contrast, the basic form of AS 02 exhibits a decrease in both quantum yield (from 35% to 15%)
and lifetime (from 1.8 ns to 1.2 ns), compared to AS 01. This unexpected reduction may be
attributed to the presence of a double bond within the fused ring system, which has been
reported to diminish fluorescence efficiency relative to fused systems lacking such
unsaturation.?® |t is possible that the quenching effect introduced by the double bond offsets
the fluorescence-enhancing benefit typically conferred by increased rigidity. This interpretation
is further supported by AS 12, a structurally related ring-fused analogue of AS 02 that lacks
the double bond and demonstrates improved quantum vyield (49%) and lifetime (3 ns) in the
basic form. Experimentally, this hypothesis could be validated by hydrogenating AS 02 to
remove the double bond and re-evaluating its photophysical properties. Similarly, other fused-
ring compounds such as AS 03 and AS 07, which also contain a double bond, display reduced
quantum yields and lifetimes in their basic forms, providing additional support to this structure-
property relationship.

The acidic form of AS 03 also exhibits a reduced fluorescence quantum yield, which
contributes to the exceptionally higher fluorescence turn-on ratio (36) observed for this ring-
fused carborhodol dye. The distinct behavior of AS 03 compared to its analogue AS 07 may
arise from the presence of a protonated amino group in the taurine moiety. This positively
charged site could influence the excited-state dynamics by introducing additional nonradiative
decay pathways. In general, the quantum yield and fluorescence lifetime of the dyes increase
when moving from aqueous buffer to ethanol, due to reduced hydrogen bonding and lower
non-radiative quenching.?' For example, in AS 13, a carborhodol with a terminal N,N-dimethyl
amino group, the basic form shows a substantial increase in @ (43% to 75%) and lifetime
(2.2 ns to 4.3 ns), while the acidic form changes only slightly (®s: 1.3% to 1.6%; lifetime: 0.2

ns to 0.4 ns). This leads to a higher fluorescence turn-on ratio in ethanol. In the ring-fused
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analog, for example, AS 15, the quantum yield of both the basic and acidic forms significantly
increases (basic ®n: 48% to 72%; acidic ®n: 22% to 46%), reflecting greater solvent sensitivity
in both states. As discussed previously, acidic forms of rotation-allowed analogs possess
efficient internal non-radiative decay pathways, making them less responsive to solvent
changes. For ring-closed analogs, turn-on ratios are generally similar in both solvents, except
for AS 03 and AS 07, which exhibit higher turm-on in ethanol. This may be due to additional
solvent interactions, and further investigation is needed. Solvent effects are discussed in more
detail in Chapter 5.

4.2.3 Photostability Assessment

Compared to the parent fluorescein, rhodols offer greater photostability.®* High chemical and
photochemical stability is essential for future applications. The photostability experiment is
designed to measure the photodegradation (decrease in absorbance) of the dye solution as a
function of time of irradiation. It was measured under stress conditions by irradiation of both
acidic and basic forms in aqueous buffer solutions with a 575 W mercury halide lamp.
Fluorescein was used as a pH-sensitive dye standard for the shorter wavelength region, and
Cyanine 5 (Cy5), a commonly used NIR fluorescent label, for the long wavelength region, along
with the particularly photostable red-emitting dye ATTO 643.

Photostability was assessed by monitoring the decrease in absorbance at Amax over time
during continuous irradiation. The retained absorbance at each time point was calculated as
(At/ Ao) x 100, where Ag is the absorbance at t = 0. The resulting values were plotted against
the irradiation time to assess the rate and extent of photodegradation (Figure 4.8). The
photostability profile of both acidic and basic forms in aqueous buffer over 24 hours
(1440 minutes) of continuous irradiation is provided in the Appendix associated with this

chapter (Figure S4).
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Figure 4.8. Photostability profile of the (a) acidic form and (b) the basic form in pH 3 and pH 10 buffer,
respectively, over 3.5 hours of continuous irradiation (575 W mercury halide lamp).
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The photostability of the acidic form was comparable to that of the highly photostable,
hydrophilic dye ATTO 643 (Figure 4.8a), and both forms are photostable than that of the
commercially available dyes fluorescein and Cy5. As a general trend, the acidic forms of all
dyes demonstrated a superior photostability as compared to their corresponding basic forms.
Moreover, dyes containing halogenated aryl head groups exhibited greater resistance to
photodegradation than those bearing carboxy-substituted aryl groups. For instance, in the case
of the fluorinated analog AS 03, the basic form displayed only 3% loss in absorbance after 210
minutes of irradiation and 10% after 1440 minutes. In contrast, the acidic form of AS 03
remained highly stable, showing no observable degradation after 210 minutes and less than
1% degradation after 1440 minutes of continuous exposure (Figure S5). Additionally, no shift

of the absorption maximum was detected, indicating structural stability (Figure 4.9).
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Figure 4.9. Absorption spectra of AS 03 recorded during the photostability experiment over 24 hours in
(a) pH 3 buffer and (b) pH 10 buffer.

According to Sun et al.,, the enhanced resistance to photobleaching of fluorinated
derivatives may be due to the shorter ftriplet lifetimes, which diminish the likelihood of
photochemical processes, or to the generally lower (photo)chemical reactivity of fluorinated
compounds, likely due to their ability to stabilize the aromatic system and suppress
photochemical degradation pathways in comparison to their non-fluorinated analogs.?'®

In the case of AS 10, featuring a carboxylic acid coupling functionality, the basic form of
AS 10 showed 16% and 68% degradation after 210 and 1440 minutes, respectively, whereas
the acidic form degraded by only 2% and 30% over the same time periods (Figure S4). After
1440 minutes of irradiation, the acidic forms of AS 10 and its elongated structural analog AS 13
exhibited hypsochromic shifts of 13 nm and 15 nm, respectively, in their main absorption
bands, and 17 nm and 26 nm, respectively, in their secondary absorption maxima. Additionally,
both absorption bands of AS 10 and AS 13 had nearly converged in intensity (refer to
Figure 4.10a for AS 10 and to Figure S5 for AS 13). This spectral behavior is possibly

attributable to the demethylation of the protonated amine functionality under prolonged
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irradiation. No shift of the absorption maximum was observed for the basic form of AS 10 and
AS 13 after 1440 minutes of irradiation (refer to Figure 4.10b for AS 10 and to Figure S5 for
AS 13).
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Figure 4.10. Absorption spectra of AS 03 recorded during the photostability experiment over 24 hours
in (a) pH 3 buffer and (b) pH 10 buffer.

Among all dyes, the basic forms of those bearing carboxy-substituted aryl groups exhibited
the highest degree of photodegradation, with AS 12 showing the most pronounced decrease
in absorbance. This could be due to the formation of carboxylate anions under basic conditions,
which can facilitate reactivity through interactions with solvent molecules or reactive oxygen
species. Additionally, the basic forms of AS 12 and its elongated analog, AS 15, displayed
about a 20 nm hypsochromic shift after 1440 minutes of continuous irradiation (Figure S5),
potentially due to the amine dealkylation.

Due to the hydrophobic nature of dye AS 01, it was not possible to dissolve it sufficiently in
aqueous buffer to reach an absorbance of 1. As a result, buffer conditions were excluded from
the photostability tests. Instead, photostability was evaluated in acidic and basic ethanol
solutions along with AS 02, AS 03, AS 07, and AS 10 (Figure 4.11).
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Figure 4.11. Photostability profile of the (a) acidic form and the (b) basic form in EtOH over 3.5 hours
of continuous irradiation.
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Under Ethanol conditions, AS 01 exhibited high stability in its acidic form, with no detectable
degradation after 210 minutes (Figure 4.11a). In contrast, a 22% decrease in absorbance was
observed in the basic form over the same period (Figure 4.11b). AS 02, AS 03, AS 07, and
AS 10 exhibited comparable photostability in ethanol and buffer under both acidic and basic
conditions. This suggests that AS 01 likely follows a similar photostability trend in buffer, and
that the overall stability behavior of these dyes remains consistent across different solvent
environments.

Figure 4.12 presents photographs of the dye solutions in both acidic and basic forms before
and after 1440 minutes of continuous irradiation. Corresponding absorption spectra and
degradation profiles over the 24 hours are provided in the Appendix (Figures S5 and S$4,

respectively).

Figure 4.12. Photographs of the dye solutions before and after 24 hours of irradiation. Cuvettes contain
dye solutions in buffer, arranged (left to right) as: ATTO 643, Cy5, Fluorescein, AS 02, AS 03, AS 07,
AS 10, AS 11, AS 12, AS 13, AS 14, and AS 15. Panels show: (a) Dyes in pH 3 buffer at 0 min, (b)
dyes in pH 10 buffer at 0 min, (c) dyes in pH 3 buffer after 1440 min of irradiation, and (d) dyes in pH 10
buffer after 1440 min of irradiation.

Under these photochemical stress conditions, both Cy5 and fluorescein exhibited complete
bleaching, with no visible color remaining in either pH state after 24 hours. In contrast, all
carborhodol dyes demonstrated superior photostability. The acidic form of all carborhodols and
the basic form of carborhodols with halogenated aryl head groups retained their color visibly
even after prolonged exposure (Figure 4.12c and d). The basic form of the carborhodols with
a carboxyphenyl head group analogs maintained weak coloration (Figure 4.12d) but still
performed significantly better compared to fluorescein and Cy 5, which exhibited approximately
95% and 80% degradation, respectively, after 3.5 hours of continuous irradiation.

It is important to note that the photostability test was performed under high-intensity
irradiation (575 W), representing accelerated degradation conditions far more extreme than
those encountered in practical applications such as wound dressings. Higher photostability
makes these compounds ideal candidates not only for prolonged usage in wound dressings
during the long-term monitoring of wound pH but also for the application in high-resolution
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microscopy or nanoscopy, where high laser power for the excitation of fluorescent labels is

used.

4.3 Conclusion and outlook

The pH-dependent photophysical properties of the newly synthesized carborhodol derivatives,
including absorption, emission, fluorescence quantum yield, and fluorescence lifetime, were
investigated in both aqueous buffer and ethanol. All compounds exhibit pronounced spectral
shifts in their absorption profiles as a function of pH, with increased absorbance observed
under basic conditions. The pKa values of the dyes fall within a range of 5 to 7, making them
well-suited for physiological pH sensing applications, such as in wound dressings for the
reliable detection of bacterial infections in chronic wounds.

Upon deprotonation, the dyes adopt a more planar and rigid structure, promoting efficient
m-conjugation from the donor (amino group) to the phenolate oxygen. This structural
reorganization in the basic form enhances photophysical performance, including stronger
absorption, higher fluorescence quantum yields, and longer excited-state lifetimes relative to
the acidic form.

Among the studied derivatives, the N,N-dimethyl-substituted carborhodol exhibited the most
pronounced fluorescence turn-on response upon deprotonation. This is likely due to the
presence of nonradiative pathways in the protonated form. Upon deprotonation, the molecule
adopts a more planar and conjugated structure, suppressing these pathways and enhancing
radiative emission. In contrast, structurally rigid fused analogs inherently limit nonradiative
pathways and thus exhibit smaller pH-dependent changes in fluorescence.

In ethanol, the basic forms of the dyes exhibited enhanced quantum yields, longer lifetimes,
and a more pronounced fluorescence turn-on ratio, highlighting the solvent effects on excited-
state dynamics. Photostability experiments confirmed that these dyes are significantly more
stable under prolonged irradiation as compared to the conventional pH indicator fluorescein
and the commonly used NIR biological label Cy5.

While the current study is based on experimental data, the structure-property relationships
observed could be further rationalized by computational approaches such as density functional
theories (DFT) and time-dependent density functional theory (TD-DFT). These methods could
provide insights into the electronic structures, transition dipoles, and conformational
preferences that govern the observed pH-dependent optical properties.

Given their strong pH sensitivity, high photostability, and tunable fluorescence response,
carborhodol derivatives represent promising candidates for fluorogenic and colorimetric pH
sensors in biomedical applications. These dyes can be utilized in wound monitoring either as

visible pH indicators or as fluorescence turn-on probes, detectable even under UV light (see
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Chapter 7). Moreover, the distinct quantum yields and lifetimes between acidic and basic forms

introduce ratiometric and time-resolved sensing strategies.

4.4 Experimental Section

4.4.1 Equipment

UV-VIS absorption spectra were recorded using either a PerkinElmer Lambda 750 or a
PerkinElmer Lambda 365 UV/VIS spectrophotometer, both equipped with baseline correction.
Measurements were conducted in Hellma quartz cuvettes of path lengths 10 mm or 1 mm. For
temperature-dependent measurements, the PerkinElmer PTP-1 Peltier temperature controller
was used in conjunction with the Lambda 750 spectrometer.

Emission spectra were collected with a Fluorolog 3 spectrofluorometer from HORIBA Jobin
Yvon in Hellma quartz fluorescence cells (10 mm) at a controlled temperature of 23 °C. The
measurements were carried out in the 90° arrangement with horizontal polarization of
emission.

The fluorescence lifetime was determined using the TemPro fluorescence lifetime system
from HORIBA Jobin Yvon, employing the time-correlated single photon counting method.

For photostability studies, a Liesegang Trainer Special HR Electronic Overhead Projector

was employed as the light source, fitted with a 575 W mercury halide lamp.

4.4.2 Materials and Methods

Spectroscopic measurements in aqueous media were conducted using two representative
buffer systems. For acidic conditions, a pH 3 buffer (Carl Roth, Art. No.: T18.1.1), composed
of citric acid, NaOH, and NaCl, was used. Basic conditions were established using a pH 10
buffer (Carl Roth, Art. No.: P716.1), containing boric acid, NaOH, and KCI, to obtain the
deprotonated form of the analyte. For measurements in ethanol, acidic ethanol was prepared
by adding 0.1% v/v TFA, while basic ethanol was obtained by adding 0.2% v/v DIPEA.

Determination of pK,

pH titrations were carried out in Britton-Robinson (BR) buffer. The BR buffer was prepared by
dissolving H3sPO4, H3BO3, and NaOAc (0.04 M each) in water, and then adjusting the pH to 2
by adding 2 M HCI. Working solutions of AS 02 (¢ = 20 uM) in BR buffer were prepared by
diluting a stock solution in spectral-grade DMSO (¢ = 9 mM). The initial absorbance at pH 2.0
was recorded using a 1 cm quartz cuvette. After the initial measurement, the cuvette contents
were returned to the bulk pH 2.0 solution, which was then titrated with small aliquots of aq.
NaOH (6.2 M) to increase the pH. At each titration step, the cuvette was rinsed with the newly

adjusted solution before transferring it for measurement. For each pH point, both pH and
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absorbance spectra were recorded. The titration was performed in fine increments between
pH 2.0 and 7.0 (ApH = 0.2), followed by measurements at pH 8.0, 9.0, and 10.0. The total
volume of NaOH added during the titration was below 1% of the total solution volume, ensuring
negligible dilution and constant dye concentration. The pK, values were obtained from plots of
absorption at fixed wavelength (corresponding to the Anax Of the deprotonated species) against
the measured pH values and numerical fitting of the experimental data to the Henderson-
Hasselbalch equation in the Origin software.??”

Hydrophobic dyes, such as AS 01 and AS 11, exhibited solubility issues at higher pH levels,
leading to precipitation during titration. To address this, approximately 5% (v/v) ethanol was
added to the aqueous buffer to enhance solubility. The pKa values were then determined

following the same procedure as described above.

Determination of Fluorescence Quantum Yield and Lifetime
A detailed methodology for determining fluorescence quantum yield and lifetime is provided in
Chapters 2.5.2 and 2.5.3. All measurements were carried out by p-filtering the sample solution
(pore size 0.25 pm), and the measuring solutions were freshly prepared. The relative
fluorescence quantum vyields of all the carborhodols were determined under identical
conditions, i.e., the same cuvettes were used, and the measurements were performed at a
constant temperature (23 °C) with the same settings on the spectrometer, such as detection
wavelength, detector voltage, slit bandwidths, and same absorbance (0.04—0.05 in a 1 cm
cuvette) at the excitation wavelength etc.

For the lifetime determination, excitation was performed using 562 or 652 nm laser sources,
selected based on the absorption maximum of the compounds. All measurements were carried
out at absorbance < 0.1 in a 1 cm quartz cuvette, and to reduce the counting rate, neutral glass

filters were inserted into the excitation channel.

Determination of Photostability
For the photostability experiments, solutions of the corresponding dye samples were prepared
such that the extinction at the long-wavelength absorption maximum was approximately 1 in a
1 cm quartz cell.

All cuvettes were placed together on an overhead projector with a 575 W mercury halide
lamp as the light source, and the lamp was focused on the cell (Figure 4.13). Absorption
spectra were recorded at 30-minute intervals for 4 hours and then again after 24 hours.

Cuvettes were tightly sealed throughout the experiment.
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Figure 4.13. Experimental setup for photostability measurements. The sample solutions were placed
vertically in quartz cuvettes on top of the overhead projector.
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5 Solvatochromic Behavior of Carborhodol
Dyes

While the pH-responsive properties of the new carborhodol dyes have been confirmed in
Chapter 4, it is also important to understand how the optical properties of the dyes are
influenced by their environment. This chapter presents a comprehensive study on the
solvatochromic behavior of the acidic and basic forms of novel carborhodols (see Chapter 3)
through absorption, emission, and fluorescence lifetime measurements in solvents of varying
polarity. The basic forms exhibit strong positive solvatochromism in absorption (AA =113 nm
for AS 01) when the solvent was changed from hexane to water, while the emission maxima
show a moderate shift (AA = 44 nm for AS 01). These effects are due to the intramolecular
charge transfer (ICT) and stabilization of the excited state by polar solvents. Fluorescence
lifetimes are longest in polar aprotic solvents and decrease in protic solvents due to hydrogen
bond-assisted non-radiative decay. In contrast, acidic forms exhibit weak fluorescence and
slight negative solvatochromism in absorption, with no consistent trends in emission or lifetime.
The significant positive solvatochromism observed in the absorption spectra of the basic form

of carborhodols highlights its potential as a polarity-sensitive probe.

5.1 Introduction and Objective

The hybrid structure of carborhodols includes a keto group and an amino substituent, which
possess strong ICT behavior. This makes them highly responsive to changes in their
microenvironment, including solvent polarity. These solvent-dependent variations are
particularly relevant for understanding the excited-state behavior of carborhodol dyes and for
optimizing their performance in applications such as chemical sensing, imaging, and in
responsive materials. Scheme 5.1 shows the resonance structures of O-rhodols that include

the nonpolar and dipolar limiting forms.234
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T
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Scheme 5.1. Resonance structures of O-rhodols, showing nonpolar (left) and dipolar (right) limiting
forms.

The solvent polarity influences the relative contribution of these two forms, thereby affecting
the position of their absorption maxima. When both forms contribute equally, the molecule
adopts a nearly ideal conjugated structure with uniform bond lengths and minimal bond
alternation.?? In this situation, the geometry of the excited state remains very similar to the

ground-state geometry. As a result, the absorption band becomes sharp and narrow,
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displaying little to no vibronic fine structure, which is typical for chromophores with highly
delocalized conjugation.??®

Rhodols that similar to most merocyanine dyes exhibit positive solvatochromism. For
example, the O-rhodol (1) adopts an electronic structure with low charge separation in nonpolar
media and a polarized structure close to the ideally conjugated state in polar media, which is
confirmed by Density Functional Theory (DFT) calculations.?'® Nevertheless, all reported O-
rhodol derivatives exhibit only a moderate solvatochromic response to changes in solvent
polarity.838.2%* The P=0-bridged rhodol analogue (2) exhibits a pronounced positive
solvatochromism, with a red shift of 125 nm in absorption and 70 nm in emission when moving
from toluene to water. This significant bathochromic shift is attributed to the enhanced
stabilization of the LUMO level in polar protic solvents, primarily through hydrogen bonding
interactions involving the P=0O and C=0 functional groups.?'® The Si- and C-bridged rhodols
have only been studied in aqueous solution.*?2¢-23% This limited solvent scope highlights the
relevance of investigating the solvatochromic behavior of the newly synthesized carborhodol

analogues, particularly across a broader range of solvents.

MeO I OMe
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O-rhodol derivatives, typically synthesized via a two-step condensation with phthalic
anhydride, feature a carboxyl group at the 2'-position of the meso-aryl ring.2® This structural
arrangement inherently promotes an equilibrium between the colorless spirolactone form A

and the colored open dye form B (Scheme 5.2).

Scheme 5.2. Equilibrium of an O-rhodol derivative between spirolactone A and ring-open form B, and
acid-base equilibrium of the latter.3°
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The equilibrium fraction of the spirolactone form depends on solvent polarity, pH,
temperature, and the chemical structure of the dye. For example, in polar aprotic solvents, the
rhodamine dye ATTO 565 mainly exists in the spirolactone form. Consequently, its solutions
in acetone appear faintly colored (Figure 5.1c-2) and turn completely colorless under basic
conditions (Figure 5.1¢c-3). Spirolactone formation is also favored in solvents like DMSO and
DMF, especially in the presence of bases or nucleophiles. In contrast, in polar protic solvents

such as water or ethanol, the equilibrium shifts toward the open, colored dye form (Figure 5.1c-
4)_236

O

ATTO 565 HO
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Acetone
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Figure 5.1. (a) Absorption spectra of ATTO 565 carboxy in pure acetone, acidic acetone (acetone
+ TFA), and basic acetone (acetone + DIPEA). (b) Dye-spirolactone equilibrium of ATTO 565.
(c) Photographs of ATTO 565 solutions in acetone + TFA (4), acetone + DIPEA (3), and pure acetone

(2).

Similar to the rhodamine dye ATTO 565, O-rhodol dyes bearing an ortho-carboxylic acid
group predominantly adopt the open, colored dye form (Scheme 5.2E) in polar protic solvents
under basic conditions, where protonation of the carboxyl group inhibits spirolactone formation.
In contrast, in polar aprotic solvents, the equilibrium favors the formation of the closed
spirolactone structure. Under acidic conditions, the equilibrium shifts toward the protonated
form (Scheme 5.2C or D), which remains colored across all solvents. The use of the equilibrium
between open and closed form as a fluorescence on/off switching mechanism is well
documented in the literature and forms the basis of many pH-responsive rhodol-based
probes.?%-225237 pon protonation in protic solvents or acidic conditions, the spirolactone ring
opens, restoring Tr-conjugation and thereby recovering both color and fluorescence. A
comparable spirolactone-dye-equilibrium is anticipated for the carborhodol analogues, and this

behavior is also systematically examined in this current chapter.

5.2 Results and Discussion

To evaluate the photophysical behavior of carborhodol dyes in different solvent environments,

a range of nonpolar aprotic, polar aprotic, and polar protic solvents was selected. The
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absorption spectra, emission spectra, and lifetimes of the dyes were recorded in both their

acidic and basic forms in all solvents.

5.2.1 Solvent-Dependent Absorption and Emission of the Basic Form
of Carborhodols

Both compounds AS 01 and AS 02 exhibit positive solvatochromism, characterized by a
bathochromic shift in the absorption maximum with increasing solvent polarity (Figure 5.2ab).
For AS 01, the absorption maximum in the nonpolar aprotic solvent hexane is observed at 481
nm, shifting to 594 nm in buffer. Similarly, AS 02 shows a red shift from 543 nm in toluene to
627 nm in buffer. In both cases, the absorption maximum increases with solvent polarity, as
indicated by the E1(30) parameter. A good linear correlation between the absorption maxima
and the E7(30) is observed for AS 01 (R? = 0.94) and AS 02 (R? = 0.87) (Figure 5.2c and d).
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Figure 5.2. Normalized absorption spectra of the basic form of (a) AS 01 and (b) AS 02 in various
solvents. Absorption maxima of the basic form of (c) AS 01 and (d) AS 02 plotted against E1(30) values
of various nonpolar aprotic (red), polar aprotic (black), and polar protic (blue) solvents. Photographs of
the solutions of the basic forms of (e) AS 01 and (f) AS 02 in various solvents, arranged in order of
increasing E7(30) values, illustrating solvatochromic color changes.
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In its basic form, the carborhodol exists in the keto (or dye) form, which supports
delocalization of the 1-electron system across the chromophore. Previous DFT studies on
structurally related O-rhodol derivatives have shown that in HOMO, the major portion of the
charge density is localized on the amine part of the chromophore and is transferred to the keto
part of the chromophore in LUMO. This orbital distribution indicates a strong ICT effect upon
excitation. Additionally, these studies report that the dipole moment in the excited state (S+1) is
significantly larger than in the ground state (So), i.e., e > g, confirming the presence of a more
polar excited state in rhodol-type chromophores.?'® Based on this, a similar ICT mechanism is

proposed for the basic form of carborhodol (Scheme 5.3).
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Scheme 5.3. Schematic representation of the ICT in the basic form of carborhodol, illustrating the
ground and excited state structures.

Polar solvents preferentially stabilize the more polar excited state over the ground state,
resulting in positive solvatochromism. For both AS 01 and AS 02, the spectral shape changes
from broad absorption in toluene and hexane to sharp bands in buffer, as indicated by a
reduction in full width at half maximum (FWHM) values (Tables 5.1 and 5.2). Thus, the charge-
transfer nature of the 1T-1* transition appears to diminish as the solvent's polarity increases,
and then, in the buffer, the distinct Tr-ir* character of the transition becomes evident.?¢In polar
protic solvents such as water and alcohol, strong specific hydrogen bonding interactions occur
between the C=0 group and the solvent molecules, enhancing excited-state stabilization,
which induces a substantial bathochromic shift. Additionally, such specific hydrogen bonding
interactions may also lead to spectral band narrowing.

In both dyes, the only notable exception was the absorption maximum in acetonitrile
(MeCN), which exhibited a hypsochromic shift of 16 nm for AS 01 and 17 nm for AS 02, relative
to the absorption maximum in DMSO. This blue shift in MeCN, despite its comparable E+(30)
value to DMSO (45.6 for MeCN vs. 45.1 for DMSO), may arise from differences in solvent-
solute interactions, such as weaker hydrogen bonding or lower polarizability of MeCN than
DMSO, which influence the stabilization of the excited state.?38239

Additionally, among protic solvents, a band broadening is observed with a decrease in
hydrogen bond donor strength (decrease in Kamlet-Taft parameter; a), from buffer to 1-
octanol.?#’ This trend is more pronounced for AS 01, which bears a flexible N, N-dimethylamine
donor group, compared to its rigid fused-ring analogue, AS 02. A similar pattern is noted for
AS 13 (Figure S1) and AS 14 (Figure 5.3a), both of which contain flexible N,N-dimethylamine
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moieties and display broader absorption bands when going from buffer to 2-propanol relative
to the more rigid analogue AS 15 (Figure 5.3b), along with the positive solvatochromism. The
observed broadening could be attributed to the conformational flexibility of the dimethyl amino
group, which reduces planarity and delocalization and allows for a broader distribution of
solute-solvent microenvironment. In contrast, the structural rigidity and enhanced electron-
donating character due to the fused ring in AS 02 and AS 15 potentially lead to a more

delocalized and defined excited state, as well as relatively narrow bands.
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Figure 5.3. Normalized absorption spectra of the basic forms of (a) AS 14 and (b) AS 15 in various
solvents, showing positive solvatochromism.

For the remaining analogues, representative solvents including toluene, DCM, DMSO, 2-
propanol, ethanol, and buffer were selected to evaluate their solvatochromic behavior. In all
cases, the basic form exhibits positive solvatochromism in the absorption, characterized by a
bathochromic shift of the absorption maximum as solvent polarity increases (Figure S1, Tables
5.3t05.5).

Among the carborhodol analogues, those containing ortho-carboxylic acid substituents at
the aryl head group, specifically AS 10, AS 11, AS 12, and AS 13, are colorless in aprotic
solvents and become colored when going to protic solvents. This behavior is attributed to the
well-known spirolactone (SL) formation mechanism of rhodol dyes, wherein the carboxylate
anion undergoes intramolecular nucleophilic attack on the central carbon atom of the xanthene
core, resulting in a closed, non-conjugated spirolactone structure (Figure 5.4b). The
spirolactone form disrupts conjugation between the xanthene and aryl units, leading to the loss
of visible absorption and fluorescence. Instead, a weak absorption band around 280 nm is
typically observed, corresponding to localized m—1* transitions within the aromatic parts of the
molecule. This spectral feature confirms the closed, non-conjugated nature of the molecule in

aprotic media.
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Figure 5.4. (a) Normalized absorption spectra of the basic forms of AS 11 in DCM, DMSO, and 2-
propanol, (b) Dye-Spirolactone-equilibrium of AS 11.

The emission behavior of the basic forms of AS 01 and AS 02 was also examined across
the same solvent series. Figure 5.5a and 5.5b present the normalized emission spectra, while
Figure 5.5c and 5.5d display plots of the emission maxima as a function of the solvent E7(30)
values. Both compounds exhibit slight positive solvatochromism, as evidenced by a modest
red shift and a change in emission color from orange to deep red with increasing solvent
polarity (Figure 5.5e and 5.5f). A moderate linear correlation between the emission maxima
and the Er(30) was observed for AS 01 (R?=0.71) and AS 02 (R? = 0.57) (Figure 5.5c and d).
For AS 01, the emission maximum shifts from 574 nm in hexane to 618 nm in aqueous buffer.
AS 02 shows a similar trend, with a shift from 624 nm to 658 nm from toluene to buffer.

Compared to AS 01, AS 02 displays a slightly reduced solvent-dependent shift in emission.
For both AS 01 and AS 02, a trend towards positive solvatochromism is observed in the
emission spectra, with Aem increasing from hexane to DMSO in correlation with the Er(30)
values of the solvents. However, acetonitriie deviates from this trend, exhibiting a
hypsochromic shift of 12 nm and 6 nm relative to DMSO for AS 01 and AS 02, respectively,
consistent with the behavior observed in the absorption spectra. From 1-octanol to buffer, the
emission maxima show minimal variation and closely match the Aem Observed in DMSO,
suggesting a saturation effect in excited-state stabilization in highly polar solvents.

The emission bands of both dyes are broader in nonpolar aprotic solvents, such as hexane
and toluene, which could be due to the solvent's inability to form strong, structured interactions
with the polar excited state. As solvent polarity increases, the bandwidth (FWHM)
progressively decreases (Tables 5.1 and 5.2). However, in contrast to the trend observed in

absorption, no significant band narrowing is observed in the buffer.
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Figure 5.5. Normalized emission spectra of the basic form of (a) AS 01 and (b) AS 02 in various
solvents. Emission maxima of the basic form of (c) AS 01 and (d) AS 02 plotted against E1(30) values
of various nonpolar aprotic (red), polar aprotic (black), and polar protic (blue) solvents. Photographs of
the solutions of the basic forms of (e) AS 01 and (f) AS 02 in various solvents, arranged in order of
increasing E7(30) values under 365 nm UV light.

The observed fluoro solvatochromism supports the presence of an excited ICT state
(Scheme 5.3) that is stabilized in polar environments. However, the relatively small shifts of
the emission maxima, when compared to the much larger shifts observed of the absorption,
may indicate that the solvent plays a more pronounced role in stabilizing the initial excitation
(Franck-Condon region) than in modulating the relaxed excited-state geometry, resulting in
only a moderate polarity dependence in emission.

For the remaining analogues, a similar approach to the absorption study was employed,
such that only representative solvents were selected to evaluate their solvatochromic behavior.
In all cases, the basic form exhibits slight positive fluoro solvatochromism (Figure S3 and
Tables 5.3-5.5).
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5.2.2 Solvent-Dependent Absorption and Emission of the Acidic
Form of Carborhodols
The absorption and emission of the acidic forms of AS 01 and AS 02 were examined in the
same range of solvents. The normalized absorption spectra and the corresponding plot of
absorption maxima (Amax) against E+(30) are provided in Figure 5.6. Both AS 01 and AS 02
exhibit two distinct absorption bands, possibly due to solvent interactions; the longer-
wavelength band was selected for evaluation. Across the solvent series, a slight negative
solvatochromism is observed. This is evidenced by a hypsochromic shift in Amax with increasing

solvent polarity for both compounds.
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Figure 5.6. Normalized absorption spectra of the acidic forms of (a) AS 01 and (b) AS 02 in solvents of
varying polarity. Absorption maxima plotted against Et(30) values for (c) AS 01 and (d) AS 02. Solvent
classes are indicated: nonpolar aprotic (red), polar aprotic (black), and polar protic (blue).

The emission maximum of AS 01 is shifted from 583 nm in toluene to 551 nm in buffer,
while the emission maximum of AS 02 shifts from 620 nm in toluene to 581 nm in buffer, with
intermediate solvents falling between these two extremes. The Et(30) vs. Amax plots further
confirm a modest but consistent hypsochromic shift with increasing E7(30) value, suggesting

a polarity-dependent stabilization of the ground state over the excited state.
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In the acidic form of the dye with a protonated amino group (which reduces its electron-
donating ability) and a hydroxyl group (see Chapter 4, Scheme 4.2), the ICT character is
relatively weak due to limited charge separation. Additionally, the phenolic hydroxyl groups
participate in hydrogen bonding interactions.?*' As solvent polarity increases, the dipolar
interactions and hydrogen bonding with the phenolic group stabilize the ground state more
effectively, thereby increasing the energy gap and causing a shift of the absorption to higher
energies.

Notably, in polar aprotic solvents, such as acetonitrile and acetone, AS 01 and AS 02 exhibit
emission maxima at lower wavelengths compared to those in polar protic solvents, such as
methanol and ethanol. Except for aqueous buffer, both polar protic and aprotic solvents
produce a similar spectral response, with comparable hypsochromic shifts in absorption
maxima as polarity increases. This convergence suggests that dipole-dipole interactions and
hydrogen bonding contribute to a similar extent to ground-state stabilization in polar solvents,
except in the case of the buffer. The overall narrow solvatochromic range further implies limited
ground-state dipolar character and minimal conformational reorganization upon excitation.

For the remaining analogues, the same set of representative solvents used for the basic
form was employed to investigate their solvatochromic behavior. In all cases, the acidic forms
display slight negative solvatochromism in their absorption spectra. Two representative
analogues, AS 14 and AS 15, which demonstrate this behavior, are shown in Figure 5.7. In
nonpolar toluene, the absorption maxima of AS 14 and AS 15 are red-shifted by 23 nm and
33 nm, respectively, compared to the buffer. As the polarity of the solvent increases, the Amax
shifts to shorter wavelengths. Although the magnitude of this shift is modest, it is consistent
across both compounds, as well as in other carborhodol analogues with a head group (=aryl

group) that has a carboxylic acid.
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Figure 5.7. Normalized absorption spectra of the acidic forms of (a) AS 14 and (b) AS 15 in solvents of

varying polarity showing negative solvatochromism.



CHAPTER 5 93

The absorption spectra of the remaining analogues are provided in the Appendix (Figure S3),
and their corresponding absorption maxima are summarized in Tables 5.3-5.5.

The spirolactone formed by carborhodols with ortho-carboxylic acid head group (AS 10,
AS 11, AS 12, and AS 13) in the basic form restored their color in acidic conditions due to the
opening of the spirolactone to form the conjugated acidic structure, restoring visible absorption

and fluorescence (Figure 5.8).
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Figure 5.8. (a) Normalized absorption spectra of the acidic form of AS 11 in solvents of varying polarity.

(b) Dye-Spirolactone-equilibrium of AS 11.

In contrast, the emission spectra of all carborhodols in their acidic form exhibited negligible
solvatochromism, indicating an excited-state geometry with minimal reorganization across
different solvent environments. AS 01 displays minimal solvatochromic response, with its
emission band remaining essentially unchanged across all solvents. For AS 02, a minor
negative solvatochromism was observed, with the emission maximum shifting from 688 nm in
toluene to 659 nm in aqueous buffer (Figure 5.9). However, in most solvents, the emission

bands of both compounds overlaps, and no clear trend was observed.
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Figure 5.9. Normalized emission spectra of the acidic forms of (a) AS 01 and (b) AS 02.
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Given that the acidic forms of carborhodols are weakly emissive, further emission analysis
focused on the ring-fused analogues AS 12 and AS 15, whose acidic forms exhibit significantly
stronger fluorescence (Figure 5.10). Both AS 12 and AS 15 showed slight negative
solvatochromism.

For AS 12, the emission maximum exhibited a hypsochromic shift from 639 nm in toluene
to 621 nm in buffer. Similarly, AS 15 showed a shift from 650 nm to 625 nm across the same
solvent range. As observed in the absorption spectra, the emission bands also displayed
shoulders, although these were less pronounced. For consistency, the longer-wavelength

emission maxima were used in the solvatochromism analysis.
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Figure 5.10. Normalized emission spectra of acidic forms of (a) AS 12 and (b) AS 15.

Tables 5.1 and 5.2 summarize Aaps, Aem, and FWHM of the acidic (a) and basic (b) forms of
AS 01 and AS 02, respectively, in various solvents. Tables 5.3 to 5.5 present Aaps and Aem for
the remaining analogues (AS 03—AS 15) under both acidic and basic conditions. For the basic
forms of AS 03 to AS 15, a clear trend of positive solvatochromism was observed in the
absorption spectra. Basic forms of AS 10, AS 11, and AS 12 form spirolactone in toluene,
DCM, DMSO, and in 2-propanol. AS 10 and AS 11 also form SL in the polar protic solvent
EtOH as well. For AS 13, spirolactone formation occurs in DCM and DMSO. AS 13 also formed
SL in toluene and 2-propanol with an absorption in the long wavelength, but the equilibrium
was mainly shifted towards the SL, as indicated by the spectral profile (Appendix Figure S2).
The basic forms generally show slight positive solvatochromism, with marginal red shifts. In

contrast, the acidic forms exhibit slight negative solvatochromism in their absorption spectra.
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Table 5.1. Aabs, Aem, and FWHM of acidic (a) and basic (b) forms of AS 01 in various solvents. For the
acidic form A(nigher absorbance)/A(lower absorbance) iS given. Solvents arranged in order of increasing Et1(30) values.

Solvents and Et(30) Aabs, (nM);  FWHM (nm) Aem, (nm); FWHM (nm)
in kcal/mol
alb alb
Hexane 481(b) 80 (b) 574 (b) 108 (b)
31
579/539 (a) 101.5 (a) 598 (a) 80.7 (a)
Toluene 496 (b) 78.8 (b) 580 (b) 95 (b)
33.9
583/541(a) 91 (a) 610 (a) 73.4 (a)
THF 501(b) 82.6 (b) 591 (b) 85.3 (b)
374
575/533 (a) 109.5 (a) 607 (a) 88.3 (a)
Ethylacetate 499 (b) 82.6 (b) 591 (b) 85.2 (b)
38.1
577/534 (a) 105 (a) 610 (a) 62.1 (a)
DCM 520 (b) 87.8 (b) 596 (b) 78.4 (b)
40.7
576/537 (a) 68.3 (a) 599 (a) 89.5 (a)
Acetone 514 (b) 88 (b) 605 (b) 72.8 (b)
42.2
527/565 (a) 99.3 (a) 599 (a) 97.5 (a)
DMF 529 (b) 90 (b) 615 (b) 67.7 (b)
43.2
534/573 (a) 101.9 (a) 611 (a) 82.7 (a)
DMSO 539 (b) 92 (b) 621 (b) 63.4 (b)
451
537/576 (a) 103.5 (a) 617 (a) 82.4 (a)
Acetonitrile 523 (b) 90.8 (b) 609 (b) 65.8 (b)
45.6
523/560 (a) 100.6 (a) 597 (a) 101 (a)
Octanol 556 (b) 95.3 (b) 617 (b) 66 (b)
48.1
577/538 (a) 73.5 (a) 612 (a) 82.7 (a)
2-Propanol 560 (b) 93.7 (b) 615 (b) 62 (b)
48.4
574/535 (a) 77.6 (a) 606 (a) 87 (a)
Ethanol 573 (b) 88.8 (b) 618 (b) 55.4 (b)
51.9
571/532 (a) 85.3 (a) 603 (a) 91.2 (a)
Methanol 580 (b) 81 (b) 618 (b) 53.7 (b)
55.4
567/529 (a) 94 (a) 599 (a) 93.5 (a)
Buffer 594 (b) 43.5 (b) 618 (b) 51.4 (b)
63.1
518/551 (a) 104 (a) 612 (a) 94.2 (a)
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Table 5.2. Aavs, Aem and FWHM of acidic (a) and basic (b) forms of AS 02 in various solvents. For the
acidic form Aqnigher absorbance)/A(lower absorbance) IS given. AS 02 was not (fully) soluble in hexane.

Solvents Aabs, (NM); @ /b FWHM (nm) Aem, (nmM);a/b  FWHM (nm)

Toluene 543 (b) 84 (b) 624 (b) 99 (b)

620/570 (a) 137.4 (a) 688 (a) 143.7 (a)
THF 549 (b) 85 (b) 629 (b) 89 (b)
561/601 (a) 116.3 (a) 687 (a) 141 (a)

Ethylacetate 545 (b) 85.4 (b) 629 (b) 91.7 (b)
558/595 (a) 115.8 (a) 686 (a) 145 (a)
DCM 568 (b) 90.4 (b) 649 (b) 86 (b)
562/604 (a) 113 (a) 671 (a) 137 (a)

Acetone 567 (b) 89.7 (b) 652 (b) 82.6 (b)
555/593 (a) 114 (a) 686 (a) 140 (a)

DMF 579 (b) 91 (b) 654 (b) 79.5 (b)

563/602 (a) 118 (a) 686 (a) 139.5 (a)
DMSO 588 (b) 90.4 (b) 661 (b) 80 (b)
565/606 (a) 116.6 (a) 666 (a) 134 (a)
Acetonitrile 572 (b) 93.6 (b) 655 (b) 79 (b)
552/588 (a) 115.5 (a) 680 (a) 140 (a)
Octanol 609 (b) 84 (b) 656 (b) 78 (b)
565/607 (a) 115 (a) 657 (a) 126 (a)

2-Propanol 609 (b) 81 (b) 657 (b) 78.5 (b)
564/606 (a) 111.2 (a) 689 (a) 136 (a)

Ethanol 613 (b) 76.8 (b) 661 (b) 77.1 (b)

561/603 (a) 110.5 (a) 674 (a) 142.4 (a)

Methanol 617 (b) 72 (b) 658 (b) 76.9 (b)
557/598 (a) 110.7 (a) 650 (a) 133 (a)
Buffer 627 (b) 53.3 (b) 658 (b) 80 (b)
545/581 (a) 114.3 (a) 659 (a) 132 (a)
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Table 5.3. Aavs, and Aem Of acidic (a) and basic (b) forms of AS 03, AS 07, and AS 10 in various solvents.
For the acidic form, Anigher abs.)/A(ower abs.) iS given. Solvents arranged in order of increasing Et(30) values.
Spirolactone is represented as SL. “The SL form was dominant, and the reported Aass is the long
wavelength absorption. AS 03 and AS 07 were not fully soluble in toluene.

Solvents AS 03 AS 07 AS 10
Aabs, (nm); Aem, (nm); Aabs, (nm); Aem, (nm); Aabs, (nm); Aem,(nm);
alb alb alb alb alb alb
Toluene - e SL (b) SL (b)
566/528 (a)
DCM 570 (b) 653 (b) 574 (b) 660 (b) SL (b) SL (b)
570/618 (a) 613/571 (a) 555/519 (a)
DMSO 589 (b) 666 (b) 591 (b) 674 (b) SL (b) SL (b)
570/610 (a) 569/609 (a) 564/527 (a)
2-Propanol 606 (b) 660 (b) 606 (b) 669 (b) SL (b) SL (b)
567/610 (a) 567/608 (a) 559/523 (a)
Ethanol 615 (b) 663 (b) 615 (b) 672 (b) 555¢ (b) 594 (b)
566/607 (a) 565/605 (a) 558/522 (a)
Buffer 632 (b) 661 (b) 635 (b) 670 (b) 575 (b) 604 (b)

548/591 (a)

547/590 (a)

511/545 (a)

Table 5.4. Aabs, and Aem Of acidic (a) and basic (b) forms of AS 11, AS 12 and AS 13 in various solvents.
Spirolactone is represented as SL. @The SL form was dominant, and Aabs is the long-wavelength

absorption.
Solvents AS 11 AS 12 AS 13
Aabs, (nm); a Aem, (nm); Aabs, (nm); Aem, (nm); Aabs, (nm); Aem,(nm
/b alb alb alb alb ;alb
Toluene SL (b) SL (b) SL (b) SL (b) 5759 (b) SL (b)
558/521 (a) 564/526 (a) 601/639 (a) 560/522 (a)
DCM SL (b) SL (b) SL (b) SL (b) SL (b) SL (b)
551/516 (a) 562/525 (a) 596/635 (a) 554/519 (a)
DMSO SL (b) SL (b) SL (b) SL (b) SL (b) SL (b)
561/526 (a) 565/527 (a) 601/640 (a) 564/526 (a)
2- SL (b) SL (b) 569 (b) SL (b) 560 (b) 599 (b)
Propanol
556/521 (a) 563/525 (a) 594/631 (a) 558/523 (a)
Ethanol 555¢ (b) 595 (b) 572 (b) 607(b) 558 (b) 600 (b)
555/520 (a) 560/523 (a) 593/629 (a) 557/522 (a)
Buffer 574 (b) 602 (b) 587 (b) 614 (b) 578 (b) 605 (b)
510/545 (a) 511/545 (a) 621 (a) 512/547 (a)
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Table 5.5. Aabs, and Aem Of acidic (a) and basic (b) forms of AS 14 and AS 15 in various solvents.

Solvents AS 14 AS 15
Aabs, (nm);a /b Aem, (nmM); @/b  Aas, (nm);a/b  Aem, (hm); a/b

Toluene 507 (b) 589 (b) 534 (b) 593 (b)
572/535 (a) 584/542 (a) 608/650 (a)

DCM 522 (b) 600 (b) 556 (b) 617 (b)
566/530 (a) 571/533 (a) 599/629 (a)

DMSO 533 (b) 616 (b) 562 (b) 625 (b)
566/529 (a) 530/568 (a) 606/642 (a)

2-Propanol 561 (b) 611 (b) 582 (b) 625 (b)
563/527 (a) 568/530 (a) 600/636 (a)

Ethanol 566 (b) 614 (b) 588 (b) 628 (b)
562/526 (a) 565/528 (a) 600/637 (a)

Buffer 586 (b) 614 (b) 599 (b) 624 (b)

516/549 (a)

515/551 (a)

625/600 (a)

5.2.3 Solvent-Dependent Fluorescence Lifetime of the Basic Form of
Carborhodols
The fluorescence lifetime (7) of the basic and acidic forms of AS 01 and AS 02 was measured
in a series of solvents spanning a broad range of polarity to understand the influence of solvent
environment on excited-state deactivation processes. Lifetime was determined using the time-
correlated single photon counting (TCSPC) technique, as described in Chapter 2.5.3. From
the bi-exponential fit, the lifetime of the dominant species was used to represent the system's
decay behavior. The minor component, contributing less than 5%, was considered negligible
in this context (Table 5.6).

The basic form of AS 01 exhibits shorter fluorescence lifetimes (<1 ns) in nonpolar aprotic
solvents, consistent with poor stabilization of its polar excited state. In solvents with
intermediate polarity, such as THF and ethyl acetate, the lifetime increases moderately to
1.9 ns. The longest lifetimes are observed in polar aprotic solvents, reaching up to 4.3 ns in
acetonitrile, indicating effective stabilization of the excited state and suppression of non-
radiative decay pathways. However, in solvents with E7(30) values higher than that of
acetonitrile, the excited-state lifetime decreases, reaching 1.8 ns in aqueous buffer. This
decline is likely attributed to protic solvents enabling non-radiative decay, potentially through

hydrogen bonding interactions.
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Table 5.6. Fluorescent lifetimes of the acidic and basic forms of AS 01 and AS 02 in various solvents.
Bi-exponential fits with x2 values between 0.900 and 1.200 and an even distribution of the residuals
were selected as optimal. Exception: The acidic forms of AS 01 and AS 02 in EtOAc and THF, and the
basic form of AS 01 in hexane and toluene, had x* values of 1.3 for the bi-exponential fits.

Solvents 1 (ns); basic form 1 (ns); acidic form
AS 01 AS 02 AS 01 AS 02

Hexane o1 o7
Toluene 0.2 4.2 3.1 0.4
THF 1.8 4.8 1.3 0.6
Ethyl acetate 1.9 5.1 1.2 0.2
DCM 4.0 5.0 0.5 0.6
Acetone 4.2 5.1 0.1 0.5
DMF 4.1 4.7 0.1 0.5
DMSO 3.9 4.7 0.1 0.5
Acetonitrile 4.3 5.3 0.1 0.6
Octanol 4.0 3.4 0.3 0.6
2-Propanol 3.9 3.4 0.5 0.5
Ethanol 3.9 3 0.4 0.5
Methanol 3.6 25 0.1 0.5
Buffer 1.8 1.1 0.1 0.4

In contrast, AS 02 displays longer lifetimes than AS 01 across non-polar and aprotic
solvents, ranging from 4.2 to 5.3 ns from toluene to MeCN. This indicates a more rigid and
stable excited state, less prone to non-radiative deactivation. The enhanced rigidity provided
by the ring-fused structure of AS 02 likely contributes to this increased stability. However, in
protic solvents, AS 02 also shows a sharp decline in lifetime, from 3.4 ns in octanol to 1.1 ns
in aqueous buffer, suggesting enhanced non-radiative decay via hydrogen bonding
interactions with solvent molecules. The plot of fluorescence lifetimes of the basic form of

AS 01 and AS 02, versus solvent polarity factor E(30), is shown in Figure 5.11.
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Figure 5.11. Fluorescence lifetimes of the basic forms of (a) AS 01 and (b) AS 02 plotted against the
Et(30) polarity parameter. Red: non-polar solvents; black: aprotic polar solvents; blue: protic polar
solvents.

As expected, the weakly fluorescent acidic forms generally exhibit low fluorescence
lifetimes and do not follow any consistent trend across solvents. The basic forms show longer
lifetimes compared to their acidic counterparts. However, an exception was observed for
AS 01 in non-polar solvents (hexane and toluene), where the acidic form exhibits a longer
lifetime than the basic form (Table 5.6). To validate this observation, relative fluorescence
quantum vyields of the acidic and basic forms of AS 01 were compared in both solvents. In
toluene, the acidic form showed 1.6 times higher fluorescence intensity than the basic form,
while in hexane, both forms exhibited comparable intensities. These findings confirm that the
reversed lifetime behavior in AS 01 under non-polar conditions represents a notable exception
to the general trend.

For the basic forms of the remaining analogues, fluorescence lifetimes were measured in a
set of representative solvents, including toluene (non-polar), DCM and DMSO (polar aprotic),
and 2-propanol, ethanol, and aqueous buffer (polar protic). AS 03 and AS 07, which are
structurally similar to AS 02, exhibit comparable photophysical behavior (Table 5.7). Both dyes
show high fluorescence lifetimes (~4.5 ns) in polar aprotic solvents such as DCM and DMSO
and a steep decline in lifetime in protic solvents. For instance, in AS 03, the lifetime drops from
2.9 ns in 2-propanol to 0.6 ns in aqueous buffer. Due to poor solubility in non-polar solvents,
toluene measurements were omitted for these analogues.

AS 14 and AS 15 also show solvent-dependent trends. In toluene, relatively shorter
lifetimes were observed (e.g., 3.8 ns for AS 15 and 3.2 ns for AS 14), followed by increased
lifetimes (~4.2 ns) in polar aprotic and protic solvents. However, a decrease to approximately
2.0 ns was again noted in buffer, indicating enhanced non-radiative decay under highly polar

and protic conditions, possibly via hydrogen bonding (Table 5.7).
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Table 5.7. Fluorescent lifetimes of the basic forms of AS 03, AS 07, AS 14, and AS 15 and the acidic
forms of AS 12 and AS 15 in various solvents. Bi-exponential fits with x? values between 0.900 and
1.200 and an even distribution of the residuals were selected as optimal.

Solvents T (ns); basic form T (ns); acidic form

AS 03 AS 07 AS 14 AS 15 AS 12 AS 15
Toluene - - 3.2 3.8 3.2 3.9
DCM 4.8 4.6 4.4 4.6 3.7 3.6
DMSO 4.5 4.1 4.2 4.4 2.9 2.8
2-Propanol 2.9 25 4.2 4.2 3.3 3.1
Ethanol 2.1 1.6 4.2 4.1 3.2 2.9
Buffer 0.6 0.5 2.3 2.7 3.0 1.6

For AS 10, AS 11, AS 12, and AS 13, spirolactone formation in most solvents limited lifetime
measurements to only ethanol and aqueous buffer. In ethanol, these dyes exhibit relatively
high fluorescence lifetimes, while in buffer, the lifetimes drop substantially, consistent with

trends observed in other analogues (Table 5.8).

Table 5.8. Fluorescent lifetimes of the basic forms of AS 10 to AS 13 in polar protic solvents. Bi-
exponential fits with x? values between 0.900 and 1.200 and an even distribution of the residuals were
selected as optimal.

Solvents T (ns); Basic form
AS 10 AS 11 AS 12 AS 13
2-Propanol - e e 4.2
Ethanol 4.4 4.2 4.4 4.3
Buffer 2.2 2.2 3.0 2.2

Overall, these results conclude that polar aprotic solvents tend to stabilize the emissive excited
state of the basic form, while protic solvents, especially aqueous buffer, induce non-radiative
deactivation, likely through hydrogen bonding.

In line with emission observations, further lifetime analysis of acidic forms was limited to the
strongly fluorescent analogues AS 12 and AS 15 (Table 5.7). For AS 15, a longer lifetime was
recorded in toluene (3.9 ns), while a lower value (1.6 ns) was observed in aqueous buffer. In
toluene, the acidic and basic forms of AS 15 exhibit comparable lifetimes similar to the
observation in AS 01, whereas in all other solvents, the acidic form shows shorter lifetimes
relative to the basic form. For AS 12, the highest lifetime was observed in DCM (3.7 ns), with
other solvents yielding similar values in the range of 2.9-3.3 ns. In conclusion, the acidic forms,
particularly in weakly emissive analogues, do not display a consistent solvent-dependent trend

in fluorescence lifetime.
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5.3 Conclusion and Outlook

The solvatochromic properties of both acidic and basic forms of a series of carborhodol
analogues were investigated using absorption, emission, and fluorescence lifetime
measurements across a range of solvents varying in polarity, as quantified by the Et(30)
parameter. The results demonstrate that the solvent environment exerts a significant influence
on the photophysical behavior of these dyes.

The basic forms of all analogues exhibited positive solvatochromism in both absorption and
emission. A pronounced bathochromic shift was observed in the absorption maxima; for
instance, AS 01 showed a AA of 113 nm when going from hexane to water. Emission maxima
exhibit smaller shifts (AA = 44 nm for AS 01), consistent with a solvent-stabilized excited state.
This behavior can be attributed to an ICT from the amino donor group towards the keto
acceptor upon excitation. The LUMO of the basic form possesses CT character, and the
excited singlet state (S1) exhibits a larger dipole moment than the ground state (Sy), leading to
greater stabilization in polar solvents. In addition, hydrogen bonding between protic solvents
and carbonyl groups further stabilizes the LUMO, collectively contributing to the observed
positive solvatochromism.

Fluorescence lifetime measurements further support this interpretation: lifetimes were
generally longest in polar aprotic solvents and decreased in protic solvents, suggesting that
hydrogen-bond-assisted non-radiative decay is a dominant quenching mechanism in highly
polar or hydrogen-bonding environments.

In contrast, the acidic forms showed slight negative solvatochromism in absorption, with
hypsochromic shifts of the longest-wavelength absorption maximum as solvent polarity
increased. This behavior is attributed to the protonation of the amino group, which restricts
ICT, and to hydrogen bonding involving phenolic hydroxyl groups, which stabilizes the ground
state more effectively than the excited state in polar solvents. However, the emission maxima
and fluorescence lifetimes of the weakly emissive acidic forms did not display consistent trends
with solvent polarity.

Overall, the significant solvatochromic shifts observed in the absorption spectra of the basic
forms highlight the potential of carborhodol dyes as sensitive probes for investigating solvent-
dependent parameters, including polarity, hydrogen-bond donor or acceptor capacity, ionic
strength, and dielectric properties. The effect of the local environment on the photophysical
properties upon incorporation into a polymer matrix will be examined in greater detail in
Chapters 6 and 7.
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5.4 Experimental Section

5.4.1 Equipment

UV-VIS absorption spectra were recorded using either a PerkinElmer Lambda 750 or a
PerkinElmer Lambda 365 UV/VIS spectrophotometer, with baseline correction. Measurements
were conducted in Hellma quartz cuvettes of path lengths 10 mm.

Emission spectra were collected with a Fluorolog 3 spectrofluorometer from HORIBA Jobin
Yvon in Hellma quartz fluorescence cells of path length 10 mm, at a controlled temperature of
23 °C. The measurements were carried out in the 90° arrangement with horizontal polarization
of emission.

The fluorescence lifetime was determined using the TemPro fluorescence lifetime system

from HORIBA Jobin Yvon, employing the time-correlated single photon counting method.

5.4.2 Materials and Methods

Spectroscopic measurements in aqueous media were conducted using two representative
buffer systems. For acidic conditions, a pH 3 buffer (Carl Roth, Art. No.: T18.1.1), composed
of citric acid, NaOH, and NaCl, was used. Basic conditions were established using a pH 10
buffer (Carl Roth, Art. No.: P716.1), containing boric acid, NaOH, and KCI, to obtain the
deprotonated form of the analyte. For non-aqueous acidic and basic conditions, 0.1 vol% TFA
or 0.2 vol% DIPEA was added to spectroscopic-grade solvents to generate acidic or basic
environments, respectively. Dyes were dissolved in these modified solvents, and all
spectroscopic measurements were performed under these conditions.

Stock solutions of AS 01 (¢ = 6 mM) and AS 02 (¢ = 4.3 mM) were prepared in DMSO and
diluted with the appropriate solvents to obtain measuring solutions. For absorption
measurements, the solutions were diluted to achieve an absorbance in the range of 0.3-0.40
at the absorption maximum. For fluorescence measurements, these solutions were further
diluted to a final absorbance of 0.04-0.05 to avoid reabsorption.

All sample solutions were freshly prepared prior to measurement and filtered through a 0.25
Mm pore size syringe filter. Absorption and emission spectra were normalized to their
respective maxima to allow for direct comparison of spectral features across different solvents.

A detailed methodology for determining fluorescence lifetime is provided in Chapter 2.5.3.
Excitation laser sources were selected to match the absorption maxima of the respective
compounds. All lifetime measurements were performed in 10 mm quartz cuvettes, ensuring
that absorbance values remained below 0.1. To reduce the counting rate, neutral glass filters

were inserted into the excitation channel.
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6 Encapsulation of pH-Sensitive Dyes in
Poly(ethylene glycol)-block-poly(lactic acid)
Vesicles for Sensing Applications

The amphiphilic block copolymer PEG114-b-PLA7so was prepared through ring-opening
polymerization in the melt. Using the solvent-shift method, the polymer PEG114-b-PLAsqo self-
assembled into nanosized vesicles capable of encapsulating pH-sensitive dyes. The novel
carborhodol dyes (see Chapter 3) were classified by their octanol-water partition coefficients
(log Kow) as hydrophilic, moderately hydrophilic, or hydrophobic, guiding the selection of
encapsulation candidates. The hydrophobic dye AS 01 precipitated upon vesicle lysis,
preventing pH sensing, whereas the hydrophilic dye fluorescein retained strong pH-dependent
optical responses, indicating suitability for spectroscopic pH detection. Moderately hydrophilic
and hydrophilic carborhodols show limited visible color but display fluorescence enhancement
with increasing pH without lysis, including the hydrophobic dye AS 01. These novel dye-loaded
polymer vesicles show potential for wound dressing applications, where fluorescence-based

pH measurements could be performed to determine wound status."

6.1 Introduction and Objective

Lipid-based vesicles (liposomes) have been extensively investigated as carriers in biosensing
applications. One notable strategy, developed by Jenkins and coworkers, involves detecting
pathogenic bacteria through their secreted toxins for the early diagnosis of wound infections
using dye-loaded liposomes.?*? In 2015, they reported a prototype hydrogel-liposome wound
dressing that enables biofilm detection based on a fluorescence turn-on principle. Here, the
encapsulated fluorophore, carboxyfluorescein, remains quenched at high concentrations
within the liposomes,?*3 but upon disruption by bacterial toxins, the dye is released into the
aqueous environment, resulting in fluorescence enhancement. While highly effective, this
approach requires a high dye concentration (typically around 50 mM) to achieve self-
quenching, and the carboxy fluorescein suffers from photobleaching.®® The use of more
photostable dyes that use a different approach for sensing infection with lower concentrations
would therefore represent a significant advantage.

Polymeric vesicles (polymersomes) have emerged as a robust alternative to liposomes due

to their superior physical and mechanical properties. Amphiphilic BCPs with high molar

" This work was carried out in collaboration with M.Sc. Nicola Cusick (University of Siegen).
PEG114-b-PLAsoo synthesis and DLS measurements were performed by Nicola Cusick, FESEM
measurements by M.Sc. Aysha Awan (University of Siegen), and confocal fluorescence microscopy with
the assistance of Dr. Jan Erik Hoffmann (ATTO-TEC GmbH).
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masses, chain interdigitation, and entanglements within the bilayer all contribute to the
increased stability of their self-assembled structures, leading to a much thicker membrane than
liposomes.?44246 Typically, the biocompatible polymer poly(ethylene glycol) (PEG) is used as
the hydrophilic block, as it is reportedly provides a stealth function, which helps prolong
circulation times by resisting protein adsorption.'?224” Meanwhile, polyester blocks such as
poly(e-caprolactone) (PCL) or poly (lactic acid) (PLA) provide biodegradability and stimuli
responsiveness, as their ester bonds are easily hydrolyzed by lipases and proteases in
biological environments, making them good candidates as the hydrophobic block.?4324% This
property enables controlled cargo release through enzymatic degradation or, alternatively, by
hydrolysis under acidic conditions (pH ~5.5), as demonstrated in polymersome-based drug
delivery systems reported by Discher and co-workers.?*°

Therefore, stimuli-responsive polymersomes, therefore, provide a versatile platform for
biosensing applications, particularly in pathological environments where enzymatic activity or
pH gradients can serve as triggers for dye release. Praveen et al. reported the self-assembly
of octadecyl rhodamine-6G with a PDMA-b-PMMA-b-PDMA block copolymer for pH sensing
applications. At low pH (< 3.5), opening of the spirolactam ring generated the fluorescent
xanthene form, producing a turn-on response. Upon increasing the media pH, the non-
fluorescent spirolactam structure dominated. A visible increase in fluorescence and solution
color appeared around pH 4.0, while DLS studies at pH 3.0 confirmed vesicle rupture. This
system demonstrates the ability of dye-loaded vesicles to act as probes for environmental pH
changes through fluorescence on-off signaling.?®

The different solubility in water or polar solvents, on the one hand, and in nonpolar organic
solvents, on the other hand, can be a critical parameter when using vesicles as chemical
sensors. Due to the breaking of the vesicle membrane, the dye molecules will be released from
their original environment into the external solution. After release, the dyes must remain
dissolved in the more hydrophilic medium to effectively perform their sensing function.?2

Hydrophilicity is typically described by the octanol-water partition coefficient (log Kow), where
lower (negative) values indicate hydrophilic compounds and higher (positive) values indicate
hydrophobic ones.?%® Several experimental methods exist to determine log Kow, including the
shake-flask method,?% slow-stirring method,?® generator column method,?*® and HPLC-based
techniques.?®” Each has distinct advantages, but the shake-flask method remains a widely
applied and reliable approach for organic dye classification. In this study, a combination of the
shake-flask and reversed-phase HPLC methods was employed, with retention times providing
an additional measure of hydrophobicity.

Following the examination of pH sensitivity (see Chapter 4) and solvent-dependent
photophysical properties (see Chapter 5) of the carborhodols, this chapter focuses on their

incorporation into PEG-b-PLA vesicles, which may subsequently be immobilized on wound



CHAPTER 6 107

dressing materials for infection detection. Unlike traditional concentration quenching methods,
this approach uses low concentrations of photostable dyes, reducing photobleaching while
preserving sensitivity. Under alkaline conditions typical of chronic wounds, the vesicles will
show a visible color change accompanied by a fluorescence turn-on response. This dual

readout offers a simple and long-term platform for diagnostics of wound infection.

6.2 Results and Discussion

6.2.1 Hydrophilicity of Dyes

The hydrophilicity of the dyes was evaluated by determining their octanol-water distribution
coefficient (log Kow). In this study, log Kow values for ATTO dyes, reference dyes, and selected
carborhodol derivatives were obtained using the widely used shake-flask method
(Table 6.1).%°® The concentrations of each dye in the octanol (c,) and aqueous (cw) phases
were calculated using the Beer-Lambert law (Eq. 2.7), based on their respective absorbance.
For each dye, a plot of ¢, versus cw was constructed, and the slope of the linear regression
(co/cw) corresponded to the Kow value. For example, the respective plot for AS 02 exhibits a
strong linear correlation (R? = 0.999) (Figure 6.1a). From the slope, the Kow of AS 02 was
determined to be 23.7, corresponding to a log Kow of 1.4. Based on the log Kow values, dyes
were classified as hydrophilic (log Kow<0), moderately hydrophilic (0<log K.w<2), and
hydrophobic (log Kow22).2%°

Table 6.1: log Kow values and hydrophilicity classification of the dyes studied, determined using the
shake-flask method.

Hydrophilic Moderately hydrophilic Hydrophobic
log Kow<O 0< log Kow<2 log Kow=2
Dye log Kow Dye log Kow Dye log Kow
ATTO 643 -3.7 Rhodamine 6G 0.1 ATTO 647 N 2.6
ATTO 655 -3.1 Rhodamine 6G BF4 0.5 ATTO 665 29
ATTO 680 -3.0 ATTO 633 0.6 AS 01 4.0
ATTO 594 -3.0 Rhodamine 6G I 0.8 Nile red 5.0
Methylene Blue -2.3 Rhodamine 630 1.2
AS 13 -2.2 Rhodamine B CI 1.3
Fluorescein -2.1 AS 02 1.4
Methylene Green -2.1 ATTO Oxa 12 1.6
AS 03 -0.9
ATTO 647 -0.8

The introduction of hydrophilic or hydrophobic groups can modulate the solubility of

carborhodols; for example, incorporating additional sulfonic acid groups increases
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hydrophilicity and enhances water solubility (see Chapter 3). As the number of sulfonic acid
groups increases, log Kow values of AS 01 (without sulfonic acid group), AS 02 (with one
sulfonic acid group), and AS 03 (with two sulfonic acid groups) decrease and become more
hydrophilic.

In addition to determining the octanol-water partition coefficients, the relative hydrophobicity
of the dyes was further validated using high-performance reversed-phase liquid
chromatography (HPLC).?° A gradient method was employed, decreasing the aqueous
content from 80% to 5% over a 30-minute period. Since the stationary phase is hydrophobic,
retention time is directly correlated with dye hydrophobicity: hydrophilic compounds elute
earlier, while more hydrophobic dyes exhibit longer retention times. The dyes are retained in
proportion to their log Kow values. Hydrophilic dyes, such as ATTO 594, AS 13, AS 03,
ATTO 643, and fluorescein, eluted earlier, while more hydrophobic dyes, like AS 01 and
ATTO 647N, showed longer retention. This agreement between the partition coefficient and
chromatographic behavior confirms the reliability of both methods in assessing dye
hydrophobicity (Figure 6.1b).

300 20% MeCN 70% MeCN
(@) |ase2 (b) 5 80% H,0 Hydrophobic _ 30% H,0
250 4 - ® AS 01
200 e .
2] ATTO 647N o
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Figure 6.1. (a) Plot of the dye concentration in octanol (co) versus that in water (cw) for AS 02. Red line:
linear regression curve, R? = 0.999. Plots for AS 01, AS 03, and AS 13 are shown in Figure S1. (b) Plot
of log Kow vs. HPLC retention time for selected dyes using a gradient method, 80 to 30% H20. Higher
retention time and a more positive log Kow correspond to increased hydrophobicity.

Based on the results, AS 01 was selected as a hydrophobic candidate, AS 02 as a
moderately hydrophilic candidate, and fluorescein, AS 03, and AS 13 were chosen as
hydrophilic dyes for encapsulation into polymeric vesicles. Additionally, AS 07 was included

as a hydrophilic candidate due to its structural similarity to AS 03.

6.2.2 Synthesis of Amphiphilic PEG-b-PLA Block Copolymers
The amphiphilic block copolymer PEG-b-PLA was synthesized via ring-opening polymerization
of L-lactide, using poly(ethylene glycol)methyl ether (MeO-PEG114-OH) as the macroinitiator

and stannous octoate (Sn(oct).) as the catalyst, under melt conditions (Scheme 6.1). PEG-b-
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PLA copolymers with varying PLA block lengths were obtained by adjusting the molar ratio of

monomer to macroinitiator.
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Scheme 6.1. Synthesis of PEG114-b-PLAn via ring-opening polymerization of L-lactide with the
macroinitiator mPEG114 and Sn (Il) octoate as catalyst.

PEG114-b-PLA750 was synthesized and characterized by '"H NMR spectroscopy to determine
the length of the PLA block. The '"H NMR spectrum (Figure 6.2) confirms successful
polymerization, showing characteristic proton signals for the PEG and PLA blocks observed at
3.64 ppm (PEG), 1.58 ppm (PLA CHs), and 5.16 ppm (PLA CH).
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Figure 6.2. "H-NMR spectrum of PEG114-b-PLA7s0in CDCls.
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Calculation of PLA chain length via NMR is achieved by comparing the integrated proton
signals of the PLA segment to those of the mPEG block. The integral of the mPEG peak at
3.64 ppm was normalized to represent 456 protons, based on an assumed number-average
molecular weight (Mn) of 5000 g mol~". The number of constitutional repeating units (cru) of
PLA was then calculated by dividing the integral (I) of the PLA proton signals (corrected by the
corresponding number of protons (N)) by the corrected integral of the PEG proton signal, as
(Equation 6.1).
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CrUprg Ipra Npgg _ (15.2 pom T 16 ppm) f _ (15.2 pom 16 ppm) (Eq.6.1)

crupgc  Ipe¢ Npra I3 64 ppm 4 I3 64 ppm

Based on the integral ratios, the PLA chain length was estimated to be 840 repeating units
(compared to a nominal 750). This discrepancy may arise from the unexpected termination of
some polymer chains, which leaves unreacted free monomers in the melt. These free
monomers can subsequently undergo polymerization, leading to longer polymer chains than
initially anticipated. As a result, the actual polymer chain length exceeds that predicted by the
initial molar ratio of lactide to PEG. As this sample likely had a large dispersity of chain lengths,
for the encapsulation studies, which had been previously synthesized with an experimental

chain length matching the expected chain length, was chosen.

6.2.3 Encapsulation of Reporter Dyes

The self-assembly of these polymers into micelles and nano-capsules was achieved using the
solvent shift method (see Chapter 2). For the encapsulation, PEG114-b-PLAsye was first
dissolved in THF, which dissolves both PEG and PLA blocks. For hydrophilic dyes, the dyes
were dissolved in Milli Q water, which was then added gradually to the polymer solution. In the
case of hydrophobic dyes, both the dye and polymer were co-dissolved in THF, followed by
slow addition of water. This THF-water system acts as a selective solvent, inducing micelle
and vesicle formation via solvophobic interactions. Once water was added in sufficient excess
to fix the self-assembled structures, the resulting suspensions were purified by dialysis
(MWCO = 6-8 kDa), and further purification was achieved by size-exclusion chromatography.
Encapsulation was performed for the hydrophilic pH-sensitive dye fluorescein, and several
novel pH-responsive dyes, including the hydrophobic dye AS 01, moderately hydrophilic dye
AS 02, and the hydrophilic dyes AS 03, AS 07, and AS 13. The resulting suspensions were
characterized by Dynamic Light Scattering (DLS) and Field Emission Scanning Electron
Microscopy (FESEM) (Figure 6.3). The number-based distribution of the suspensions showed
an average hydrodynamic diameter of 275 + 1 nm for AS 01-loaded PEG114-b-PLAswo
assemblies (Fig. 6.3a). FESEM images revealed spherical features (Fig. 6.3b), characteristics
of vesicle formation,?' with diameters of 193 + 12 nm, in agreement with the DLS results. The
images further indicate that the spherical morphology is largely preserved after drying,

demonstrating the structural stability of the assembly.
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Figure 6.3. (a) DLS particle size distribution by number, (b) FESEM of PEG114-b-PLAsqo vesicles loaded
with AS 01.

Encapsulation of Fluorescein

The hydrophilic, pH-sensitive dye fluorescein (pKa = 6.4)?%? was loaded into vesicles which
were then incubated with proteinase K (2 mg/mL in PBS, v/v = 1:1) to investigate the enzymatic
degradation of the vesicles and the release of fluorescein. Proteinase K serves as a model
protease for enzymes secreted by Pseudomonas aeruginosa, known to facilitate PLA
hydrolysis.3813° Degradation of the PLA block leads to destabilization of the vesicle structure,
promoting release of the encapsulated dye into the surrounding medium. The release kinetics
were monitored over time using absorbance and fluorescence spectroscopy (Figure 6.4). A
significant increase in fluorescence intensity at 515 nm was observed with increasing
incubation time (Figure 6.4a). The plot of fluorescence intensity at the emission maximum
against incubation time demonstrates a rapid initial increase, followed by a slower rise,
suggesting a fast initial leakage and slower sustained release over time (Figure 6.4b).

The increase in emission intensity can be attributed to both the enzymatic release of
fluorescein from the vesicles and its pH-dependent photophysical behavior. The initial vesicle
suspension exhibited a mildly acidic pH (~5.6), under which fluorescein remains predominantly
in its weakly fluorescent monoanionic form. Upon enzymatic degradation of the PEG14-b-
PLAsoo vesicle membrane by proteinase K, the dye was released into the surrounding
phosphate-buffered saline (pH 7.4). At this higher pH, fluorescein is present in its highly
fluorescent dianionic form, thereby contributing to the observed increase in fluorescence. At
the same time, a gradual dilution of the released dye in the bulk medium resulted in a decrease
of absorbance (Figure 6.4c). The final absorption spectrum also exhibited a characteristic band
corresponding to the dianion form of fluorescein, further confirming its deprotonation and
supporting the fluorescence data. This system shows promise for bacterial enzyme-triggered
release of pH-sensitive dyes from PEG-b-PLA vesicles. However, fluorescein is known to
exhibit low photostability, suggesting that it may not be an ideal candidate for applications such
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as wound dressings. Hence, encapsulation of the novel photostable, pH-sensitive

carborhodols was investigated.

160
(a) (b)
. 2 £ 1404
3 =
T E
- i i <
E‘ i E 120
S i e
T i £ 100
3 i ! -
o L Y 8
\\{ﬂ (TR 80 i
1
T T - 60 T T T T T T
500 600 700 0 200 400 600 800 1000
Wavelength / nm Incubation time / min
2.0 0.8 - —
‘ —m
(C) (d) Dianion ——PH7
154 I.
o Abs. Max. of dye g
1.0 _
2 <
0.5
0.0 : ; . ; ; = =
300 400 500 600 700 300 400 500 600
Wavelength / nm Wavelength / nm

Figure 6.4. Kinetics of fluorescein dye release from PEG114-b-PLAsc0 assemblies. (a) Fluorescence
spectra recorded over time (Aexc. = 460 nm), (b) Fluorescence intensity at the emission maximum as a
function of incubation time, (c) corresponding absorption spectra of the system collected over time, (d)
Absorption spectrum of free fluorescein dye across a pH range of 1-12.

Encapsulation of Carborhodol Dyes with Varying Hydrophilicity

Hydrophobic Dye
The hydrophobic, photostable, and pH-sensitive dye AS 01 exhibits a decrease in fluorescence
intensity following vesicle lysis by proteinase K (Figure 6.5a and b). Hydrophobic dyes will
preferentially associate with the hydrophobic wall of the vesicle.'?® When the vesicle degrades
in aqueous medium, the dye’s poor water solubility causes it to precipitate out of solution, along
with any surrounding (also insoluble) polymer, forming a colored precipitate and a colorless
supernatant (Figure 6.5c). This precipitation leads to a decrease in fluorescence intensity
because the dye is no longer freely dispersed and available for fluorescence excitation.

The emission maximum of the dye released from the vesicles was observed at 609 nm upon
excitation at the isosbestic point of the free dye in solution (655 nm). This emission lies

between the characteristic maxima of the acidic (590 nm) and basic (619 nm) forms,
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suggesting either the presence of a mixture of protonation states or an environmental influence
on the dye’s photophysical properties. The latter is plausible given the solvatochromic nature
of the dye (see Chapter 5), indicating that the microenvironmental polarity may also contribute
to the observed spectral shift under the experimental conditions. In conclusion, AS 01-loaded
PEG-b-PLA vesicles can be utilized as a photostable fluorescent marker via turn-off signaling
for the detection of bacterial enzymes capable of hydrolyzing ester bonds. However, this
system does not exploit the pH-responsiveness of AS 01; hence, the encapsulation and
release of the more hydrophilic dyes AS 02, AS 03, AS 07, and AS 13 were investigated.

(a) (b)
150 4
7 1S
3 3
« £
> &
E E 100+ \
d (]
= o
[ £
z o
14 u—:_’ 50
; r St 0 : : : : |
600 650 700 750 0 200 400 600 800 1000
Wavelength / nm Incubation time / min
(c)
. =
w .
| [ | [ e |
-t Vesicle lysis

- L

Figure 6.5. Kinetics of AS 01 dye release from PEG114-b-PLAsoo assemblies upon incubation with
proteinase K (2 mg/mL). (a) Fluorescence spectra recorded over time (Aexc. = 555 nm, arrow indicates
change over time) (b) fluorescence intensity at the emission maximum as a function of incubation time,
and (c) photographic image of the vesicle suspension before and after lysis.

Hydrophilic Dyes
Vesicle suspensions loaded with the moderately hydrophilic dye AS 02 and the hydrophilic
dyes AS 03, AS 07, and AS 13 became nearly colorless after one week of dialysis, indicating
substantial dye loss. Extended dialysis establishes a strong concentration gradient across the
vesicle membrane, and for dyes predominantly confined to the aqueous lumen, this gradient
gradually drives diffusion out of the vesicles.

In contrast, charged fluorophores such as fluorescein (pH-dependent) and ATTO 594 (pH-
independent), which display comparable overall hydrophilicity to the hydrophilic carborhodols
(Table 6.1), retained visible color even after one week. Likewise, the parent charged

carbopyronine AZ 234, structurally related to AS 02 (see Chapter 3), remained encapsulated
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(Figure S2). These comparisons suggest that leakage primarily affects neutral hydrophilic
carborhodol dyes. Such uncharged hydrophiles can slowly diffuse across PEG-b-PLA
membranes over extended timescales despite the thickness of the polymer bilayer,?** whereas
hydrophobic neutral dyes such as AS 01 are effectively trapped within the PLA corona through
favorable hydrophobic interactions.?5?

To minimize leakage, dialysis was limited to two days, followed by size-exclusion
chromatography (SEC) for rapid purification. Nonetheless, the resulting suspensions retained
only faint coloration, making them unsuitable for pH sensing based on visible changes
(Figure S3). Number-weighted DLS measurements gave mean hydrodynamic diameters of
315 £ 1 nm for AS 02 (5-day dialysis), and 221 £ 2 nm, 224 + 3 nm, and 223 + 3 nm for AS 03,
AS 07, and AS 13 (after SEC), respectively (Figure S4). The diameter differences between
AS 02-loaded vesicles and others are most likely due to the different purification procedures
used.

Despite the weak visible color, all the encapsulated carborhodol dyes exhibited an increase
in fluorescence intensity with increasing pH (Figure 6.6), consistent with the behavior of the

free dyes (see Chapter 4).

b_PLA,
(a) AS 01_PEG_b_PLAgy, (b) AS 03_PEG_b_PLA_500
——pH4 ——pH3
——pHS5 ——pH4

. ——pH B ——pHS5
3 —pH7 5 e
L pHB @ -

F —  pHO - pHB8
£ P = ——pH9
S 3
T L
= @

[7]
& 14
600 700 800 650 700 750 800 850
Wavelength / nm Wavelength / nm
AS 07_PEG_b_PLA_500| AS 13_PEG_b_PLAgy,
(c) (d)
——pH3 ——pH3
—pH4 —pH 4
——pHS5 . ——pHS5
S ——pHB 3 ——pH6
@ —pH7 s ——pH7
0 pH 8 - pH 8
= = ——pH9
5 S
b o
?J. —
i N\‘ &

600 700 800 900 550 600 650 700 750 800
Wavelength / nm Wavelength / nm

Figure 6.6. Fluorescence spectra of dye-loaded PEG114-b-PLAs00 assemblies at different pH values.
(@) AS 01 (Aexc= 530 nm), (b) AS 03 (Aexc = 590 nm), (c) AS 07 (Aexc= 575 nm), and (d) AS 13 (Aexc =
531 nm),
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For AS 03, the encapsulated acidic form exhibited an emission maximum (Aem) of 648 nm
at pH 3, comparable to that of the free dye in solution. At basic pH, Aem shifted to 657 nm,
representing a bathochromic shift of approximately 5 nm relative to the free dye. Both acidic
and basic forms were excited at 590 nm (Figure 6.6b).

AS 07 displayed weak fluorescence, consistent with the low fluorescence quantum yield
(®n) of the free dye in solution (Chapter 4). The Aem values were 660 nm at pH 8 and 648 nm
at pH 3, corresponding to a hypsochromic shift of ~10 nm compared with the respective free
dye. Both forms were excited at their isosbestic point (575 nm) (Figure 6.6c).

AS 13 exhibited similar pH-dependent behaviour, with Aem values of 582 nm (pH 3) and
600 nm (pH 9), each showing a bathochromic shift of approximately 5 nm relative to the free
dye. Measurements for AS 13 were also performed with excitation at its isosbestic point (531
nm) (Figure 6.6d).

The hydrophobic dye AS 01, which remained fully retained after one week of dialysis, also
exhibited enhanced fluorescence intensity with increasing pH of the suspension. The Aem was
approximately 617 nm for both acidic and basic forms, closely matching the Asm of the basic
free dye (619 nm) and differing from the acidic free dye in a pH 3 buffer (590 nm) (Figure 6.6a).
A similar behavior is also expected for AS 02 due to the structural similarity.

The shifts in Aem Of dyes when encapsulated are likely due to the changes in the
microenvironment of the dyes upon encapsulation. The solvatochromic behaviour observed
for the carborhodol dyes (see Chapter 5) supports this interpretation.

The rapid and reversible fluorescence response of encapsulated dyes to external pH
changes indicates that protons can permeate through the PEG-b-PLA membrane sufficiently
to equilibrate the lumen of the vesicle with the surrounding solution. This effect occurs on a
much faster timescale than the pH-triggered release of dyes caused by hydrolytic degradation
of the polyester domains at acidic pH (~5), which typically requires hours.?** Therefore,
enzymatic or chemical disruption of the membrane is not required for pH sensing with these
formulations. Size-exclusion chromatography (SEC) enriches vesicles in the earliest eluting
fraction, whereas free dye elutes later; therefore, collecting only the first fraction minimizes
free-dye contamination.

To confirm the purification of dye-loaded vesicles from free dye, confocal microscopy was
performed. Images of SEC-purified suspensions show fluorescent vesicles (Figure 6.7). Figure
6.7a shows numerous punctate, vesicle-like structures exhibiting strong localized fluorescence
consistent with successful dye encapsulation, confirming that fluorescence was primarily
localized to vesicles, with minimal diffuse background. Control images of free dye solutions
showed diffuse fluorescence (Figure 6.7b), further supporting vesicle-associated fluorescence

as the predominant signal.
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Figure 6.7. Confocal fluorescence microscopy of (a) AS 13 -loaded PEG-b-PLAsoo vesicles and (b) free
AS 13 dye in solution (1% v/v in PBS, Aexc. = 578 nm). The scale bar represents 10 uym.

6.3 Conclusion and Outlook

The amphiphilic block copolymer PEG114-b-PLA750 was synthesized, and PEG114-b-PLAso was
self-assembled into vesicles for the encapsulation of pH-sensitive carborhodol dyes. The
octanol-water distribution coefficient (log Kow) was determined for selected carborhodols,
ATTO dyes, and reference dyes, allowing for their classification as hydrophilic (log Kow< 0),
moderately hydrophilic (0 <log Kow< 2), or hydrophobic (log Kow = 2). Based on these values,
AS 01 was selected as a hydrophobic encapsulation candidate, AS 02 as moderately
hydrophilic, and fluorescein, AS 03, and AS 13 as hydrophilic candidates. AS 07 was included
among the hydrophilic dyes due to its structural similarity to AS 03.

All dyes were successfully encapsulated and characterized by DLS. The selected vesicles
were observed by FESEM and confocal microscopy. Upon enzyme-triggered vesicle lysis, the
hydrophobic dye AS 01 was released and precipitated from solution, along with the
surrounding polymer, resulting in fluorescence turn-off and preventing pH sensing capability.
In contrast, the hydrophilic dye fluorescein exhibited pronounced pH-dependent absorption
and fluorescence responses after lysis, similar to the free dye, indicating its suitability for
spectroscopic detection of pH in the surrounding medium.

Moderately hydrophilic and hydrophilic carborhodol dyes exhibited only weak visible
coloration after purification, which limits their suitability for direct colorimetric pH sensing. In
contrast, their vesicle suspensions showed an increase in fluorescence intensity with rising
pH, even in the absence of membrane disruption. These results suggest that incorporating
dye-loaded vesicles into a solid support matrix could provide a practical platform for

fluorescence-based monitoring of wound pH in smart dressing applications.
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6.4 Experimental Section
PEG114-b-PLAsoo synthesis and DLS measurements were performed by M.Sc. Nicola Cusick,
FESEM measurements by M.Sc. Aysha Awan, and confocal fluorescence microscopy with the

assistance of Dr. Jan Erik Hoffmann.

6.4.1 Equipment

"H-NMR spectra were recorded using a Jeol ECZ 500 (500 MHz) at 25 °C. Spectra were
analyzed with the software Mestre Nova (version: 12.0.3) and referenced to CDCl3 (7.26 ppm).
Chemical shifts (&) are given in ppm, and J values are given in Hz.

DLS measurements were performed using a Wyatt Dynapro Plate Reader Il (laser
wavelength 818.3 nm, detector angle 150°) at 25 °C. For each measurement, five acquisitions
of 5s each were recorded. Samples were diluted with Milli-Q water (10 % v/v), and 30 pL
aliquots were measured in ftriplicate. Number-weighted hydrodynamic diameters were
calculated using a Gaussian fit (OriginPro 2021). The mean and standard deviation were
determined from three independent measurements (3 samples).

FESEM images were obtained using a field-emission scanning electron microscope (Zeiss
Ultra 55cv, Zeiss, Oberkochen, Germany). The samples were prepared by drop-casting a
diluted vesicle suspension (1% v/v in Milli-Q water) onto silicon wafers that had been pre-
cleaned with chloroform, ethanol, water, and UV-ozone. To create a conductive surface,
samples were sputtered with gold for 30 s, resulting in a ~ 5.0 £ 0.5 nm thin gold layer. FESEM
measurements were obtained using the Inlens secondary electron detector, with an operation
voltage of 5 kV. The images were analyzed using ImageJ software (version 1.54p).

Absorption spectra were recorded using a PerkinElmer Lambda 750 spectrophotometer
with baseline correction in Hellma quartz cuvettes (path length: 10 mm or 1 mm). Dye-release
absorbance kinetics were measured using a Varian Cary 50 Bio spectrophotometer (Varian,
Mulgrave, Victoria, Australia) with baseline correction, using 10 mm acrylic cuvettes (Sarstedt,
Germany).

Emission spectra were recorded using either a Fluorolog-3 spectrofluorometer (HORIBA
Jobin Yvon, France) to measure emission intensity as a function of surrounding pH, employing
Hellma quartz fluorescence cells (path length 10 mm), or a Varian Cary Eclipse spectrometer
(Mulgrave, Victoria, Australia) at 25 °C to monitor dye-release fluorescence kinetics, using
10 mm acrylic cuvettes.

Dye-loaded vesicles were imaged using a Stellaris 8 confocal microscope (Leica
Microsystems, Wetzlar, Germany) equipped with an 86%/1.20 water-immersion objective. FLIM

images were acquired at a resolution of 1024 x 1024 pixels with an excitation wavelength of



118 CHAPTER 6

578 nm. The samples (both free dye and dye-encapsulated vesicles) were observed by

aliquoting them into an 8 Well high-Glass Bottom p-Slide (Ibidi GmbH, Germany).

6.4.2 Materials and Methods
Poly (ethylene glycol) methyl ether (IMPEG+14, average number average molar mass (Mn =
5000 gmol™)), L-lactide ((3S)-cis-3,6 dimethyl-1,4-dioxane-2,5-dione, 98%), and stannous
octoate (tin (ll) 2-ethylhexanoate, 92.5-100%) were purchased from Sigma-Aldrich (Merck,
Germany). Spectra/Por® dialysis membranes (MWCO 6-8 kDa) were obtained from Carl Roth
GmbH (Germany). Milli-Q water (resistivity 218.2 MQ cm) was obtained from a Millipore Direct
Q8 system (Millipore Advantage A10, Schwalbach) equipped with a Millimark Express 40 L
unit (Merck, Germany). All solvents were spectroscopic grade and used as purchased. Zeba
Spin Desalting Columns (MWCO 40 KDa, 0.5 mL) were purchased from Thermo Fisher
Scientific.

pH 3 buffer (Carl Roth, Art. No.: T18.1.1), composed of citric acid, NaOH, and NaCl, and
pH 10 buffer (Carl Roth, Art. No.: P716.1), containing boric acid, NaOH, and KCI, were used.
PBS buffer (pH 7.4) was prepared from Milli-Q water and biochemistry-grade chemicals (NaCl,
KCI, KH2PO4 and Na;HPO, - 2 H20).

Octanol/water Partition Coefficient (K,w) Determination

Different concentrations of dye were prepared in centrifuge tubes (15 mL, VWR, Germany)
containing PBS buffer (pH 7.4) and octanol in a 1:1 ratio (total volume 8 mL). For example,
AS 02 was tested at 31, 44, 68, 125, 166, and 219 uM. The tubes were shaken for 1 hour
using a NeolLab vortex mixer and then allowed to equilibrate. After equilibration, the samples
were centrifuged in a Hettich EBA-20 Centrifuge apparatus (2000 rpm, 30 min) to separate the
octanol and aqueous layers, which showed clear phase separation (Figure S1d). The layers
were carefully separated using a pipette, and dye concentrations in each layer were
determined using UV-Vis spectrophotometry. Highly concentrated samples were diluted with
the corresponding solvent, and the dilution factor was taken into account when performing the
calculations. Concentrations in both layers were calculated using the Beer-Lambert law
(Equation 2.7). The partition coefficient (Kow) was obtained from the slope of the plot of octanol
concentration (C,) versus aqueous concentration (Cu), and log Kow was subsequently

calculated.

Synthesis of PEG114-b-PLA75o
Prior to synthesis, all solid reagents were dried overnight in a vacuum oven (5 mbar), and
glassware was dried at 60 °C. A dry Schlenk flask equipped with a magnetic stir bar was

connected to a Schlenk line and subjected to three cycles of vacuum-argon exchange. Briefly,
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the flask was dried under vacuum using a heat gun, then flushed with argon, and the process
was repeated three times in total. The synthesis of PEG-b-PLA was adapted from Tucking et
a|_138

Molar ratios were adjusted according to the desired PLA chain length. For a PLA chain
length of 750, mPEG (100 umol) was added to stannous octoate (0.1 mL) at 80 °C, and the
mixture was stirred under an argon atmosphere. After heating to 130 °C, L-lactide (37.5 mmol)
was added, and the reaction mixture was stirred for 30 minutes. Once cooled to room
temperature, the resulting white solid was dissolved in approximately 10 mL of DCM and
precipitated into ice-cold diethyl ether (in excess, >10x the solvent volume). The precipitate
was collected by centrifugation (6000 x g, 10 min), the supernatant was removed, and the solid
was redissolved in DCM. This purification cycle was repeated four additional times. The final
white solid product was then dried under vacuum at 40 °C overnight (5 mbar).
"H-NMR (500 MHz, CDCl3): & = 1.58 (d, 3J = 7 Hz, 2523 H, CH3;CH(C=0) O (PLA)), 3.64 (s,
456 H, OCH.CH.O (PEG)), 3.38 (3 H, s, OCH; (PEG-OMe)), 5.16 (q, 3J = 7 Hz, 842 H,
CH3CH(C=0) O (PLA)).

Encapsulation of Reporter Dyes

Self-assembly of the block copolymers (BCPs) was performed by the solvent-shift method.
Hydrophilic dye encapsulation: An aqueous solution of the hydrophilic dye (1.0 mL, e.g.,
AS 02, 3.5 mM in Milli-Q water) was added at a rate of 0.5 mL/min using a syringe pump (AL-
400, WPI, US) to a stirring polymer solution (1.0 mL, 3 wt% in THF).

Hydrophobic dye encapsulation: Milli-Q water (1.0 mL) was added at the same rate
(0.5 mL/min) to a stirring mixture containing the BCP solution (1.0 mL, 3 wt% in THF) and the
hydrophobic dye (e.g., AS 01, 2.4 mM in THF).

The resulting turbid mixtures were stirred for 16 h at room temperature, after which 10 mL of
Milli-Q water was added to each. Suspensions were dialyzed against Milli-Q water (MWCO 6-
8 kDa) for 7 days to remove residual polymer, THF, and non-encapsulated dye. The dialysis
medium was replaced 3-4 times daily. Dialysis was stopped when the absorbance of the
respective dye in the surrounding solution was negligible (A < 0.01).

Purification of Hydrophilic Carborhodol Dyes (AS 03, AS 07, AS 13): After 2 days of
dialysis under the above conditions, suspensions were further purified using Zeba spin
desalting columns (MWCO 40 kDa; Thermo Fisher Scientific, Germany). Prior to use, columns
were centrifuged (1500 rpm, 1 min) to remove the storage solution containing 0.05% sodium
azide and they were equilibrated three times with PBS buffer (100 yL each, centrifuged at 1500
rpm for 1 min). Samples (100 yL) were applied to the columns and centrifuged (1500 rpm, 2
min). The first eluate fraction was collected, containing vesicles with or without encapsulated

dye.
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Fluorescence and Absorbance Monitoring of Enzymatic Degradation

After dialysis, dye-loaded PEG114-b-PLA vesicles were treated with proteinase K (2 mg mL™" in
PBS buffer) at a vesicle suspension to enzyme solution volume ratio of 1:1. The kinetics of dye
release were monitored by recording fluorescence spectra (300 cycles at 2 min intervals) and
absorption spectra (204 cycles at 5 min intervals). Excitation wavelengths for each dye were

as follows: AS 01: 555 nm, and fluorescein: 460 nm.

pH-dependent Emission of Vesicles

Zeba column-purified vesicle fractions (10 uL) were added to 1.0 mL of buffer solutions at pH
values ranging from 3 to 8. Fluorescence spectra were recorded using the following excitation
wavelengths: AS 07: 575 nm, AS 13: 531 nm (respective isosbestic points), AS 03: 590 nm,
and AS 01: 530 nm.
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7 pH-Responsive Chitosan-Based
Hydrogels for Detecting Wound Infections

While the physical encapsulation of carborhodol dyes in polymeric vesicles (see Chapter 6)
demonstrated their potential for fluorescence-based pH sensing in wound infection detection,
their pH-responsiveness was further investigated by chemical immobilization onto a chitosan
(CS) surface. Smart pH-responsive wound dressings were produced by covalently coupling
NHS esters of the photostable carborhodol dyes AS 14 and AS 15 (see Chapter 3) to chitosan
(CS) films. Successful grafting was confirmed by ATR-FTIR, UV-VIS, and fluorescence
spectroscopy, while FESEM provided film thickness and surface morphology. The resulting
materials exhibited reversible color changes within pH 4-7, with pK; values of 4.9 (AS 14-CS)
and 5.3 (AS 15-CS). AS 14-CS displayed both chromogenic and fluorogenic responses,
achieving a fluorescence turn-on ratio of 30 in the basic versus the acidic form, whereas AS
15-CS acted primarily as a chromogenic sensor (turn-on ratio 1.2). Both films exhibited pH-
dependent fluorescence lifetimes, high photostability, color stability, leaching resistance, and
a swelling ratio of ~200%, with fully reversible responses after prolonged irradiation with a 575
W mercury halide lamp. This approach yielded stable, dual-mode (chromogenic-fluorogenic)
wound dressings capable of real-time pH monitoring, offering potential for visual and

fluorescence-based detection of wound healing and infection status.

7.1 Introduction and Objective

Monitoring the pH of wounds in real time provides valuable insights into the healing process
and can serve as an early indicator of potential bacterial infection.’” Over the past decade, a
wide range of devices for monitoring wound pH have been developed, including flex-circuit
inductive transducers,'® optical sensors based on chemical dyes,'* pH-sensitive electrodes,®
and carbon quantum dots.'® These methods usually depend on advanced technologies, which
can raise production costs. In contrast, incorporating pH-sensitive dyes that undergo visible
color changes with pH variation into a carrier material presents a simpler and more cost-
effective approach for wound pH monitoring.

Hydrogels are promising carrier materials for wound dressings due to their flexibility,
biocompatibility, and ability to retain moisture through their crosslinked network structure. They

help absorb exudates, maintain a moist environment, and support oxygen diffusion, all

i The swelling ratio and FESEM measurements were performed by M.Sc. Nicola Cusick (University of
Siegen), AFM measurements by M.Sc. Joshua Schumacher (University of Siegen), and FLIM
measurements were carried out with the assistance of Dr. Jan Erik Hoffmann (ATTO-TEC GmbH).
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essential for wound healing.?542% Among them, chitosan, a natural polymer obtained by
deacetylating chitin, has gained significant interest for its combined biocompatibility,
biodegradability, antimicrobial activity, and ability to promote hemostasis and tissue
regeneration.?® |t is already used in commercial wound dressings, and its free amine and
hydroxyl groups allow easy chemical modification, which makes it an ideal choice.

In recent years, various natural dyes, including anthocyanins,'®22 anthraquinone,?® green
tea extract,?* and curcumin,?®2% have been investigated with regard to their incorporation into
polymers to develop pH-sensitive films that have shown promise in applications such as smart
food packaging and wound dressings. These natural dyes are non-toxic and biocompatible,
but they often have limited stability under high temperatures, intense light, or higher pH.
Moreover, variability in the extraction source can lead to inconsistent colors and lower
reproducibility.?®” In contrast, synthetic dyes provide more reliable and consistent performance
for pH indication.

Chemical grafting of synthetic pH-responsive dyes onto polymer backbones has emerged
as a promising approach for developing polymeric dyes that can be modified into functional
films. This method offers a significant advantage over direct mixing or adsorption, as the
covalent attachment of dye molecules minimizes leaching or migration while preserving pH
sensitivity.?®® For example, CS has been chemically modified with dyes such as methyl red and
rose bengal through coupling reactions to produce colorimetric nanofibers for biomedical
applications.?®® In a similar approach, CS has also been grafted with phenol red and rosolic
acid using the Mannich reaction to create colorimetric pH-sensing films, enabling applications
such as smart wound dressings and food spoilage sensors.?” All these dyes exhibit low
photostability and function primarily as pH indicators through absorbance changes, rather than
enabling more sensitive and accurate fluorescence-based sensing.28-3"

An example of pH-sensitive fluorescent probes in hydrogel systems is demonstrated by
Qiao et al., who developed a smart hybrid hydrogel by the physical crosslinking of polyvinyl
alcohol (PVA) and a UV-cleavable linker (1-(5-methoxy-2-nitro-4-prop-2-ynyloxyphenyl)ethyl
N-succinimidyl carbonate) used to link an antibiotic to a polymeric backbone (gentamicin
sulfate-linker-mPEG). Cy3 and Cy5-modified silica nanoparticles (SNP-Cy3/Cy5) were loaded
into the hydrogel and acted as a pH-responsive fluorescent probe to detect bacterial infection
based on the fluorescence resonance energy transfer (FRET) between Cy3 and Cy5.27°
However, the low photostability of cyanine fluorophores limits their long-term performance.

Therefore, there is a clear need for smart pH-sensitive wound dressings incorporating
photostable dyes capable of detecting pH changes through both absorption and fluorescence.
In this work, two novel pH-responsive carborhodols, AS 14 and AS 15, exhibiting high
photostability and pH-dependent changes in absorption, fluorescence, and fluorescence

lifetime within the clinically relevant range (pH 4-7), were covalently coupled to a chitosan-
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based hydrogel film. The photophysical properties were investigated, and the resulting film
was found to function as a dual-mode chromogenic and fluorogenic sensor with excellent color
stability, no dye leaching, and reversible color changes, making it highly suitable for smart

wound dressing applications.

7.2 Results and Discussion

7.2.1 Coupling of Carborhodol Dyes to Chitosan Hydrogel

The pH-respons CS-based hydrogel films were prepared by covalently attaching the NHS
ester-activated carboxylic groups of the carborhodol dyes, AS 14 and AS 15, to the primary
amine groups of the glucosamine units in CS via amide bond formation (Scheme 7.1).
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Scheme 7.1. Covalent modification of chitosan films via coupling with NHS esters of pH-sensitive
carborhodol dyes, AS 14 and AS 15. The resulting-colored films after washing with PBS are shown. The
films depicted here were prepared by drop-casting.

The chitosan films were prepared by solution casting using either spin coating onto glass
substrates or drop casting onto polystyrene Petri dishes. Colored and fluorescent films were

successfully prepared using both drop-casting and spin-coating techniques. Given the greater
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potential of drop-cast films for practical applications in a wound dressing due to a lack of
support material, their characterization is presented here, while the photophysical data and
photographs of spin-coated films are provided in Appendix (Figures S1 and S2).

The modification was verified by Attenuated Total Reflection Fourier Transform Infrared (ATR-
FTIR) spectroscopy (Figure 7.1). In the ATR-FTIR spectra of AS 14 and AS 15 immobilized
chitosan hydrogels, the disappearance of the band at 1588 cm™, typically attributed to the
primary amine group of the glucosamine unit in chitosan, suggests its involvement in a
chemical reaction. The increased intensity of the band at 1650 cm™, corresponding to amide |
(C=0) vibrations, indicates the formation of new amide bonds. Additionally, a band at
1630 cm™' observed in AS 14-CS, likely arising from both the dye’s inherent tertiary amide
and new amide linkages, further supports the generation of amide |. Enhanced intensities near
1570 cm™ ' for both AS 14-CS and AS 15-CS, and the appearance of a new band at 1546 cm™’
in AS 15-CS, characteristic of amide Il (N-H), support the conclusion that amino groups
participated in covalent bonding through the formation of secondary amide linkages. The

assignment of the observed bands is summarized in Table S1.
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Figure 7.1. ATR-FTIR spectra of non-modified CS, AS 14-CS, and AS 15-CS.

The dry film thickness of drop-cast chitosan films was analyzed using field emission
scanning electron microscopy (FESEM). The non-modified chitosan film exhibited a thickness
of 50.7 £ 1.7 ym, whereas covalent modification with NHS ester-functionalized dyes resulted
in a significant reduction to 15.5 £ 0.3 ym and 13.8 £ 0.4 ym for AS 14-CS and AS 15-CS
films, respectively, indicating a denser and more compact hydrogel structure (Figure 7.2).

Conversely, the thickness of spin-coated chitosan films, measured by atomic force

microscopy (AFM), increased upon dye modification, with the blank film showing a thickness
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of 194.5 £ 2.5 nm, while AS 14-CS and AS 15-CS films exhibited enhanced thicknesses of
239.46 + 3.5 nm and 252.2 + 3.6 nm, respectively (Figure S3).

@ (b) ©

Figure 7.2. FESE iages of (a) non-modified CS, (b) AS 14-CS, and (c) AS ;IS-CS.

The gravimetric swelling ratio of the chitosan fiims was evaluated to assess their water
uptake capacity (Figure 7.3). As shown in the swelling profile, all films exhibited the ability to
absorb water up to approximately 200% of their dry weight. The maximum swelling was
observed within the first hour, after which no significant changes occurred, indicating
equilibrium swelling behavior. Notably, both the non-modified chitosan film and the dye-
modified films (AS 14-CS and AS 15-CS) demonstrated similar swelling ratios, suggesting that
the modification did not adversely affect the swelling capacity of the polymer. This high swelling
ratio is advantageous for wound dressing applications, as it would maintain a moist wound

environment, facilitating the wound-healing process.?”
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Figure 7.3. Swelling ratios of (a) non-modified CS, (b) AS 14-CS, and (c) AS 15-CS.
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7.2.2 Photophysical Properties of Dye-Coupled Chitosan Films

The color difference between the acidic and basic forms of CS-based films is clearly visible to
the naked eye in response to changes in the surrounding media (Figure 7.4). Upon exposure
to a pH 4 buffer, both films immediately changed to a pink color and then turned to the
characteristic color of the basic form of each dye when washed with pH 8 buffer (purple for AS
14-CS and blue for AS 15-CS). This reversible color change confirms that both films function
as chromogenic (colorimetric) pH indicators, based on their pH-dependent absorption
behavior. Under UV illumination at 366 nm, the AS 14-CS film exhibited a pronounced
fluorescence turn-on response when transitioning from pH 4 to pH 8. This fluorescence
enhancement is readily observable by the naked eye, as the film appears significantly brighter
at pH 8 as compared to pH 4. This behavior is consistent with the photophysical response of
the free AS 14 dye, which shows a fluorescence turn-on ratio of 29 between acidic and basic
conditions. Therefore, AS 14-CS can be employed as both a colorimetric and fluorogenic pH
sensor. In contrast, the AS 15-CS film showed only a minor increase in fluorescence intensity,

corresponding to the relatively low turn-on ratio of the free AS 15 dye (1.7).
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Figure 7.4. Photographs of (a) AS 14-CS and (b) AS 15-CS films at pH 4 and pH 8, under ambient and
UV light (366 nm).

UV light
(366 nm)

Determination of the pKj;

The pH-dependent absorption behavior of the carborhodol-coupled CS films was investigated
by performing photometric acid-base titrations in Britton-Robinson buffer solutions over a pH
range of 4.0 to 10.0. For the AS 14-CS film, the absorption spectrum at acidic pH (pH 4) shows
a broad band centered at 520 nm (red trace), corresponding to the protonated form of the dye
(Figure S4). As the pH increases, the intensity of this band gradually decreases, while a
narrower band at 590 nm (blue trace), attributed to the deprotonated form of the dye, emerges

with higher molar absorptivity. A bathochromic shift of approximately 4 nm is observed for both
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the acidic and basic forms compared to the free dye in solution. This spectral shift is
accompanied by a visible color change from pink (acidic) to violet (basic) (Figure 7.5e). The
spectra exhibit an isosbestic point at approximately 540 nm, indicating a "clean" two-state
equilibrium between the protonated and deprotonated species. The absorption at Amax = 590
nm was plotted against the pH value of the solution, and the experimental data were analyzed
by a fit to the theoretical model for weak acids (Henderson—Hasselbalch)?’, yielding a pKa

value of 4.9 (Figure 7.5c inset).
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Figure 7.5. pH-dependent absorption spectra of (a) AS 14, (b) AS 15, (c) AS 14-CS, and (d) AS 15-CS.
Arrows indicate the development of bands with increasing pH value of the solution. Inset: absorbance
at long wavelength absorption maxima as a function of pH. The red line denotes the best fit of the
experimental data to the theoretical isotherm of a weak acid; pKais determined from this plot. Images
show color changes of (e) AS 14-CS and (f) AS 15-CS at various pH.

In the case of AS 15-CS, the protonated form exhibits a broad absorption band centered at
520 nm, while the deprotonated form gives rise to a sharper peak at 606 nm. Compared to the
free dye, a bathochromic shift of 5 nm (acidic form) and 7 nm (basic form) is observed upon
immobilization onto the chitosan hydrogel. The spectra display an isosbestic point ~650 nm. A
gradual change from pink to blue is visually observed as the pH increases (Figure 7.5f). The
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pKa value for AS 15-CS was determined to be 5.3, based on a sigmoidal fit of the absorbance
at 606 nm versus pH (Figure 7.5d inset).

In both cases, the pKa values of the CS-bound dyes were approximately one pH unit lower
than those of the corresponding free dyes in solution. The observed decrease in the pK; of the
dye upon immobilization in the CS film is likely due to several microenvironmental effects,
including hydrogen bonding between the CS hydroxyl groups and the deprotonated dye, which

stabilizes the conjugate base. Thus, with increased stability of D7, Ka increases and pKa

decreases (Eq. 2.2).

Fluorescence Turn-On Ratio and Lifetime

As shown in Figure 7.4, the fluorescence intensity of CS films is higher in a basic environment
compared to acidic conditions. To quantify this difference, fluorescence turn-on ratios were
calculated in the same manner as described for the free dyes in Chapter 4. The basic form of
each dye was used as the reference standard, and its quantum yield was arbitrarily set to 100.
The quantum yield of the corresponding acidic form was then determined relative to this value.
The resulting ratio represents the fluorescence enhancement of the basic form and is referred

to as the fluorescence turn-on ratio (Figure 7.6).
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Figure 7.6. Fluorescence spectra of (a) AS 14, (b) AS 15, (c) AS 14-CS, and (d) AS 15-CS recorded in

aqueous buffer at pH 10 (blue trace) and pH 3 (red trace). Aexc. = 540 nm for AS 14-CS and 550 nm for

AS 15-CS. For free dyes in solution, Aexc. = absorption maxima. The inset shows photographic images

of the corresponding dye solutions and films at pH 3 (left) and pH 10 (right).
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Both the acidic and basic forms were excited at their respective isosbestic points, which is
the wavelength at which both forms exhibit equal absorbance (i.e., 540 nm for AS 14-CS and
550 nm for AS 15-CS). The turn-on ratios observed for the CS-bound dyes were comparable
to those of the free dyes in solution. AS 14-CS exhibited a fluorescence turn-on ratio of 30,
closely matching that of the free dye (29), while AS 15-CS showed a lower turn-on ratio of 1.2,
also comparable to its free dye counterpart (1.7). The modified films exhibited emission
wavelength variations of 2-4 nm, except for the AS 14-CS acidic film, which showed a 12 nm
bathochromic shift compared to the free dye in solution.

The fluorescence lifetime of the dye-coupled films was measured using fluorescence-
lifetime imaging microscopy (FLIM), employing time-correlated single-photon counting
(TCSPC). The fluorescence decay curves were fitted using a biexponential model (Eq. 2.11).
The resulting lifetime components (1), their relative intensity contributions (f), average lifetime

(1)) and free dye lifetimes in buffer are given in Table 7.1.

Table 7.1. Fluorescence lifetime components (1), relative intensity contributions (f), average lifetime ({(r}),
and reference lifetimes of the corresponding free dyes in buffer. (a) and (b) correspond to acidic and
basic forms, respectively. The quality of the bi-exponential fit was assessed using reduced x? values
and the distribution of weighted residuals (Figure S5).

CS-Film 71, (NS) f1 (%) T2, (NS) > (%) (1) Free dye 1(ns)
in buffer

AS 15-CS (b) 0.72 2 3.54 98 3.48 2.74

AS 15-CS (a) 1.14 23 2.68 77 2.32 1.58

AS 14-CS (b) 1.11 5 3.29 95 3.18 1.94

AS 14-CS (a) 0.10 46 0.88 54 0.52 0.21

The films were washed with pH 10 and pH 3 buffer solutions to obtain basic and acidic
conditions, respectively. In their basic forms, the AS 15-CS and AS 14-CS films exhibited
dominant lifetime components of 3.54 ns (98%) and 3.29 ns (95%), respectively, with the
secondary components contributing negligibly to the overall decay. In contrast, in acidic
conditions, the secondary lifetime component also contributes to the overall lifetime. In the
weakly emissive AS 14-CS acidic form, two distinct lifetime components were evident,
indicating the presence of multiple emissive states, which is consistent with its lower pKa (4.9),
where small variations in pH can significantly affect the protonation equilibrium and thus
modulate the dye’s excited-state behavior. For the acidic form of AS 15-CS, although a second
component was present, the average lifetime remained close to the dominant component,
suggesting that the contribution of the secondary species is less pronounced.

Both AS 14 and AS 15 exhibited increased fluorescence lifetimes upon incorporation into
chitosan films, in both their acidic and basic forms, compared to their free counterparts in
aqueous buffer. This enhancement in lifetime is consistent with previous observations in

chitosan-based polyelectrolyte complexes doped with xanthene dyes such as eosin Y and
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erythrosin B, where changes in the local microenvironment, particularly polarity, influenced the
lifetime.?? As discussed in Chapter 4, both AS 14 and AS 15 exhibit solvent-dependent lifetime
behavior, with longer lifetimes observed in polar organic solvents compared to an aqueous
buffer. When covalently bound to CS, the dye might experience changes in the polarity of its
surroundings and show a longer lifetime. Nevertheless, consistent with the behavior observed
for the free dyes in solution, the basic form continued to display a longer lifetime than the acidic

form in the CS films.

Color and Photostability

The color stability of pH-sensitive films relies on the choice of dyes. Dyes like anthocyanin and
alizarin tend to degrade quickly when exposed to heat and light.'®2 To maintain their color,
these films should be stored in refrigeration and protected from light. Moreover, dyes that are
incorporated into polymers without covalent bonds may leach out over time.?”*2"* Therefore, it
is necessary to assess the color and photo stability of pH-sensitive films.

The acidic and basic forms of AS 14 and AS 15 exhibited significantly higher photostability
compared to the commonly used pH-sensitive dye fluorescein and the NIR fluorescent label
Cy5. To evaluate the photostability of the dyes when immobilized, the AS 14-CS and AS 15-
CS films were irradiated under identical conditions using a 575 W mercury halide lamp. Prior
to irradiation, the films were washed with pH 4 and pH 10 aqueous buffers to prepare the acidic
and basic forms, respectively. The photostability of the dye-coupled films was then assessed
by monitoring the decrease in absorbance at Amax over time under continuous illumination
(Figure 7.7), following the same procedure used for the free dyes in solution (see Chapter 4).
The absorption spectra recorded during the 24-hour photostability experiment for both films

are provided in Figure 7.8.
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Figure 7.7. Photostability profiles of the (a) basic form and (b) acidic form of the free dyes and chitosan-
coupled dyes in pH 4 and pH 10 buffers, respectively, over 3.5 hours of continuous irradiation using a
575 W mercury halide lamp. For the acidic form, the absorbance value recorded after 30 minutes of
irradiation was used as the initial reference point.
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Figure 7.8. Change in absorption spectra over time for AS 14-CS (a) basic form, (b) acidic form, and
AS 15-CS (c) basic form, (d) acidic form.

AS 14 and AS 15 demonstrated excellent photostability in their acidic forms, with only 7%
and 2% degradation, respectively, after 210 minutes of continuous irradiation. When
immobilized in chitosan films, AS 14-CS and AS 15-CS exhibited slightly higher degradation
rates under the same conditions, at 32% and 23%, respectively (Figure 7.7b). Under basic
conditions, the free dyes showed greater photodegradation, with both AS 14 and AS 15
displaying approximately 26% loss in absorbance. In contrast, AS 14-CS was the most
photostable among all tested systems under basic conditions, exhibiting only 15% degradation,
while AS 15-CS showed a slightly higher degradation of 35% (Figure 7.7a). All these values
still indicate good photostability of the film, considering the harsh experimental conditions
compared to the typical wound environment.

Notably, even after 24 hours of continuous light exposure, the films retained their pH
responsiveness. When irradiated basic films were immersed in a pH 4 buffer, they exhibited a
visible color change to pink, consistent with the protonated (acidic) form of the dye. Conversely,
rinsing with pH 10 buffer restored the characteristic color of the deprotonated (basic) form in

the acidic films. Subsequent spectral measurements confirmed that these washed films
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displayed absorption profiles corresponding to their respective acidic and basic forms
(Figure 7.9).
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Figure 7.9. Absorption spectra of (a) AS 14-CS and (c) AS 15-CS basic films after 24 h irradiation and
subsequent washing with pH 4 buffer. Absorption spectra of (b) AS 14-CS and (d) AS 15-CS acidic films
after 24 h irradiation and subsequent washing with pH 10 buffer.

As a control, a blank chitosan film without dye was measured under the same irradiation
and buffer conditions, and no spectral changes were observed (Figure S6a and b), confirming
the stability of the chitosan matrix.

To test the leaching of dyes from the films, the films were immersed in different media (water
and EtOH/water 1:1) at room temperature. The films maintained their color in each medium
even after three months. In addition, UV-VIS spectra of the solutions used for immersing films
were measured after 24 h, and no absorbance corresponding to the leaching dyes were
detected, confirming that covalently attaching dyes onto CS completely prevented dye release
or degradation of the film color (Figure S7).

Carborhodol dyes covalently bound to CS exhibit strong leaching resistance and retain both
optical and chemical stability under prolonged photochemical stress, while maintaining their
reversible pH-sensing capability. These results highlight the suitability of these dye-

functionalized CS films for potential application in long-term pH monitoring.
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7.2.3 Coupling of Rhodamine-Based ATTO Dyes to Chitosan
Hydrogels
In addition to the pH-responsive carborhodol dyes, pH-independent rhodamine-based ATTO
dyes were covalently immobilized within chitosan hydrogels via NHS-ester chemistry.
Specifically, the hydrophobic dye ATTO Rho13 and the hydrophilic dye ATTO 594 were
incorporated at varying concentrations to investigate how dye concentration affects the film
properties. Immobilization was primarily achieved through drop-casting, although additional
films containing ATTO Rho13 were also prepared by spin-coating on glass. The corresponding

spectral data for these films is provided in the Appendix (Figure S8).
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Similar to previously studied AS 14-CS and AS 15-CS systems, all ATTO-CS conjugates
exhibited a consistent bathochromic shift (~6 nm) in their absorption maxima compared to the
free dye in solution, indicating an environmental influence from the chitosan matrix after
immobilization (Figure 7.10a, b). Additional films containing ATTO 550 were also prepared,
and they demonstrated a 6 nm red shift (Figure S9). For both ATTO Rho13 and ATTO 594
dye-CS systems, an increase in absorbance at Amax was observed with increasing dye
concentration (Figures 7.10c and d). This trend is also evident in the corresponding film
images, where deeper coloration is seen at higher concentrations (Figure 7.10e, f).

At a concentration of 10 mM for ATTO 594-CS, the absorbance exceeded 3, surpassing
the spectrophotometer's detection range. The normalized absorption spectra of ATTO 594-CS
films at 1 mM and 5 mM were superimposable (Figure 7.10a). In contrast, the normalized
spectra of 1 mM, 2.5 mM, and 5 mM ATTO Rho13-CS films exhibited a growing shoulder at
~570 nm on the short-wave flank of the main absorption band, indicating the formation of
dimers and dye aggregation, which is common for rhodamine-based hydrophobic dyes at

higher concentrations (Figure 7.10b).2"
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Figure 7.10. Normalized absorption spectra of (a) ATTO 594 in PBS and ATTO 594-CS films and (b)
ATTO Rho13 in PBS and ATTO Rho13-CS films at various dye concentrations.

Absorption spectra of (c) ATTO 594-CS and (d) ATTO Rho13-CS films at different concentrations.
Photographic images of (e) ATTO 594-CS and (f) ATTO Rho13-CS films under ambient light, with
concentrations increasing from left to right: 1 mM, 5 mM, and 10 mM for ATTO 594-CS; and 1 mM,
2.5 mM, and 5 mM for ATTO Rho13-CS.

The dye-coupled films exhibited a bathochromic shift of 5 and 12 nm in emission for ATTO
594-CS and ATTO Rho 13-CS, respectively, at a dye loading of 1 mM, compared to the free
dye in solution (Figure 7.11a, b). For ATTO 594-CS, fluorescence intensity increased from
1 mM to 5 mM, consistent with the absence of aggregation; however, a decrease in intensity
at 10 mM suggests concentration-dependent dye aggregation and associated quenching.?’®
The dye in the film showed an increase in red shift as the concentration of the dye increased
(Figure 7.11c). In contrast, ATTO Rho13-CS films exhibited a continuous red shift in emission
alongside a steady decrease in fluorescence intensity with increasing dye concentration
(Figure 7.11d). These trends may indicate dye molecule aggregation, resulting in significant
fluorescence quenching. Photographic images of the films under UV illumination further

support this conclusion, showing pronounced quenching at higher concentrations (Figures
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7.11e, f). Notably, this behavior was consistent in both drop-cast and spin-coated films, as

demonstrated by similar spectral shifts and intensity reductions (Figure S8b).
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Figure 7.11. Normalized fluorescence spectra of (a) ATTO 594 in PBS and ATTO 594-CS films, and
(b) ATTO Rho13 in PBS and ATTO Rho13-CS films at various dye concentrations. Fluorescence
spectra of (c) ATTO 594-CS and (d) ATTO Rho13-CS films at different concentrations. Photographic
images of (e) ATTO 594-CS and (f) ATTO Rho13-CS films under UV light (366 nm), with concentrations
increasing from left to right: 1 mM, 5 mM, and 10 mM for ATTO 594-CS; and 1 mM, 2.5 mM, and 5 mM
for ATTO Rho13-CS.

Absorption and fluorescence measurements at varying dye loadings confirm that
aggregation becomes more pronounced at higher concentrations, especially for more
hydrophobic dyes compared to hydrophilic fluorophores. Films exhibiting absorbance values
below 1 did not show any signs of aggregation in either case, indicating that this absorbance
threshold represents the optimum condition for film quality. Importantly, the AS 14-CS and
AS 15-CS films used for analysis all exhibited absorbance values below 1.

7.3 Conclusion and Outlook

pH-responsive wound dressings were developed by covalently coupling NHS esters of
photostable novel carborhodol dyes, AS 14 and AS 15, to CS films. The coupling was
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successfully achieved for CS films prepared via drop-casting on polystyrene and spin-coating
on glass, as confirmed by FTIR spectroscopy, UV-VIS absorption, and fluorescence
measurements. Film thickness was characterized by FESEM. Both AS 14-CS and AS 15-CS
exhibited distinct and reversible color changes within the clinically relevant pH range of 4-7,
with pKa values of 4.9 and 5.3, respectively. In the basic form, fluorescence intensity was
enhanced compared to the acidic form, with turn-on ratios of 30 for AS 14-CS and 1.2 for AS
15-CS. Consequently, AS 15-CS functioned as a chromogenic sensor, whereas AS 14-CS
exhibited both chromogenic and fluorogenic responses, enabling pH monitoring by the naked
eye or under UV illumination.

Based on the observed pH-dependent optical responses, it can be anticipated that in wound
environments, alkaline conditions (as in chronic wounds) produce violet coloration for AS 14-
CS and blue coloration for AS 15-CS, whereas acidic conditions (associated with healing
wounds) would yield a pink appearance for both films. Furthermore, AS 14-CS would be
expected to exhibit fluorescence turn-on in chronic wounds and turn-off in healing conditions.
Both films would provide clinicians with an easily visible (bare eye or under UV light) indication
of the requirement for further intervention, facilitating more appropriate treatment of wounds.

Both films showed pH-dependent fluorescence lifetimes, with longer lifetimes in basic than
in acidic states. The materials demonstrated high photostability, color stability, resistance to
dye leaching in aqueous and mixed solvent systems, a swelling ratio of approximately 200%.
Furthermore, they maintained reversible optical responses after prolonged irradiation.
Collectively, these results highlight a novel, simple, and efficient strategy for producing stable,
pH-responsive wound dressings capable of real-time visual and fluorescence-based
monitoring of wound status. Given that the pH response range of the films (pH 4-7) overlaps
with the pH variations associated with food spoilage, these materials may also have potential

applications in food freshness monitoring, in addition to their suitability for biomedical use.

7.4 Experimental Section

The swelling ratio and FESEM measurements were performed by M.Sc. Nicola Cusick
(University of Siegen), AFM measurements by M.Sc. Joshua Schumacher (University of
Siegen), and FLIM measurements were carried out with the assistance of Dr. Jan Erik
Hoffmann (ATTO-TEC GmbH).

7.4.1 Equipment
ATR-FTIR spectra of the prepared CS films were recorded using a Tensor 27 Fourier transform
infrared spectrometer (Bruker Optik GmbH, Germany) over a wavenumber range of 600-

4000 cm™, with a spectral resolution of 4 cm™. Air was used to collect the background spectra.
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FESEM images were obtained using a field-emission scanning electron microscope (Zeiss
Ultra 55cv, Zeiss, Oberkochen, Germany).

Intermittent contact (tapping) mode AFM measurements were performed on an Asylum
MFP-3D microscope equipped with a Tap 300 Al-G cantilever from Budget Sensors.

UV-VIS absorption spectra were recorded using a PerkinElmer Lambda 750
spectrophotometer, with baseline correction. Drop-cast films were attached either on
microscope slides (Figure S10a) or in a 35 mm slide mount (Figure S10c), dried using air flow,
and the spectra were measured. For the spin-coated films, spectra were obtained with a Varian
Cary 50 Bio spectrophotometer (Varian, Mulgrave, Victoria, Australia) with baseline correction.
The measurements were performed in a quartz cell with 1 mm path length (SUPRASIL, Hellma
Analytics, Germany).

Emission spectra were measured using a Fluorolog 3 spectrofluorometer from HORIBA
Jobin Yvon. The measurements were carried out in front face arrangement.

Fluorescence lifetime imaging microscopy (FLIM) was carried out using a Stellaris 8
confocal microscope (Leica Microsystems).

For photostability studies, a Liesegang Trainer Special HR Electronic Overhead Projector

was employed as the light source, fitted with a 575 W mercury halide lamp.

7.4.2 Materials and Methods

Chitosan (medium molar weight, 190-310 kDa, 75-85% deacetylated) was purchased from
Sigma-Aldrich, Germany. pH 3 buffer (Carl Roth, Art. No.: T18.1.1) and pH 4 buffer (Carl Roth,
Art. No.: P7128.1), both composed of citric acid, NaOH, and NaCl, and pH 10 buffer (Carl Roth,
Germany), containing boric acid, NaOH, and KCI, were used. PBS buffer (pH 7.4) was
prepared from Milli-Q water (resistivity 18.2 MQ cm) and biochemistry-grade chemicals (NaCl,
KCI, KH2PO4, and Na;HPO4 - 2 H>O, Sigma-Aldrich, Germany). Britton Robinson (BR) buffer
was prepared by dissolving H3PO., H3BOs;, and NaOAc (0.04 M each) in Milli-Q water.
Disposable polystyrene petri dishes (55 x14 mm) were purchased from VWR, Germany. Acetic
acid (glacial, Carl ROTH, Germany), chloroform and ethanol (VWR Chemicals, Darmstadt,
Germany), glass microscope slides (VWR, 76x26 mm, thickness 1 mm, Lot: 631-1550), 10 mm

cover glass (VWR, Germany), and tape (Tesa SE, Hamburg, Germany) were used.

Preparation of Chitosan Films by Drop Casting

A volume of 4 mL of chitosan solution (1.5% w/v in 1% acetic acid, filtered through a 0.45 ym
syringe filter) was poured into a polystyrene Petri dish and dried overnight in a laminar flow
hood to obtain a thin hydrogel film. The film was then neutralized by shaking for 5 min with

0.1 M NaOH, followed by rinsing with Milli-Q water three times.
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Preparation of Chitosan Films by Spin Coating

Glass cover slips (0.9cm x 1.2cm) were cut and rinsed in chloroform, then sequentially
cleaned three times with ethanol and Milli-Q water. The cleaned cover slips were then dried
under a stream of nitrogen and treated with UV-ozone for 30 minutes. Subsequently, 300 uL
of chitosan solution was spin-coated onto each cover slip using a home-built spin coater
operated at 2000 rpm for 60 s. The resulting films were annealed in a vacuum oven at 40 °C
and 5 mbar for 2 hours. After annealing, the films were neutralized by shaking in 0.1 M NaOH

for 5 minutes, rinsed three times with Milli-Q water, and dried under a nitrogen stream.

Modification of Chitosan Hydrogel

To each chitosan film (prepared by drop casting) placed in a Petri dish, PBS (pH 7.4) was
added, followed by either AS 14 NHS (3 mM) or AS 15 NHS (4 mM) dissolved in DMSO (PBS:
DMSO, 9:1, final volume of 4 mL). The Petri dishes were incubated for 12 h under moderate
shaking at room temperature (Thermo Scientific). The modified chitosan films were then
washed with PBS (pH 7.4), and the washing solution was replaced every 30 min for a total
duration of 3 h, until no absorbance of the AS dyes was detected in the washing solutions. The
films were dried under nitrogen flow and subsequently used for spectroscopic analysis.

For spin-coated chitosan films, the same procedure was followed, where each film was
placed into a well of a 24-well plate. However, higher dye concentrations (AS 14 NHS at 14 mM
and AS 15 NHS at 20 mM) were used to obtain visibly colored films. The final volume of PBS
and DMSO mixture was 300 yL (PBS/DMSO, 9:1).

Film Thickness Determination by FESEM

Drop-casted films were dried overnight in a vacuum oven, sliced with a scalpel, and then
attached to a 6-sided metal nut with carbon tape, positioned sideways. To create a conductive
surface, samples were sputtered with gold for 30 s, resulting in a ~ 5.0 £ 0.5 nm thin gold layer.
FESEM measurements were obtained using the Inlens secondary electron detector, with an
operation voltage of 5 kV. The images were analyzed using the ImagedJ software

(version 1.54p).

Film Thickness Determination via AFM

The measurement was done in intermittent contact mode at the resonance frequency of
295 kHz and measured at 80% of the free amplitude. The film was scratched with a sharp
metal scalpel, and the scratched area was measured. From the AFM images, histograms were
plotted showing the pixel height distribution to determine the film thickness. The experiments

were done under ambient conditions.
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Swelling Ratio

The swelling analysis was conducted for hydrogels in PBS (pH 7.4, 25 °C). Hydrogel films were
cut into 2x2 cm squares, then dried in a vacuum oven (22 °C, 9 mbar) overnight, and weighed
(Wi). The films were then immersed in 20.0 mL PBS (pH 7.4, 25 °C) in glass vials, sealed with
lids to prevent evaporation, and placed in an incubator at 25 °C. At 60-minute intervals, the
samples were carefully removed from the PBS solution, gently dabbed with filter paper to
remove excess surface water, and weighed (W4). This process was repeated for 3 hours, after
which the samples were left in the solution for a total of 19 hours before the final measurement
was taken. The swelling ratio was calculated using Equation 7.1.

W, —-Ww; 7.
Swelling Ratio (%) = [tTL)] % 100 (Eq.7.1)
i

pK. Determination of the Modified Films

For the absorbance measurements, the hydrated modified film was placed on a microscope
slide with one side of the film taped to the slide, dried using nitrogen flow, and then placed in
the sample holder (Figure S10b). The baseline was measured using a blank microscope slide.

To assess measurement reproducibility, a series of control experiments was carried out
using an ATTO 550-CS film. These involved moving the film along the optical axis, shifting it
laterally, and removing and repositioning it in the same location. Small variations in absorbance
were observed upon axial movement, whereas repositioning the film precisely at a marked
location resulted in consistent absorbance values. Similar reproducibility was achieved after
immersing the film in buffer and then drying. Based on these findings, all subsequent
measurements were performed by marking the slide position and ensuring identical
repositioning after each treatment.

For titration, a BR buffer was initially adjusted to pH 9 using 6.2 M NaOH. The film was
immersed in the pH 9 buffer for 5 minutes, dried under nitrogen flow, and its absorption
spectrum was recorded. The pH of the buffer was then gradually decreased in steps of
approximately 0.2 pH units by adding small aliquots of HCI (2 M), and films were immersed in
each pH, and the procedure was repeated. The pK, values were obtained from plots of
absorption at fixed wavelength (corresponding to the Anax Of the deprotonated species) against
the measured pH values and numerical fitting of the experimental data to the Henderson-
Hasselbalch equation.??”

When the pH reached 3, the films tended to detach from the slide, making further
measurements difficult, likely due to partial solubilization of the chitosan matrix under acidic
conditions. In contrast, at pH values above 3, the films remained stable and adhered well to
the glass surface. However, a single brief washing in pH 3 buffer followed by immediate

measurements was still feasible.
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Fluorescence Turn-on Ratio Determination

The films were cut into rectangles of 3.0 x 0.9 cm (length x width), and then attached to a
quartz cell with a 1 mm path length. After drying using air flow, the spectra were measured
(Figure S10f, which shows the setup for the spin-coated films). The same cut film was
immersed again in a pH 3 buffer, and the process was repeated. To determine the fluorescence
turn-on effect, the quantum yield of the basic form of each dye was determined and arbitrarily
set to 100. The quantum yield of the corresponding acidic form was then determined relative
to this value. The resulting ratio represents the fluorescence enhancement of the basic form

and is referred to as the fluorescence turn-on ratio.

Fluorescence Lifetime Determination via FLIM

Drop-casted films were immersed in the corresponding buffer (pH 10 or pH 3 buffer) and cut
into small squares (~0.2 x 0.2 cm). They were then attached to microscope slides and flattened
using a 10 mm cover glass slip. FLIM images were acquired with an 86x/1.20 water immersion
objective at a resolution of 512 x 512 pixels, with excitation wavelengths selected to match the
absorption maxima of the respective dye forms (For the basic form, 590 nm for AS 14-CS and
606 nm for AS 15-CS, for acidic form, 520 nm for both films). The relative intensity contributions
(f) of each lifetime component were calculated by dividing the photon count (in kilocounts) of

each exponential term by the total counts and multiplying by 100.

Photostability Determination

The drop-casted AS 14-CS and AS 15-CS films were washed with the corresponding buffer
(pH 4 or pH 10), dried using an airflow, attached to a 35mm slide mount, and placed
horizontally on an overhead projector (Figure S10e). Excess film at the edges was trimmed
before positioning the samples horizontally on an overhead projector. Absorption spectra were
recorded every 30 minutes by placing the films directly on the UV-VIS spectrometer sample
holder.
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8 Conclusion and Outlook

This thesis has explored the design, synthesis, and characterization of nine novel pH-sensitive
carborhodol dyes, along with the previously reported carborhodol AS 11, providing a
comprehensive investigation from molecular properties to functional material systems.
Hydrolytic deamination of the corresponding carbopyronine precursors containing a terminal
N,N-dimethylamino substituent yielded the novel carborhodols. Structures were verified by
NMR spectroscopy and mass spectrometry. The synthetic method tolerates functional
structural elements that are critical for application work: halogen substituents (for pKa and
photostability tuning), carboxylic acid groups (for NHS-ester formation and covalent coupling),
fused quinoline/tetrahydroquinoline units (to increase molecular rigidity), and the sulphonic
acid groups (to enhance aqueous compatibility). The ability to obtain both carborhodol and
carbopyronine products from the same precursors further highlights the practicality and cost-
effectiveness of this approach.

The photophysical properties are greatly dependent on the pH across the dye series, with
pKa values ranging from 5 to 7, which fall within physiologically relevant ranges. In their
deprotonated form, the dyes adopt a more planar conformation with extended donor-acceptor
conjugation, resulting in stronger absorption, higher fluorescence quantum yields, and longer
excited-state lifetimes compared to their protonated counterparts. Comparative studies with
conventional dyes such as fluorescein and Cy5 demonstrated the superior photostability of the
novel carborhodols. This combination of pH responsiveness and stability supports their use as
both fluorogenic and chromogenic sensors, making them attractive candidates for long-term
monitoring applications such as smart wound dressings.

Solvatochromic studies showed that the basic forms of carborhodol dyes exhibit positive
solvatochromism in both absorption and emission, with pronounced bathochromic shifts in
absorption and moderate red shifts in emission. These results are consistent with an
intramolecular charge transfer and stabilization of the excited state in polar solvents,
broadening their potential use as polarity-sensitive probes. In contrast, the acidic forms
exhibited only slight negative solvatochromism in absorption and negligible solvent-dependent
emission. Fluorescence lifetimes were longer in polar aprotic solvents than in protic media,
indicating the role of hydrogen-bond-assisted nonradiative decay.

To demonstrate their applicability, the dyes were incorporated into polymer-based systems.
AS 01, AS 02, AS 03, AS 07, and AS 13 were successfully encapsulated in PEG-b-PLA
vesicles, which enabled an assessment of how dye hydrophilicity and neutral character
influenced retention. The hydrophobic dye AS 01 precipitated after vesicle lysis, while

hydrophilic dyes tended to leak during prolonged dialysis, limiting their visible colorimetric pH
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sensitivity. Nevertheless, the vesicle suspensions exhibited enhanced fluorescence with rising
pH, even without lysis. From these results, it became clear that covalent immobilization
provides greater reliability than non-covalent encapsulation. Chitosan films proved ideal for
this purpose due to their antimicrobial, non-toxic, bioadhesive, and haemostatic properties, as
well as their established use in wound dressings. Covalent attachment of NHS-activated AS 14
and AS 15 to chitosan produced pH sensors that operated effectively within the physiologically
and environmentally relevant range of pH 4-7. Among these, AS 14-CS combined
chromogenic sensing with a pronounced fluorogenic enhancement (30-fold turn-on), whereas
AS 15-CS functioned primarily as a colorimetric probe. The fiims exhibited excellent
photostability, resistance to dye leaching, and significant swelling capacity, properties that are
highly desirable for real-world applications such as wound monitoring.

Overall, this work demonstrates that molecular design, combined with material integration,
can yield functional solid-state pH sensors. The chitosan-based films developed here show
strong promise for biomedical and environmental applications, particularly as components of
smart wound dressings for the early detection and monitoring of infection. Their brightness,
high fluorescence turn-on response, physiological-range pKa, stability against photobleaching,
photodegradation, and leaching establish them as strong candidates for real-time sensing
platforms in clinical contexts.

Based on these findings, several directions merit further exploration. Vesicle-based
platforms beyond PEG-b-PLA could be investigated to determine whether hydrophilic
carborhodols can be more effectively retained, enabling a clear colorimetric pH response in
encapsulated systems. Another promising direction is the systematic tuning of pKsvalues. The
observation that chitosan-bound dyes exhibit values about one unit lower than their free
counterparts suggests that introducing appropriate substituents to increase the intrinsic pK, of
free dyes could yield immobilized analogues with higher pKa. Moreover, the pronounced
solvatochromism observed for the basic forms highlights the potential for the use in
environmental sensing, where changes in polarity or solvent composition can be monitored.
Finally, the structure-property relationships identified in this work could be further rationalized
by computational methods such as density functional theory (DFT) and time-dependent DFT,
which would provide deeper insights into the electronic structures, transition dipoles, and
conformational preferences responsible for the observed pH-dependent optical responses.
Collectively, these directions will not only strengthen the fundamental understanding of
carborhodol dyes but also expand their potential utility across biomedical, environmental, and

materials science applications.
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Appendix

Chapter 3: Synthesis and Characterization of Novel
pH-Sensitive Carborhodol Dyes

TH, 13C, and °F NMR Spectral Data
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Figure S30. '3C-NMR spectrum (125 MHz) of AS 12 in DMSO-db.

PA-TONVHLIW TE'E
PA-TONVHLIW TE'E
PA-TONVHLIAW TE'E
PA-TONVHLIW €€
PA-TONVHLIW €€

€

61
J00°E
¥L6'C
5oz
Nyz

€

€

3.0 2.5 2.0 1.5 1.0

3.5

4.0

4.5

6.0 5.5 5.0

7.5 7.0 6.5

8.0

f1 (ppm)

Figure $31. "H-NMR spectrum (500 MHz) of AS 15 in CD3OD.



171

APPENDIX FOR CHAPTER 3

[4 534 S

ww.ﬂm/
oo.mm
mo.mm/
wh.ﬁm/
mﬁ.Nm/
cTse

86°LE

wm.Nv/

vm.mv
E.Sz,\zmz mv.wv/
ELJONYLLLI 99-25 )

pA-TONVHLIW £8°8
bA-TONVHLIW 00°6%
bQA-TONVHLIW T 6t
bQA-TONVHLIW +€ 61
bA-TONVHLIW 1564
62°2S

THETT
SLSTT~
85911~
60621
9€'beT A
0S'LTT
1821
8b°0€T
0S°0€T
S8'0€T
€L°TET
bS'GET
ObLET
€ LET

L O
olM.
=
[}
—2Z
o N
()
b o

CHy

o
o9

©
0

CH,
(6]

10

50

170 160 150 140 130 120 110 100

180

f1 (ppm)

Figure S32. '3C-NMR spectrum (125 MHz) of AS 15 in CD30D.






APPENDIX FOR CHAPTER 4 173

Chapter 4: pH-Dependent Photophysical Properties
of Carborhodol Dyes

pH-dependent Absorption Spectra
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Figure S1. pH-dependent absorption spectra of AS 01, AS 03, AS 07, AS 10, AS 11, AS 12, AS 13,
and AS 14. Arrows indicate the development of bands with increasing pH value of the solution. Inset:
Absorbance at long wavelength absorption maxima as a function of pH. The red line denotes the best
fit of the experimental data to the theoretical isotherm of a weak acid; pKais determined from this plot.
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Figure S2. Fluorescence spectra of AS 03, AS 07, AS 10, AS 11, AS 12, AS 13, AS 14, and AS 15
recorded in aqueous buffer at pH 10 (blue trace) and pH 3 (red trace). Both acidic and basic forms are
excited at their respective absorption maxima. For each pair (acidic and basic forms), the absorbance
was adjusted to a constant value in the range of 0.04-0.05 in a 1 cm cuvette, at the excitation

wavelength.
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Figure S3. Fluorescence spectra of AS 01, AS 02, AS 03, AS 07, AS 10, AS 11, AS 12, AS 13, AS 14,
and AS 15 recorded in aqueous basic (blue trace) and acidic (red trace) EtOH. Both acidic and basic
forms excited at their respective absorption maxima. For each pair (acidic and basic forms), the
absorbance was adjusted to a constant value in the range of 0.04-0.05 in a 1 cm cuvette, at the excitation
wavelength.
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Figure S4. Photostability profile of the acidic form (a) and the basic form (b) in pH 3 and pH 10 buffer,
respectively, over 1440 minutes of Irradiation (575 W mercury halide lamp).
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Figure S5. Absorption spectra of carborhodols recorded during the photostability experiment over 24
hours. Spectra were collected in pH 3 buffer (left) and pH 10 buffer (right).
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Photostability Assessment in
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Figure S6. Absorption spectra of carborhodols recorded during the photostability experiment over 24
hours. Spectra were collected in acidic (left) and basic (right) EtOH.
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Chapter 5: Solvatochromic Behavior of Carborhodol
Dyes

Solvent-Dependent Absorption of the Basic Form of Carborhodols
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Figure S1. Normalized absorption spectra of the basic form of AS 03, AS 07, AS 10, AS 11, AS 12,
and AS 13 in various solvents.



184

APPENDIX FOR CHAPTER 5

Spirolactone Formation of the Basic Form of Carborhodols
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Figure S2. Normalized absorption spectra of the basic forms of AS 10, AS 12, and AS 12 showing
spirolactone formation.

Solvent-Dependent Emission of the Basic Form of Carborhodols

Norm. Fluo. Int.

AS 03

——DCM

——DMSO
2-propanol

—— EtOH

—— pH10 Buffer

600

700 800

Wavelength / nm

Norm. Fluo. Int.

AS 07

——DCM

——DMSO
2-propanol

—— EtOH

—— pH10 Buffer

700
Wavelength / nm

600



APPENDIX FOR CHAPTER 5

185
AS 10 AS 11
——EtOH ——EtoH [
—— pH10 Buffer, —— pH10 Buffer|
E E
o o
3 3
[T [T
g g
[=] [=]
=z =z
500 600 700 800 500 600 700 800
Wavelength / nm Wavelength / nm
AS 12 AS 13
——EtOH 2-propanol
—— pH10 Buffer ——EtOH
— pH10 Buffer
E E
o o
3 3
[T [T
g g
[=] [=]
=z =z
500 600 700 800 500 600 700 800
Wavelength / nm Wavelength / nm
AS 14 AS 15
—— Toluene ™ Toluene
——DCM ——DCM
——DMSO ——DMSO
2-propanol 2-propanol
= ——EtOH = ——EtOH
- —— pH10 Buffer - — pH10 Buffer
[o] [o]
3 3
[T [T
g g
[=] [=]
=z =z
500 600 700 800 500 600 700 800

Wavelength / nm

Wavelength / nm

Figure S3. Normalized emission spectra of the basic form of AS 03, AS 07, AS 10, AS 11, AS 12, AS
13, AS 14, and AS 15 in various solvents.
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Solvent-Dependent Absorption of the Acidic Form of Carborhodols
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Figure S4. Normalized absorption spectra of the basic form of AS 03, AS 07, AS 10, AS 12, and AS 13
in various solvents.
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Chapter 6: Encapsulation of pH-Sensitive
Dyes in poly (ethylene glycol)-block-poly (lactic acid)
Vesicles for Sensing Applications
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Figure S1. Plot of the dye concentration in octanol (co) versus that in water (cw) for (a) AS 01, R? =

0.984, (b) AS 03, R? = 0.997, and (c) AS 13, R? = 0.996. (d) AS 02 at different concentrations after

centrifugation, illustrating phase separation between the octanol (top) and aqueous (bottom) layers.
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Figure S2. Fluorescence kinetics of ATTO 594 and AZ 234 dye release from PEG114-b-PLAsoo
assemblies. (a) Fluorescence spectra of ATTO 594-loaded vesicles over time (Aexc.= 585 nm), (b)
Change in fluorescence intensity at the emission maximum as a function of incubation time for ATTO
594, (c) Fluorescence spectra of AZ 234-loaded vesicles over time (Aexc= 630 nm), (d) Change in
fluorescence intensity at the emission maximum as a function of incubation time for AZ 234.
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Figure S3. (a) Vesicle suspension of AS 03 loaded PEG11s-b-PLAsoo after 2 days of dialysis, (b)
Purification using a Zeba spin desalting column, showing free dye retained within the column after
centrifugation, (c) First fraction collected from the column containing purified vesicles.
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Figure S4. DLS particle size distribution by number of (a) AS 02, (b) AS 03, (c) AS 07, and (d) AS 13

loaded PEG114-b-PLAsoo vesicles.
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Chapter 7: pH-responsive Chitosan-Based Hydrogels
for Detecting Wound Infections
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Figure S1. Absorption spectra of spin-coated films at different pH values for (a) AS 14-CS (14 mM) and
(b) AS 15-CS (20 mM), corresponding photographic images of (e) AS 14-CS and (f) AS 15-CS films
washed with PBS, pH 7.4. Fluorescence spectra at pH 3 and pH 10 for films with varying dye loadings
for (c) AS 14-CS and (d) AS 15-CS. An increase in dye concentration led to higher fluorescence
intensity; however, fluorescence quenching was observed at 14 mM and 20 mM loadings for both films.
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Figure S2. Photographic images of AS 15-CS spin-coated film (20 mM) at different pH.
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Figure S3. AFM micrographs of the surface (left) and corresponding height distribution profiles (right)
for (a) non-modified CS, (b) AS 14-CS, and (c) AS 15-CS.
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Table S1: Assignments of key bands observed in the ATR-FTIR spectra of non-modified hydrogel,
AS 14-CS, and AS 15-CS.

Assignment Band position Band position Band position Band position
(em™) (cm™) (em™) (ecm™)
Reference CS AS 14-CS AS 15-CS
Chitosan
N-H (amide II) 1550-1565 1563 1574 1578 &1546
NH: 1590-1610 %88 -
C=0 (amide I) 1620-1665 1651 1650 &1630 1650
0 o
LT sUSN
(@) N _ N
O 2 OH 0

o LT e LICL I
N OH N O

Figure S4. Protonation-deprotonation equilibria of (a) AS 14 and (b) AS 15. Structures shown in red
correspond to the protonated forms, while structures in blue represent the deprotonated forms.

Tntensity [Counts]

Figure S5. Fluorescence decay of AS 15-CS basic film fitted with a bi-exponential model. Residuals
indicate good fit quality.
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Figure S6. Absorption spectra of unmodified CS film washed with (a) pH 4 buffer and (b) pH 10 buffer.
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Figure S7. Absorption spectra of solutions obtained after immersing films for 24 h (measured ina 1 mm
cuvette), showing the absence of dye release from AS 14-CS and AS 15-CS films. The inset shows
photographs of the films immersed in the corresponding solutions.
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Figure S8. (a) Absorption and (b) emission spectra of ATTO Rho13-CS films prepared by spin coating
at different dye concentrations.
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Figure S9. (a) Normalized absorption spectra of ATTO 550 in PBS and ATTO 594-CS films, and (b) the
chemical structure of ATTO 550 NHS ester.

(c)

(e)

Figure S10. Photographic images of the experimental setup. (a) Modified CS film attached to a
microscopic slide. (b) Placement of the slide in the UV-Vis sample holder. (c) Modified CS film is
mounted on a 35 mm slide mount. (d) Placement of the mounted film in the UV-Vis sample holder. (e)
CS films on a slide mount positioned horizontally on an overhead projector for photostability
measurements. (f) Spin-coated coverslip was attached to a 1 mm cuvette and placed in the fluorescence

spectrometer sample holder.
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