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Abstract

Abstract

The emergence of antibiotic-resistant bacteria, particularly in respiratory infections,
presents an urgent need for alternative therapeutic approaches. This thesis describes
the development of polymer-based antimicrobial photodynamic therapy systems

designed specifically for treating Pseudomonas aeruginosa respiratory infections.

Two complementary synthetic strategies were employed to create functional polymeric
materials incorporating photosensitizers and other active ingredients (biofilm-

disrupting agents).

The first approach involved post-polymerization modification of active ester polymers,
enabling controlled incorporation of both ruthenium complexes and phenalenone
derivatives as photosensitizers. The second strategy utilized direct free radical
polymerization of photosensitizer-containing monomers alongside functional
comonomers. Both approaches successfully yielded water-soluble polymers intended
for nebulization-based delivery. Compared to free photosensitizers, these polymer-
based systems offer advantages including enhanced local drug concentration through
multivalent presentation and improved solubility, addressing key limitations of

conventional photosensitizers.

Comprehensive biological evaluation highlighted various properties of the polymers
designed with identification of structure-activity relationships. Some of these materials
can effectively inactivate and/or eliminate both planktonic bacteria and biofilms upon
visible light illumination, with activity maintained in physiologically relevant conditions.
Notably, certain polymers also showed enhanced efficacy in high-salt environments
representative for respiratory infections such as cystic fibrosis. The materials exhibited
excellent biocompatibility with human bronchial epithelial cells and maintained their
structural integrity and antimicrobial activity through nebulization, supporting their

potential for therapeutic applications.

This work establishes a promising platform for treating respiratory infections through
controlled, light-activated antimicrobial activity, offering advantages over conventional

antibiotic treatments while maintaining compatibility with clinical delivery methods.
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Graphical abstract: Antimicrobial photodynamic therapy polymer synthesis and biological evaluation.
Two synthetic strategies, post-polymerization modification (PPM) and free radical polymerization (FRP),
were used to incorporate photosensitizers into functional polymers, which were then evaluated against
P. aeruginosa. Selected polymers showed excellent antimicrobial activity, biofilm disruption, and clinical
compatibility.



Zusammenfassung

Zusammenfassung

Das Auftreten antibiotikaresistenter Bakterien, insbesondere bei
Atemwegsinfektionen, erfordert dringend alternative therapeutische Ansatze. Diese
Dissertation beschreibt die Entwicklung polymerbasierter antimikrobieller
photodynamischer Therapiesysteme, die speziell fur die Behandlung von

Pseudomonas aeruginosa-Atemwegsinfektionen konzipiert wurden.

Zwei komplementare Synthesestrategien wurden eingesetzt, um funktionelle
Polymermaterialien herzustellen, die Photosensibilisatoren und andere Wirkstoffe

(Biofilm-Disruptoren Substanzen) enthalten.

Der erste Ansatz umfasste die Post-Polymerisationsmodifikation von Aktivester-
Polymeren, die eine kontrollierte Einbindung sowohl von Rutheniumkomplexen als
auch von Phenalenonderivaten als Photosensibilisatoren ermdglichte. Die zweite
Strategie nutzte die direkte freie radikalische = Polymerisation  von
photosensibilisatorhaltigen Monomeren zusammen mit funktionellen Comonomeren.
Beide Ansatze fuhrten erfolgreich zu wasserloslichen Polymeren, die fur die
Verabreichung mittels Vernebelung geeignet sind. Im Vergleich zu freien
Photosensibilisatoren bieten diese polymerbasierten Systeme Vorteile wie erhdhte
lokale Wirkstoffkonzentration durch multivalente Prasentation und verbesserte
Ldslichkeit, wodurch wesentliche Einschrankungen konventioneller

Photosensibilisatoren Uberwunden werden.

Eine umfassende biologische Bewertung zeigte verschiedene Eigenschaften der
entwickelten Polymere und identifizierte Struktur-Wirkungs-Beziehungen. Einige
dieser Materialien kénnen sowohl planktonische Bakterien als auch Biofiime bei
Lichtaktivierung effektiv inaktivieren und/oder eliminieren, wobei die Aktivitat unter
physiologisch relevanten Bedingungen erhalten bleibt. Bemerkenswert ist, dass
bestimmte Polymere auch eine erhdhte Wirksamkeit in Hochsalzumgebungen
zeigten, die typisch fir Atemwegsinfektionen wie bei Mukoviszidose sind. Die
Materialien wiesen eine ausgezeichnete Biokompatibilitat mit menschlichen
Bronchialepithelzellen auf und behielten ihre strukturelle Integritat und antimikrobielle
Aktivitat wahrend der Vernebelung bei, was ihr Potenzial fur therapeutische

Anwendungen unterstutzt.



Zusammenfassung

Diese Arbeit etabliert eine vielversprechende Plattform zur Behandlung von
Atemwegsinfektionen durch kontrollierte, lichtaktivierte antimikrobielle Aktivitat, die
Vorteile gegentber herkdmmlichen Antibiotikabehandlungen bietet und gleichzeitig

mit klinischen Verabreichungsmethoden kompatibel ist.

Synthesestrategien / In vitro Tests: \
Gegen p. aeruginosa:
PPM * Planktonische Bakterien
— [ Uber aktive Ester ] — 2> = |. Biofilme

Toxizitatstest
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Grafische Zusammenfassung: Synthese und biologische Bewertung antimikrobieller
photodynamischer Therapie-Polymere. Zwei Synthesestrategien, Postpolymerisationsmodifikation
(PPM) und Freie radikalische Polymerisation (FRP), wurden verwendet, um Photosensibilisatoren in
funktionelle Polymere zu integrieren, die anschlieBend gegen P. aeruginosa getestet wurden.
Ausgewahlte Polymere zeigten ausgezeichnete antimikrobielle Aktivitadt, Biofilm-Disruption und
klinische Kompatibilitat.
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Note on Figures, Procedures, and Nomenclature

Figures without specific citations were created by the author. Figures adapted from
other sources are properly cited in their respective captions. Similarly, synthetic

procedures without references were developed during the course of this thesis work.

For clarity and readability, some compound and polymer names have been simplified
rather than using full IUPAC nomenclature, particularly for complex structures. These
simplifications maintain chemical accuracy while enhancing comprehension for

readers across different disciplines.
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Introduction

1 Introduction

1.1 Background: Antimicrobial Resistance and Respiratory Infections

The global impact of antibiotic resistance

The emergence and spread of antimicrobial resistance (AMR) represent one of the
most urgent challenges in modern medicine.[1,2] The World Health Organization
(WHO) has identified AMR as a critical global health threat, with conservative
estimates projecting 10 million annual deaths from drug-resistant infections by
2050.[2,3]

Beyond the human cost, AMR poses substantial economic burden, with treatment
costs for resistant infections expected to exceed $100 billion annually in the United

States alone.[4]

The impact of AMR extends beyond individual patient outcomes to affect entire
healthcare systems and society at large.[5] The rising prevalence of resistant
infections leads to prolonged hospital stays, increased mortality rates, and substantial

economic burden on healthcare systems.[6,7]

Furthermore, the challenge is compounded by the limited development of new
antibiotics, with pharmaceutical companies increasingly withdrawing from antibiotic
research due to economic constraints.[8] This creates a critical gap between the
emergence of resistant bacteria and our ability to combat them with new therapeutic

options.
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Introduction

Respiratory Infections: A Critical Healthcare Challenge

Respiratory infections represent a particularly critical aspect of the AMR crisis, with
resistant pathogens becoming increasingly prevalent in healthcare settings.[3,9] This
situation is especially concerning in intensive care units, where ventilator-associated
pneumonia caused by resistant organisms has become a leading cause of
mortality.[6,10] The restricted penetration of conventional antibiotics into lung tissue,
combined with the increasing prevalence of resistant pathogens, has created a critical

need for alternative therapeutic approaches.[11]

The treatment of these infections is further complicated by the complex anatomy and
multiple physiological barriers of the respiratory tract.[12,13] Understanding these

barriers is crucial for developing effective therapeutic strategies.

The respiratory tract presents several key barriers to effective drug delivery as shown
in Figure 1. The mucociliary clearance system actively removes foreign particles
through coordinated ciliary movement.[14] Bacterial biofiims form protective
communities that resist conventional treatments.[15,16] The presence of pulmonary
surfactant and alveolar macrophages creates additional challenges for therapeutic

delivery.[17]
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Figure 1: Key biological barriers affecting drug delivery in the respiratory tract. (a) Mucociliary clearance
actively removes foreign particles, (b) bacterial biofilms form protective communities resistant to
treatment, (c) pulmonary surfactant creates an additional barrier layer, and (d) alveolar macrophage
clearance removes foreign materials. Adapted from He et al.[18]

These physiological barriers become particularly challenging in patients with
underlying respiratory conditions. In cystic fibrosis (CF) patients, altered mucus
composition creates an exceptionally difficult environment for drug delivery.[17,19] The
dehydrated, highly viscous secretions not only impair natural clearance mechanisms
but also create ideal conditions for bacterial colonization.[19,20] The altered airway
surface liquid composition further complicates treatment by affecting drug distribution
and activity.[20,21] Additionally, the thickened mucus in CF airways can create
oxygen-depleted zones that favour bacterial growth and reduce the effectiveness of
certain antibiotics.[19,22]

Immunocompromised patients face additional challenges in fighting respiratory
infections. Their compromised natural defense mechanisms often necessitate more
aggressive therapeutic approaches.[23] These patients are particularly susceptible to
opportunistic pathogens that are frequently resistant to conventional antibiotics.[24]

The extended duration of treatment often required in these cases, increases the risk
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of developing resistant infections, creating a cycle that further complicates therapeutic

management.[11,25]

Current treatment approaches, primarily relying on systemic antibiotics, face
significant limitations in addressing these challenges. Poor penetration through thick
mucus layers and biofilms often results in subtherapeutic drug concentrations at
infection sites.[15,16,26] The rapid clearance of drugs from the airways necessitates
frequent dosing or high drug concentrations to maintain therapeutic effects.[27,28]
This often leads to significant systemic exposure and potential side effects, while still
failing to achieve adequate drug levels at the site of infection.[27,29] Furthermore, the
variable distribution of antibiotics in lung tissue can create concentration gradients that

promote the development of resistance.[30,31]

These limitations highlight the urgent need for innovative delivery systems that can
overcome these physiological barriers while maintaining therapeutic efficacy. Polymer-
based delivery systems, particularly those designed for local activation, offer promising
solutions by enabling targeted drug delivery and controlled release at infection
sites.[32] The ability to design polymers with specific properties that enhance mucus
penetration, resist rapid clearance, and maintain activity in the complex lung

environment provides new opportunities for improving therapeutic outcomes.[32,33]

18
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Pseudomonas aeruginosa in Respiratory Infections

P. aeruginosa, a Gram-negative bacterium, represents a critical threat in respiratory
infections, particularly in healthcare settings, due to its remarkable adaptability and
intrinsic resistance mechanisms.[34,35] The World Health Organization has
designated it as a "high priority pathogen," reflecting both its high mortality rates and
its exceptional ability to develop resistance to multiple antibiotic classes.[34,36] This
pathogen is particularly problematic in respiratory infections due to its ability to thrive

in the complex lung environment and form resilient biofilm communities.[35]

In chronic respiratory infections, particularly in CF patients, P. aeruginosa colonization
represents a critical turning point in disease progression.[37] While initial lung
colonization often involves other bacteria like Staphylococcus aureus, the exceptional
adaptability of P. aeruginosa allows it to eventually dominate the lung environment.[38]
The bacterium undergoes significant phenotypic adaptations that enhance its
persistence. These adaptations include the development of mucoid phenotypes
characterized by overproduction of alginate, which further protects the bacteria from
both immune responses and antimicrobial treatments.[39] Additionally, the bacterium
modifies its metabolism and gene expression patterns, leading to increased tolerance
to oxidative stress and conventional antibiotics.[39-41] These adaptations, combined
with the organism's intrinsic resistance mechanisms and biofilm-forming capabilities,
make P. aeruginosa infections particularly difficult to eradicate using conventional

therapeutic approaches.[34,39,42]

P. aeruginosa possesses multiple intrinsic resistance mechanisms that make it
particularly challenging to treat. These include a highly selective outer membrane that
limits antibiotic penetration, multiple efflux pump systems that actively expel
antimicrobial compounds, and various enzymatic degradation mechanisms including
B-lactamase production.[34] The bacterium's ability to rapidly acquire additional
resistance genes through horizontal gene transfer further enhances its survival
capabilities.[34] These mechanisms work synergistically to provide protection against

a wide range of conventional antibiotics.[34,43]

A key feature of P. aeruginosa infections is the organism's exceptional ability to form
biofilms, as shown in Figure 2, that represent complex bacterial communities

embedded within a self-produced extracellular matrix.[44] These biofilms provide
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multiple advantages for bacterial survival, including protection from host immune
responses, reduced antibiotic penetration, mechanical stabilization and improved
adherence of the bacterial community to the substrate tissue, and enhanced bacterial
communication through quorum sensing systems.[43,44] The biofilm matrix acts as a
diffusion barrier, significantly reducing the effectiveness of conventional antibiotics and
necessitating novel therapeutic approaches.[16,44,45]

Bacteria attachment to
the surface

0.0
Dispersion O..O.

ﬂ \ Microcolony

formation

W Biofilm formation ;

Maturation

Figure 2: Stages of bacterial biofilm formation.

These characteristics of P. aeruginosa, particularly its ability to form resilient biofilms
and develop resistance, have driven the search for alternative therapeutic strategies.
Various approaches have been developed to address these challenges, including
novel drug delivery systems, anti-virulence approaches, and bacteriophage
therapy.[46,47] However, many of these approaches face limitations in treating
respiratory infections, such as rapid clearance from the airways and insufficient

distribution in infected tissue, limiting their therapeutic efficacy.[26,48,49]

Among these strategies, antimicrobial photodynamic therapy (aPDT) has emerged as
a particularly promising approach due to its unique mechanism of action and potential
for targeted activation.[50,51] This light-triggered therapeutic strategy offers several
distinct advantages in addressing bacterial resistance, as will be detailed in

subsequent sections.
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1.2 Photo Dynamic Therapy and its Antimicrobial Applications
Having identified antimicrobial photodynamic therapy (aPDT) as a promising approach
for treating respiratory infections, understanding its fundamental mechanisms and

requirements is crucial for developing effective therapeutic strategies.

aPDT builds on the fundamental principles of photodynamic therapy (PDT). The
concept of PDT emerged at the beginning of the 20th century through the pioneering
observations of Oscar Raab, who discovered that certain dyes could induce cell death
in the presence of light.[52,53] While this discovery initially led to developments in
cancer treatment, its application in antimicrobial therapy has gained significant

attention as a promising approach to combat bacterial infections.[51,54,55]

The fundamental mechanism of PDT involves three essential components: a
photosensitizer, light of appropriate wavelength, and molecular oxygen. Upon
absorption of light, the photosensitizer transitions from its ground state (S,) to excited
singlet states (S;, S;). This excited molecule can then undergo several deactivation
pathways, with intersystem crossing (ISC) to the triplet state (T,) being crucial for
photodynamic activity, as shown in Figure 3.[51,54,55] The long-lived triplet state can

participate in two types of photochemical reactions:

Type | reactions involve direct electron transfer between the excited photosensitizer
and biological substrates, generating reactive radical species. Type Il reactions occur
through energy transfer to ground state oxygen, producing singlet oxygen, a highly
reactive species capable of causing oxidative damage to cellular
components.[50,51,53,55]
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Figure 3: Jablonski diagram showing the photophysical processes and photochemical pathways in
photodynamic therapy, highlighting the generation of reactive oxygen species essential for antimicrobial
activity. IC: Internal Conversion; ISC: Intersystem Crossing. Created by the author, adapted from Youf
et al.[51]

For respiratory applications, several factors critically influence PDT efficacy. Light
delivery must balance tissue penetration depth with effective photosensitizer activation
- longer wavelengths offer better tissue penetration but typically provide less energy
for photosensitizer excitation.[55] The local oxygen concentration in infected tissue
also impacts treatment efficacy, particularly in biofilm environments where oxygen
gradients exist.[53,56]

Modern light delivery systems for PDT have evolved to address the specific challenges
of respiratory infections. Fiber optic systems enable precise light delivery to infection
sites through bronchoscopic approaches.[57] The development of miniaturized,
flexible light delivery systems has made it possible to target specific infection sites
while minimizing exposure of healthy tissue.[58] Additionally, advances in LED
technology have enabled the development of more compact and efficient light sources

suitable for clinical applications.[58]
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1.2.1 Antimicrobial Photo Dynamic Therapy

While PDT was initially developed and established for cancer treatment, its application
in antimicrobial therapy has emerged as a promising approach for combating bacterial
infections, particularly those caused by resistant organisms like P. aeruginosa.[51,54]
The adaptation of PDT principles to antimicrobial applications brings unique
advantages that directly address many limitations of conventional antibiotic

treatments.

The effectiveness of aPDT stems from its multifaceted mechanism of action. Unlike
conventional antibiotics that typically target specific cellular processes, aPDT can
simultaneously damage multiple bacterial targets through oxidative stress.[50] This
broad-spectrum activity makes it particularly effective against antibiotic-resistant
bacteria, as the fundamental mechanisms of antibiotic resistance provide no protection

against oxidative damage.[50,59] The generated reactive oxygen species can cause:

e Disruption of bacterial cell membranes.[60]
e Oxidation of proteins and enzymes.[60,61]
e Damage to nucleic acids.[60,61]

¢ Interference with bacterial metabolism.[60]

A key advantage of aPDT lies in its light-triggered activation mechanism, which
enables unprecedented spatial and temporal control over the therapeutic effect.[62—
64] This control is particularly valuable for respiratory infections, where aPDT offers

several specific advantages:

e Precise spatio-temporal control through localized light delivery.[62—64]
e Rapid antimicrobial action upon light activation.[65]
o Effectiveness against both planktonic bacteria and biofilms.[50,66]

e Minimal impact on surrounding host tissue when properly delivered.[63]

The effectiveness against bacterial biofilms relies on both efficient photosensitizer
delivery and sufficient light penetration through the biofilm matrix.[32,67] These
challenges have driven the development of advanced delivery systems, particularly
polymer-based carriers that can enhance photosensitizer distribution within
biofilms.[32] The integration of photosensitizers into polymer systems significantly

enhances therapeutic potential through multiple mechanisms. These polymer-based
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delivery platforms improve photosensitizer solubility and stability in biological
environments while enabling controlled release and distribution at infection sites.[67]
Furthermore, they enhance interaction with bacterial cells and biofilms and provide

crucial protection during nebulization and delivery processes.[68—70]

The translation of aPDT to respiratory infections requires careful optimization of
delivery methods. The ability to deliver photosensitizers through nebulization enables
direct access to infection sites.[71,72] Combined with the light delivery systems
discussed above, polymer-based photosensitizer delivery systems have been
designed to maintain stability during aerosolization while preserving their
photodynamic activity.[68,69,73]
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1.2.2 Photosensitisers in Antimicrobial Photo Dynamic Therapy
Photosensitizers for aPDT can be broadly categorized into two main classes: organic
compounds and metal complexes. Within these categories, specific attention has
focused on compounds that combine high singlet oxygen quantum yields with the
ability to be effectively incorporated into delivery systems.[74,75] The selection of
appropriate photosensitizers for respiratory applications must consider not only their
photophysical properties but also their compatibility with polymer-based delivery
platforms.[67,74]

A wide range of photosensitizers have been developed for aPDT applications with
specific antimicrobial activity, spanning from purely organic structures to metal

complexes, some of these structures are shown in Figure 4.[51]

Organic photosensitizers include phenothiazinium dyes, porphyrins, and various
aromatic systems, each offering distinct photophysical properties.[74,76] Metal-based
photosensitizers, particularly ruthenium complexes, provide additional versatility

through their modular synthetic nature and tunable properties of their ligands.[72,77]
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Figure 4: Representative photosensitizers with antimicrobial activity used in aPDT. (A) Organic
photosensitizers including phenothiazinium dyes, porphyrins, and other aromatic systems. (B) Metal-
based photosensitizers showing various ruthenium complexes with different ligand architectures. These
structures illustrate the diverse molecular frameworks available for aPDT applications. Adapted from
Youf et al.[51]

Among organic photosensitizers, phenalenone derivatives have emerged as
particularly promising candidates due to their exceptional singlet oxygen quantum
yields and synthetic versatility.[78] Their relatively simple molecular structure facilitates
adaptation for polymer incorporation.[78] The ability to introduce specific functional
groups without compromising photophysical properties makes these compounds

particularly suitable for integration into polymeric delivery systems.[78,79]

Ruthenium complexes, particularly those based on phenanthroline ligands, represent

another important class of photosensitizers with distinct advantages for aPDT
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applications. These metal complexes offer high photostability under prolonged
irradiation and possess long-lived excited states that enhance singlet oxygen
generation efficiency.[77,80] The phenanthroline ligand system is particularly valuable
due to its robust coordination chemistry with ruthenium and its ability to create
complexes with strong absorption in the visible region.[77,81] Their modular synthetic
nature allows for strategic modification of the phenanthroline ligands to introduce
specific functional groups, enabling both fine-tuning of photophysical properties and
efficient polymer conjugation.[82,83] This structured synthetic chemistry provides
precise control over both the photodynamic activity and the integration into polymer

delivery systems.

The selection of photosensitizers for respiratory applications requires careful
consideration of multiple interrelated factors. Photosensitizer stability in biological
media and during nebulization is crucial for maintaining therapeutic efficacy throughout
the delivery process.[71,72,84] The specific environment of the airways, particularly
their high salt content and variable oxygen levels, necessitates photosensitizers that
can maintain their activity under these challenging conditions.[72] Furthermore, the
photosensitizer must be compatible with the synthetic procedures of polymer
conjugation chemistry while retaining its ability to efficiently generate reactive oxygen

species under physiological conditions.[67,85,86]

This combination of appropriate photosensitizer selection with effective delivery
strategies becomes particularly crucial for treating respiratory infections, especially
those involving bacterial biofilms where both penetration and activation must be

optimized.
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1.3 Polymer-based Drug Delivery Systems

Polymer-based delivery platforms offer diverse architectural possibilities for
photosensitizer delivery. These systems can range from simple polymer-drug
conjugates to more complex structures such as micelles, dendrimers, and
polymersomes shown in Figure 5, each providing unique advantages for drug
delivery.[51] The ability to functionalize these carrier systems with targeting ligands
while incorporating photosensitizers enables the development of sophisticated

delivery platforms that can enhance therapeutic efficacy.[67]

(3

Polymeric Micelle Dendrimer Polymersome Polyplex Polymer drug
NP conjugate

B

a

PS A Ligand

Figure 5: Different architectures of polymer-based photosensitizer delivery systems. Schematic
representation of various carrier types including polymeric nanoparticles (NP), micelles, dendrimers,
polymersomes, polyplexes, and polymer-drug conjugates. These architectures can be functionalized
with targeting ligands and loaded with photosensitizers (PS) to create tailored delivery systems for
specific applications. Adapted from Youf et al.[51]

Among these various architectures, covalent polymer-drug conjugates offer particular
advantages for respiratory delivery due to their chemical stability, controlled size,
tunable properties such as solubility in aqueous environments, and ability to maintain
drug (photosensitizer) activity.[87] The successful development of such systems
requires careful consideration of both the synthetic approach and the targeted polymer

properties.

The development of polymer-based photosensitizer delivery systems can be
approached through two main synthetic strategies: post-polymerization modification
(PPM) of a polymeric precursor with aPDT units and direct copolymerization of
photosensitizer-containing comonomers with the desired main monomers, for
example by free radical polymerization (FRP). Each approach offers distinct
advantages and challenges in the context of aPDT applications. Post-polymerization
modification provides precise control over polymer composition and allows for the
incorporation of multiple functional components. Free radical polymerization, on the

other hand, offers exceptional versatility with high tolerance toward various solvents,
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functional groups, and impurities, while enabling the polymerization of a wide range of

vinylic monomers.[88-90]

The success of these strategies relies critically on the selection of appropriate
polymerization methods. Different synthetic approaches offer distinct advantages and
limitations, particularly when incorporating functional molecules such as

photosensitizers and biofilm-disrupting agents.[67,87]
Polymerization methods

Free radical polymerization (FRP) represents an ideal choice for synthesizing
photosensitizer-containing polymers due to several key advantages. The method
offers high tolerance toward different chemical functionalities present in the monomers
and photosensitizers, enabling direct incorporation of complex molecules like
ruthenium complexes and biofilm-disrupting agents.[91,92] Its practical benefits
include simpler experimental setup compared to controlled polymerization techniques
and higher tolerance to trace impurities and moisture.[92] These characteristics make

FRP particularly suitable for scaling up production of therapeutic polymers.

While FRP was the primary method used in this work, controlled radical polymerization
(CRP), specifically Reversible Addition-Fragmentation chain Transfer (RAFT)
polymerization, was also employed for some polymers. RAFT represents one type of
CRP, alongside other techniques like Atom Transfer Radical Polymerization (ATRP)
and Nitroxide-Mediated Polymerization (NMP).[92,93] RAFT polymerization enables
precise control through a chain transfer agent that mediates the polymerization via a
reversible chain transfer process, resulting in well-defined polymers with narrow molar
mass distributions.[94,95]

However, due to the inherent complexity of incorporating functional photosensitizers
into polymer systems and practical considerations for potential scale-up, conventional
FRP often presents a more accessible and versatile approach for synthesizing
photosensitizer-containing polymers, despite the advantages in molecular control

offered by CRP techniques.

The typical FRP process employs thermal initiators such as azobisisobutyronitrile
(AIBN), which decomposes at 60-70°C to generate free radicals that initiate

polymerization.[96] Critical experimental considerations include removal of oxygen (a
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radical scavenger) through argon purging or freeze-pump-thaw cycles, and
subsequent polymer purification through precipitation or dialysis to remove unreacted

monomers and initiator residues.[97] [96][97]

Beyond direct polymerization techniques, post-polymerization modification (PPM)
offers an alternative and versatile strategy for incorporating functional groups onto pre-
formed polymer backbones.[98] Among various PPM approaches, active ester
chemistry has emerged as a particularly powerful tool due to its high efficiency and
versatility.[99] Active ester polymers contain activated carboxylic acid derivatives that
readily undergo nucleophilic substitution with primary amines under mild

conditions.[99]

H, CHs
5 0”0 | o
F F N .
0 0 \f
F F F F

Zz-0O
m O

F .
N-Hydroxysuccinimidacrylate / Pentafluorophenylacrylate / Aceton oxime Tetrafluorophenylmethacrylate
-methacrylate -methacrylate acrylate
X X
j:H,CHS =
o0~ O
/S\
o~ O 0" O
F F F F 0~ 0
0" O F F F F
F F
p-Nitrophenylacrylate / Pentafluorophenyl Pentafluorophenyl N-succinimidyl
-methacrylate -4-vinylbenzoate 4-vinylbenzenesulfonate -4-vinylbenzoate

Figure 6: Common active ester structures including pentafluorophenyl esters, N-hydroxysuccinimide
esters, and activated sulfonates.[99,100]

Among the active esters, which are shown in Figure 6, N-hydroxysuccinimide (NHS)
esters represent the most widely used and well-established system for polymer
modification.[100] Their widespread adoption stems from commercial availability, good
reactivity with primary amines, and extensive documentation in bioconjugation
chemistry.[100,101] However, NHS esters face certain limitations, particularly their

susceptibility to hydrolysis and restricted solubility in organic solvents.[102]
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These limitations have driven the development of alternative active ester systems.
Pentafluorophenyl (PFP) esters have emerged as particularly valuable alternatives,
offering several advantages over traditional NHS systems. PFP esters demonstrate
enhanced hydrolytic stability while maintaining excellent reactivity towards primary
amines.[99,103] Additionally, their broader solubility profile enables modifications in
various organic solvents, expanding the range of possible modification
reactions.[99,100]

The choice of active ester system significantly influences both the modification
efficiency and the overall synthetic strategy. While NHS esters excel in aqueous
conditions commonly used for biomolecule conjugation, PFP esters prove particularly
advantageous for modifications requiring organic solvents or extended reaction
times.[99,100] Understanding these characteristics is crucial for designing effective

polymer modification strategies.

Additionally, the success of active ester modification depends on several key factors
including the structure of the incoming nucleophile, reaction conditions, and polymer
architecture. For complex molecules such as photosensitizers, considerations like
steric hindrance and electronic effects become particularly important due to their

molecular complexity.
Polymer design considerations

The design of polymers for photosensitizer delivery in respiratory applications requires
careful consideration of multiple factors. The polymer architecture significantly
influences interaction with bacterial cells and overall effectiveness of aPDT.[67,104]
Key considerations include the polymer's molar mass, charge characteristics, and
hydrophilic-hydrophobic balance.[105,106] Selection of appropriate polymer
components is crucial for achieving desired therapeutic properties. Hydrophilic
polymers like poly(N-hydroxyethyl acrylamide) (or polyHEAAmM) have emerged as
valuable building blocks due to their biocompatibility, antifouling characteristics, and
suitable hydrophilicity for respiratory applications.[107,108]

The respiratory tract presents unique barriers that must be addressed through polymer
design. Previous studies of polymer-based drug delivery systems for pulmonary
applications have identified several critical requirements. The polymer systems must

be designed with appropriate size ranges for effective airway distribution and surface
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properties that enable mucus penetration.[109—111] Additionally, they must maintain
stability in the presence of ions and enzymes found in respiratory secretions while

remaining compatible with nebulization-based delivery methods.[69,110]

For antimicrobial photodynamic therapy applications, additional design elements
become crucial. The polymer structure must maintain photosensitizer activity while
providing protection during delivery.[32,47,87] The incorporation of surface-active
components can help modulate polymer-bacteria interactions and enhance
distribution within biofilms.[67] Additionally, the polymer structure must be designed to
maintain photosensitizer accessibility to environmental oxygen, which is crucial for

photodynamic efficiency.[112]

The presence of bacterial biofilms adds another layer of complexity to polymer design.
The polymer architecture must facilitate penetration through the biofilm matrix while
maintaining photosensitizer availability for activation.[26,67] The integration of biofilm-
disrupting elements within the polymer structure offers potential for enhanced
therapeutic efficacy through multiple mechanisms of action.[113] Understanding these
design requirements provides crucial guidance for optimizing polymer-based delivery

systems.
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2 Research Objectives

As part of the Target Therapy project*, this thesis focuses on developing polymer-
based antimicrobial photodynamic therapy systems specifically designed for treating
P. aeruginosa respiratory infections. This work addresses the growing challenge of
antimicrobial resistance through innovative therapeutic approaches that can overcome
bacterial resistance mechanisms while enabling controlled, localized treatment, as

illustrated in Figure 7, which outlines the chemical strategy and therapeutic protocol.
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Figure 7: Overview of the polymer-based antimicrobial photodynamic therapy approach. Building
blocks represent the fundamental components including photosensitizers (orange) and biocompatible
units (green) that are incorporated into polymer systems. The chemical strategy illustrates the
development of functional polymers equipped with both photosensitizing and biocompatible units. The
therapeutic protocol demonstrates the intended application: (1) delivery of the aPDT polymer via
nebulization to infected lung tissue, (2) localization of the polymer at the infection site, and (3) activation
by light delivered through a bronchoscope to generate reactive oxygen species for bacterial elimination.

Based on the current challenges and opportunities identified in the field, this work

focuses on four key objectives:

" The Target Therapy project is a French-German collaborative project developing antimicrobial
photodynamic approaches for respiratory infections: https://nouveau.univ-brest.fr/target-therapy-
project/en
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1. Development of Advanced Photosensitizer Systems

The first objective involves the strategic design and synthesis of both ruthenium-based
and organic photosensitizers suitable for polymer incorporation. This dual approach
aims to leverage the distinct advantages of both metallic and organic photosensitizers
while enabling their integration into polymer delivery systems.[51] Particular attention
is given to maintaining high singlet oxygen generation efficiency while introducing

functional groups necessary for polymer attachment.
2. Design of Multifunctional Polymer Platforms

A central aim is to develop polymer systems capable of both efficient photosensitizer
delivery and biofilm disruption. This involves exploring two complementary synthetic
strategies: post-polymerization modification and direct polymerization of
photosensitizer-containing monomers. The incorporation of biofilm-disrupting agents
alongside photosensitizers aims to enhance therapeutic efficacy through

complementary mechanisms of action.
3. Optimization for Respiratory Delivery

The development of nebulizer-compatible formulations represents a crucial objective,
requiring careful optimization of polymer properties to maintain stability and function
during aerosolization. This includes the incorporation of surface-active components to
enhance interaction with bacterial biofilms while maintaining appropriate solubility and
distribution characteristics. The biological evaluation of nebulization compatibility was

conducted in collaboration with Dr. Tony Le Gall at the University of Brest, France.
4. Comprehensive Biological Evaluation

The final objective encompasses thorough evaluation of these systems against P.
aeruginosa under conditions relevant to respiratory infections. This includes
assessment of both planktonic and biofilm forms of bacteria, investigation of the impact
of biological matrices, and evaluation of biocompatibility with respiratory epithelial
cells. This comprehensive biological evaluation was also performed through a joint
collaboration with Dr. Tony Le Gall at the University of Brest, France, as this

specialized work can only be conducted at their facilities.
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Through these objectives, this work aims to contribute to the development of more
effective treatments for resistant respiratory infections while advancing our

understanding of polymer-based aPDT systems.

Having established the fundamental principles and current challenges in antimicrobial
photodynamic therapy, the following chapters present our systematic approach to

developing effective polymer-based aPDT systems.

The successful development of these polymer-based aPDT systems could provide a
significant advance in treating resistant respiratory infections, particularly in patients

where conventional antibiotics have limited efficacy.
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3 Results and Discussion

This chapter is divided into two major sections: the chemical synthesis and
characterization of the materials, followed by their comprehensive biological
evaluation. This first section focuses on the synthetic strategies employed to develop
the targeted aPDT systems. The synthetic work progressed through multiple stages,
beginning with the preparation of photosensitizer units and their subsequent
integration into polymer systems through both PPM and FRP approaches. Each
synthetic step was carefully optimized and isolated products characterized to ensure
the resulting materials possessed the desired structural and functional properties. The
biological evaluation of the target materials, including their antimicrobial efficacy and

biocompatibility, is presented in the subsequent section.

3.1 Selection and Synthesis of Motifs for Antimicrobial Photodynamic Therapy
The selection of appropriate aPDT units was crucial for this thesis work. While various
photosensitizers could potentially serve this purpose, this study focused specifically
on two distinct classes: organometallic ruthenium complexes and phenalenone as an
organic photosensitizer. These compounds were chosen based on their

complementary properties and potential synergistic effects in aPDT applications.

The ruthenium complexes were selected for their well-documented photophysical
properties, including strong absorption in the visible region, long-lived excited states,

and efficient singlet oxygen generation.

Additionally, their modular synthetic nature allowed for the introduction of specific
functional groups necessary for polymer incorporation. Phenalenone, as an organic
alternative, offered advantages including high quantum yields of singlet oxygen

production and synthetic versatility.

Both photosensitizer types were designed to include specific functionalities that would

enable their subsequent incorporation into polymer systems.

The following sections detail the synthetic methodologies employed for each
photosensitizer type, their characterization, and the optimization of reaction conditions
to achieve the desired functionalized products suitable for polymer conjugation.
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3.1.1 Functionalized aPDT Motifs for Polymer Integration

The synthesis of aPDT motifs focused on developing photosensitizers with specific
functional groups suitable for PPM. A key design requirement was the incorporation of
primary amine groups, which would enable subsequent conjugation to active ester
units in the polymer backbones. The synthetic strategy began with the preparation of
functionalized phenanthroline ligands, which served as precursors for the ruthenium

complexes.
Phenanthroline-based ruthenium complexes

The phenanthroline ligand system was specifically chosen for its robust coordination
chemistry with ruthenium and its ability to create complexes with strong absorption in
the visible region.[82,114—116] The modular nature of phenanthroline chemistry also
allowed systematic variation of spacer length and type, enabling improvement of both

synthesis and final polymer properties.

A critical synthetic challenge encountered in this work was the limited reactivity of
primary amines groups directly attached to aromatic rings in PPM reactions, which is
the case for the commercially available 5-amino-1,10-phenanthroline.[99,117,118]
These aromatic primary amines demonstrate significantly reduced nucleophilicity
compared to aliphatic primary amines, due to electron delocalization within the
aromatic system that lowers the electron density on the nitrogen lone pair. This
electronic deficiency prevents effective interaction with active ester groups in polymer
modification. To overcome this limitation, a strategic approach was developed
involving the incorporation of alkyl spacers between the aromatic core and the amine
functionality. These alkyl spacers serve two crucial purposes: first, they disrupt the
electronic conjugation that inhibits nucleophilic attack, and second, they introduce
conformational flexibility that facilitates more efficient polymer modification reactions.
By introducing these alkyl spacers into the ligands, the reactivity of primary amines is
significantly enhanced, enabling successful post-polymerization modifications that

were previously challenging.

The synthesis of phenanthroline ligands was accomplished through carefully
optimized procedures that introduced aliphatic amine functionalities with varying alkyl
spacer lengths. Three key ligands, which are shown in Figure 8, were successfully

synthesized with each requiring specific optimization approaches; the synthesis of N-
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(1,10-Phenanthrolin-5-yl)ethane-1,2-diamine (1) was enhanced in this work through
microwave-assisted conditions compared to literature procedures , reducing reaction

time from overnight to 3 hours while maintaining high yields.[119]

Modification of the purification protocol for tert-butyl(2-((1,10-phenanthrolin-5-
yl)amino)-2-oxoethyl)carbamate (2) through addition of a basic washing step led to
yields approaching 90%.[120] A modified purification protocol of 2-((1,10-
phenanthrolin-5-yl)thio)ethanamine (3) significantly improved product yield from 60%
to over 80%.[114] The full synthetic procedures for all ligands are detailed in the

experimental section (5.5).

N/\/NH2 Lﬁ\jj\/ *Boc Kjij/\j/\/NHz
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Figure 8: Ligands synthesized bearing different functional groups.

Successful synthesis of these ligands was confirmed through the '"H NMR spectra, in
which unambiguous signal assignments allowed identification of both aromatic protons
of the phenanthroline core and the aliphatic protons of the spacer unit (e. g. Fig. SI 13

in Appendix).

Having successfully synthesized the phenanthroline ligands with their tailored
functional groups, the next step involved their incorporation into ruthenium complexes.
This required the preparation of a suitable ruthenium precursor that could coordinate

with these functionalized ligands.

The synthesis of the precursor complex Ru(phen)2Cl2 (5) was then undertaken
following established literature procedure[121] with several key considerations: the
reaction was conducted in DMF at 150°C with RuCls and 1,10-phenanthroline (4) in
the presence of LiCl, yielding the desired complex in 30-40% vyield, as shown in Figure
9.
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Figure 9: Synthesis of Ru(1,10-Phenanothroline)2Cl2 (5).

A significant challenge was the limited solubility of the product, necessitating careful
optimization of reaction and isolation conditions. The product was effectively isolated
through a precipitation protocol, followed by further purification via extraction. The
purified precursor complex was used directly in subsequent reactions without

additional modification, as confirmed by "H NMR analysis.

The coordination of functionalized phenanthroline ligands to the Ru(phen)2Cl2
precursor complex (5) was conducted under optimized conditions (adapted from
Lemercier et al.[115,116]), carefully developed to ensure high yields and product purity.
The complexation reactions were performed in anhydrous ethanol under reflux (78°C)
for 16-20 hours, with reaction progress monitored via thin-layer chromatography.
Following coordination, counter-ion exchange was achieved through the addition of
saturated NH4PFs solution at ambient temperature, resulting in the precipitation of
ruthenium (lI) complexes as their hexafluorophosphate salts. The products were then
purified through a liquid-liquid extraction system using dichloromethane and water,
providing the pure complexes suitable for subsequent PPM reactions. The complexes

are shown in Figure 10.
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Figure 10: General synthesis route of the complexes 6, 7 & 8.

The synthetic outcomes varied notably among different target complexes. Compound
6 was synthesized by Prof. Gilles Lemercier from the Paris Cité University (UPC).
Ligand 1 was partially protonated by hydrobromic acid and showed diminished
coordination efficiency due to protonation not only at the primary amine but also of the
aromatic nitrogens in the phenanthroline ring system. This protonation hindered
effective coordination with the ruthenium center, resulting in lower yields for this

complex.

Compound 7 required careful selection of the deprotection strategy. Two alternative
approaches were investigated for Boc group removal: trifluoroacetic acid (TFA) in
dichloromethane and HCI gas bubbling through a methanolic solution. While TFA
successfully removed the Boc group, the resulting TFA salts were difficult to remove
during purification, compromising product purity. The HCI-mediated deprotection
proved better, offering enhanced selectivity and product purity while eliminating the
need for additional purification steps. This method's advantage lay in the production
of only volatile by-products (CO2, isobutylene, and HCI), simplifying the isolation

process.

In contrast, compound 8 demonstrated superior reactivity and straightforward
purification, consistently achieving isolated yields of 60+5% across multiple synthetic
batches. This reproducibility was particularly valuable for scaling up the synthesis. The
full synthetic procedures for all ligands are detailed in the experimental section (5.6).
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The successful synthesis and purity of these complexes were confirmed through
comprehensive characterization techniques. 'H-NMR spectroscopy provided clear
evidence of ligand coordination and complex formation, with characteristic shifts in the
aromatic region corresponding to the coordinated phenanthroline ligands. UV-Visible
absorption spectroscopy further confirmed successful complex formation through the
observation of the absorption band at approximately 450 nm, typical for ruthenium (II)
complexes, for details see Figure 38 in chapter 3.4 Results from Physiochemical and

Biological Evaluations.
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Phenalenone system

As an organic alternative to ruthenium complexes, phenalenone derivatives were
selected for their high singlet oxygen quantum vyields and simpler molecular
structure.[78,79] Similar to the strategy employed with ruthenium complexes, an
aliphatic primary amine functionality was incorporated into the phenalenone structure
to enable efficient polymer conjugation. This design choice addressed the previously
discussed reactivity limitations of aromatic-bound amines while preserving the

compound's photosensitizing properties.

The phenalenone derivative, (1-oxo-1H-phenalen-2-yl)methanaminium (9) chloride,
which is shown in Figure 11, was obtained from our collaboration partner Dr. Jeremy
Godard at the Paris Cité University (UPC). This compound served as a complementary
organic photosensitizer to the ruthenium complexes for post-polymerization

modification reactions.[78]

The synthetic route to the target compound involved a multi-step procedure starting
from 1H-phenalen-1-one. The synthesis proceeded through initial functionalization via

alkyl halide introduction, followed by nucleophilic substitution using sodium azide.

The resulting azido intermediate was then converted to the corresponding primary
amine through a Staudinger reduction using triphenylphosphine in THF/H,O, followed
by hydrolysis. The final product was isolated as its hydrochloride salt to enhance

stability and facilitate handling.[78]

Figure 11: Phenalenone derivative 9 for PPM synthesis.
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3.1.2 Development of Monomers for Free Radical Polymerization

The development of aPDT monomers suitable for direct free radical polymerization
represented a crucial synthetic strategy for incorporating aPDT units into polymer
systems. This approach offered an alternative to post-polymerization modification,
enabling direct polymerization of photosensitizing units alongside other monomers (e.
g. HEAAm). By designing monomers with polymerizable functional groups, a more
streamlined synthetic route could be achieved, potentially allowing for more uniform
distribution of photosensitizer units within the polymer backbone. The same
photosensitizer used for strategy 1 (PPM in chapter 3.3.1) were targeted for monomer
development, ruthenium complexes and phenalenone derivatives, each requiring
careful modification to introduce polymerizable functionality, for strategy 2 (chapter

3.3.2), while maintaining their essential photophysical properties.
Monomer synthesis with ruthenium complexes

A series of acrylamide monomers containing ruthenium complexes was successfully
synthesized. The design incorporated both aromatic and aliphatic amine-
functionalized complexes, each converted to their corresponding acrylamide
derivatives. This synthetic effort yielded three acrylamide monomers, two of which (11
and 12) are shown in Figure 12. Compound 11 has the acrylamide directly attached to
the phenanthroline core, whereas compound 12 incorporates a thioether spacer. The
spacer in 12 reduces steric hindrance during propagation, leading to more efficient

monomer incorporation in free radical polymerization.

B H
R
N I
0 = \' N~
RuZ*
> N SN E N
N |
Y
=
11 12

Figure 12: Compounds 11 and 12.

Compound 11 was synthesized in a two-step process (detailed synthetic procedures
are provided in Experimental Section in chapters 5.5 and 5.6). First, commercially

available 5-amino-1,10-phenanthroline (10) was coordinated to the Ru(phen),Cl, (5)
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precursor complex under standard conditions, followed by counterion exchange with
NH4PFs. The resulting complex was then directly acylated with acryloyl chloride at
room temperature under carefully controlled conditions. The product was isolated
through liquid-liquid extraction, yielding a red crystalline powder in excellent yields (80-
90%). This straightforward synthetic route provided reliable access to the acrylamide-

functionalized ruthenium complex.

Compound 12 was prepared through an optimized one-pot procedure using the
previously synthesized ligand 2-((1,10-phenanthrolin-5-yl)thio)ethanamine (3). The
synthesis began with ligand coordination to Ru(phen)2Cl2 (5) in ethanol, followed by
solvent removal and redissolution in dichloromethane. The acylation step was
performed via careful dropwise addition of acryloyl chloride at 0°C, with subsequent
reaction at ambient temperature. This protocol eliminated the need for
chromatographic purification through an efficient precipitation process using saturated
NH4PFs in ethanol, yielding a high-purity brown powder (detailed synthetic procedures
are provided in Experimental Section in chapters 5.5 and 5.6). The successful
synthesis was confirmed through 'H NMR spectroscopy. The spectrum (Figure 13)
shows characteristic signals in the aromatic region (& 7.5-9.0 ppm) corresponding to
the phenanthroline ligands, while the acrylamide protons appear as distinct signals at
0 5.5-6.5 ppm.
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Figure 13: '"H NMR of complex 12, showing the desired product.

While compounds 11 and 12 were prepared through sequential steps with isolation of
the intermediate products, a more streamlined approach was developed for [ruthenium
(1,10-phenanthroline)2(N-(2-((1,10-phenanthrolin-5-yl)amino)-2-xoethyl)acrylamide)]

(PFs)2, compound 13 as shown in (Figure 14), to minimize purification challenges and
improve overall efficiency. The traditional stepwise synthesis had previously resulted
in difficult-to-remove impurities, and overall lower yields, especially after the

deprotection step, making a one-pot strategy particularly advantageous.

The preparation of compound 13 employed a more sophisticated multi-step one-pot
synthesis strategy, beginning with the ligand tert-butyl (2-((1,10-phenanthrolin-5-
yl)amino)-2-oxoethyl)carbamate (2) (Figure 14). The initial complexation was
conducted with 1.2 equivalents of ligand 2 with Ru(phen)2Cl2 (5) in dry ethanol under
argon atmosphere at reflux temperature. A key step in the synthesis was the
subsequent Boc deprotection, achieved through the bubbling of HCI gas in a
dichloromethane solution over 48 hours at room temperature. This approach proved
advantageous as it produced only volatile by-products (2-methylpropene and COz2),

simplifying purification.
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EtOH, 80 °C
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2. EtOH, NH4PFg.
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Figure 14: Synthesis of compound 13 in a one-pot synthesis.

The final acylation step was done in multiple steps. The precipitate was dissolved in
dichloromethane (DCM) using triethylamine (5 equivalents) as base, followed by
controlled addition of acryloyl chloride in DCM at 0°C. The purification process
involved solvent removal, vacuum drying, and selective precipitation with saturated
NH4PFs, followed by centrifugation and ethanol washing, yielding the desired complex
as an orange solid with more than 50% overall yield, detailed synthetic procedures are

provided in Experimental Section in chapters 5.5 and 5.6.

It is noteworthy that prior to developing the optimized HCI gas deprotection method,
trifluoroacetic acid (TFA) was initially investigated as a deprotection reagent. However,
this approach proved less efficient as it generated non-volatile salt by-products,
necessitating additional purification steps. Furthermore, the final product obtained via
TFA deprotection exhibited lower purity compared to the product achieved through the
HCI gas method.

With the successful synthesis of these ruthenium complexes, the next stage involved

their incorporation into polymer systems. However, as would become evident in
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subsequent polymerization studies, the incorporation efficiency was critically
dependent on the molecular structure of these complexes. These structure-activity

relationships will be discussed in the polymer synthesis section.
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Phenalenone monomer synthesis

The synthesis of phenalenone monomer 16 was performed in collaboration with Jannik

Fryn during his master research under my supervision.
Synthesis of phenalene-1-one

The synthesis of phenalene-1-one (14) presented an interesting challenge that was
addressed through multiple synthetic attempts, with microwave-assisted synthesis
ultimately emerging as the optimal method (method A).[78] This procedure utilized
naphthalene and cinnamoyl chloride as starting materials, with AICI3 serving as the
Lewis acid catalyst, as shown in Figure 15. The reaction was carried out for 12 minutes
(100 W, 40 psi, 50 °C) yielding the desired product as a yellow-orange solid with
moderate yields (57%).

Three alternative synthetic routes were investigated but proved less effective:

e Method B, conducted at room temperature, failed to produce any desired
product.[122]

e Method C, employing conventional heating at 40 °C, resulted in poor yields
(10%).[123]

e Method D, using 2-naphthol, glycerine and sodium-3-nitrobenzenesulfonate in
H2S04/H20 at 140 °C, achieved only moderate yields (30%).[124,125]

The microwave-assisted procedure offered significant advantages beyond just
improved yields notably shorter reaction times and enhanced reproducibility. The

purification was achieved through column chromatography.

AICl; DCM OO

12 min. 100 W

Figure 15: Synthesis of phenalenone (14).
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Synthesis of 2-(chloromethyl)-1H-phenalen-1-one

Two methods were explored for this transformation. The synthesis involved the
reaction of phenalen-1-one (14) with paraformaldehyde under acidic conditions
(Figure 16). Method A employed a larger solvent volume with an extended reaction

time of 3 days, but resulted in poor yields (<5%).[78]

Method B utilized reduced solvent volumes and a shorter reaction time of 16
hours.[124] Key modifications included gradual addition of hydrochloric acid
(compared to direct addition in method A) and revised extraction procedures. This
approach led to significantly improved yields (>25%). The purification protocol was
carried out through column chromatography with DCM as single eluent, providing the

product as a pure yellow solid.

Based on these results, method B was selected for further synthetic work due to its

superior yield and shorter reaction time.

Cl

0 0]
Paraformaldehyde
OO AcOH, H3PO4 HCI

14 15

Figure 16: Introducing the chloromethyl functional group to phenalenone.

Synthesis of (1-oxo-1H-phenalen-2-yl)methyl acrylate

The final transformation to the acrylate monomer was explored through three different

methods, each employing distinct coupling strategies (Figure 17).

Method A utilized dicyclohexylcarbodiimide (DCC) coupling between the alcohol group
of compound 15 and acrylic acid. However, this approach resulted in low yields (<25%)
and contamination with dicyclohexylurea (DCU), a byproduct of DCC coupling that is
difficult to remove.[126]

Method B employed sodium acrylate under phase transfer catalysis conditions using
Aliquat®336. This method showed modest improvement with yields of approximately
30%, but the product suffered from residual phase transfer catalyst (Aliquat®336)
contamination that persisted despite extraction efforts.[126]
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Method C utilized a direct nucleophilic substitution approach with acrylic acid, K,CO;
as base, and DMF as solvent at 100 °C for 3 hours.[127] This approach provided
superior results with 65% yield.

A(OH

(0]
Hydroquinone, DMAP, DCC

THF
A 1.2-5°C
2.19h,r.t.
Cl A(o

0 NONG‘ O 0
(L e 5 ()
Hydroqgiunone. Aliquat 336
Toluene, 4 h, 100 °C

> NOH /

Y

@)

DMF
1. K,CO3, 45 °C
2.3h, 110 °C

Figure 17: Synthesis methods (A, B and C) of (1-Oxo-1H-phenalen-2-yl)methyl acrylate (16).

This final method offered several key advantages including:

e Improved product purity through efficient extraction protocols.
¢ Higher isolated yields.

e Simplified purification requirements.

¢ Enhanced reproducibility.

e Shorter reaction times compared to methods A and B.

Based on these results, method C was selected as the preferred synthetic route,
providing an efficient pathway to the target monomer (16) with good overall yields and

high purity.
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3.2 Biofilm Disruptors Motifs

Biofilm disruptors represent compounds that target bacterial biofilms through
mechanisms distinct from direct antimicrobial action.[128,129] Rather than killing
bacteria directly, these agents interfere with biofilm formation and maintenance by
disrupting the protective extracellular matrix or inhibiting bacterial adhesion to
surfaces.[130,131] When combined with antimicrobial photodynamic agents, biofilm
disruptors can potentially enhance therapeutic efficacy by compromising the protective

biofilm barrier that typically shields bacteria from treatments.

The selection of biofilm disruptors was based on a comprehensive evaluation of
compounds known for their anti-biofilm properties. Four key compounds were
selected, which are shown in Figure 18, based on their distinct mechanisms of action

and established antimicrobial properties:

NH 0
NH 0] +)J\ N+H -1 -
g il SN |05
HoN™ N OH H o)
H
NH,
L-Arginine (17) Agmatine sulphate (18)
)\/\)\/\)\/\OH /d\
OH
Farnesol (19) Thymol (20)

Figure 18: The potential biofilm-disruptors used in this work.

L-arginine (17) holds particular significance in antimicrobial applications due to its
relationship with guanidinium functional group activity. As a natural amino acid, it
shares structural similarities with guanidinium groups, demonstrated by the enhanced
cell translocation ability of polyarginine.[128,131,132] This characteristic made L-
Arginine particularly valuable for polymer combination studies, as it possesses both
the guanidinium functional group and nucleophilic functional groups suitable for

incorporation into active ester polymer systems.

Agmatine sulphate (18) was selected for its distinctive guanidinium functional group,
which plays a crucial role in its antimicrobial activity.[128,132] Its mechanism of action
primarily involves interactions with ionic species and lipids present in cell walls and

membranes, leading to cell membrane damage through guanidine group
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interactions.[128,132] Similar to L-arginine, the compound's dual functionality -
containing both guanidinium and nucleophilic groups - made it an ideal candidate for

insertion into active ester polymer systems.

Farnesol (19) represents a significant antimicrobial compound identified as an active
component in various antimicrobial oils.[133] Its mechanism of action differs distinctly
from guanidinium-based compounds, primarily functioning through two key pathways:
the reduction of polysaccharide production levels in bacterial biofiims and the
enhancement of membrane leakage and permeability.[133] This compound was
specifically selected for polymer synthesis due to its well-documented antimicrobial

properties in its free form.

Thymol (20) has been identified as a crucial active component in antimicrobial oils,
with its primary mechanism of action centered on the disruption of bacterial quorum
sensing.[134—-136] This natural compound was chosen for polymer synthesis based

on its established antimicrobial properties.

Farnesol (19) and thymol (20) were converted to their corresponding acrylate
monomers to enable their direct incorporation into polymers via FRP. The synthesis
was accomplished through esterification reactions with acryloyl chloride under mild
conditions. These reactions proceeded efficiently, yielding the respective acrylate
monomers with vyields exceeding 90%. The high conversion efficiency and
straightforward purification process made this approach particularly attractive for

preparing biofilm disruptor-containing monomers.

The direct polymerization of these biofilm disruptor monomers offered several
advantages over post-polymerization modification approaches. By incorporating the
biofilm-disrupting units directly during polymerization, a more uniform distribution
within the polymer structure could be achieved. This strategy contrasted with the
approach used for arginine and agmatine, where post-polymerization modification was
preferred due to the presence of their primary amine groups, which provided excellent

reactivity with active ester functionalities.

This dual approach to incorporating biofilm disruptors either through direct
polymerization of corresponding acrylate monomers or via post-polymerization
modification provided complementary strategies that expanded the range of bioactive

functionalities that could be integrated into the polymeric systems. The selection of the
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appropriate incorporation method for each biofilm disruptor was guided by both
synthetic considerations and the specific chemical properties of each compound, ,
which is discussed in detail in the respective synthesis sections below (Sections 3.3.1
and 3.3.2).
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3.3 Polymerization Strategies

The development of functional polymers was achieved through two distinct synthetic
strategies: PPM and direct FRP, with both approaches proving successful in their
implementation, each method offered unique advantages and faced specific limitations
as discussed in more detail further below. Summary of both strategies is demonstrated

in Figure 19.
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Figure 19: Summary of the polymer synthesis strategies explored in this thesis. Post-polymerization
modification (PPM) and free radical polymerization (FRP) were used to obtain the desired polymers
carrying the photosensitizer (PS).

PPM demonstrated versatility through its ability to incorporate various molecular
fragments containing appropriate functional groups, such as amines and hydroxyls, in
an efficient one-pot synthesis approach. This flexibility in molecular incorporation
represents a significant advantage for tailoring polymer properties. Conversely, direct
FRP offered a more streamlined synthetic route by constructing the polymer chain
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directly from pre-functionalized monomers, eliminating the need for additional

modification steps and thereby enhancing overall process efficiency.

However, both strategies presented distinct challenges. PPM approach, while
versatile, introduced additional complexity to the synthetic process. The requirement
for multiple reaction steps potentially led to lower overall yields and increased the
possibility of incomplete modifications. Direct FRP, while offering a simpler synthetic
route, required all functional components to be incorporated during the polymerization
step. This approach demands that all comonomers possess compatible reactivity
ratios to ensure effective copolymerization and achieve the desired polymer
composition. Unlike PPM, where modifications can be made after polymerization, the
final polymer properties in FRP are determined by the copolymerization behavior of

the selected monomers.
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3.3.1 Post-Polymerization Modification (PPM)

Synthesis of reactive polymers.

The development of suitable reactive polymers for PPM required careful selection of
an active ester monomer that would provide both high reactivity and good stability

during modifications.

While several candidates, including pentafluorophenyl 4-vinylbenzene sulfonate
(PFP4VBS, 22) and N-hydroxysuccinimide acrylate (NHSA, 23), were evaluated,
pentafluorophenyl acrylate (PFPA, 21) emerged as the optimal choice based on

several key advantages, the active esters are shown in Figure 20.
DY
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Figure 20: Active esters, pentafluorophenyl acrylate (PFPA, 21), pentafluorophenyl 4-vinylbenzene
sulfonate (PFP4VBS, 22) and N-hydroxysuccinimide acrylate (NHSA, 23), synthesized as monomers
and (co)polymerized in a subsequent step.

The selection of PFPA was driven by its superior characteristics: high reactivity
towards primary alkyl amines, excellent hydrolytic stability, and broad solubility across
various solvents. To enhance the properties of the resulting polymers, PFPA was
copolymerized with a surfactant monomer (Surf-EH3A, 5.4), which was incorporated
to introduce hydrophilic-hydrophobic balance and amphiphilicity to the system (Figure
21).[137]
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Figure 21: Synthesis of polyPFPAgs-co-Surf-EH3A2 (25) and polyPFPA (25a).

Alternative active esters were thoroughly evaluated but presented various limitations.
NHSA-based polymers, while successfully synthesized, exhibited restricted solubility,
significantly limiting the choice of reaction solvents for subsequent modifications.
PFP4VBS, despite showing high reactivity toward both aliphatic and some aromatic
amines, presented synthetic challenges. Its preparation required a two-step process
involving toxic reagents such as thionyl chloride. Furthermore, the presence of
aromatic protons in PFP4VBS complicated the NMR analysis of subsequent polymers,
particularly when incorporating compounds containing aromatic groups like ruthenium

complexes.

The polymerization of these active esters was accomplished through either RAFT
polymerization or FRP. Characterization of the resulting polymers was achieved
through a combination of '"H NMR, '"F NMR, and GPC analyses. The '"H NMR
provided clear structural confirmation, while '®°F NMR proved particularly valuable for
monitoring the conversion and reactivity of the PFP groups. The absence of °F NMR
signals in the final modified polymers confirmed complete conversion of the active

ester groups.

Building on the strategic design introduced earlier, initial unsuccessful attempts to
modify polymers using aromatic amine-containing compounds like 5-amino-1,10-
phenanthroline confirmed the critical importance of alkyl spacer incorporation. Despite
various approaches, only marginal reactivity (approximately 5% grafting yield) was
achieved, even when using two-fold excess of reagents, the reactions are shown in
Figure 22. This underscored the necessity of the alkyl spacer strategy, which would

prove crucial in subsequent polymer modification reactions.
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Figure 22: PPM reaction using an aromatic amine compound (top) and an aliphatic primary amine-

containing compound (bottom).
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PPM reactions to introduce aPDT units.

The pre-made aPDT units, equipped with the aliphatic amine group, were incorporated
into the reactive polymer via PPM reaction. The modification process was conducted
using a sequential one-pot approach, beginning with the dissolution of the reactive
polymer in DMF. Different aPDT units were successfully incorporated, including both
the ruthenium complexes as inorganic aPDT/PS and phenalenone as organic
aPDT/PS.

The synthetic procedure involved careful control of reagent addition and stoichiometry.
A specific quantity of aPDT units (typically 1-2 mol% relative to polymer repeating
units) was first added to the reactive polymer solution. Following this initial
modification, ethanolamine was introduced to quench the remaining active ester
groups, ensuring complete modification of the polymer. This strategy resulted in
polymers containing approximately 1-2% PDT units, 2% surfactant (where applicable),
with the majority (~96%) consisting of N-hydroxyethyl acrylamide (HEAAmM) units

resulting from ethanolamine addition.

The choice of HEAAm as the major component was strategic, as these polymers are
well-documented for their biocompatibility, antifouling properties, and hydrophilicity,
making them particularly suitable for biomedical applications (as discussed in section

1.3 Polymer-based Drug Delivery Systems).

Several successful modifications of the reactive polymer were achieved using different
PDT units. The incorporation of ruthenium complexes was initially performed at room
temperature in DMF, using triethylamine as a base. Following the addition of the
ruthenium complex and an appropriate reaction time, the remaining PFP units were
modified with ethanolamine to yield a HEAAm-based polymer. The successful
incorporation was confirmed through NMR spectroscopy and UV-visible absorption

spectroscopy, with the latter showing the characteristic absorption band at 450 nm.

Polymer 26 was synthesized using a RAFT-polymerized active ester precursor
(polyPFPAgs-co-Surf-EH3A2)-CTA provided by Karla Heckhauser during her lab
course (Figure 23). This precursor polymer retained the trithiocarbonate chain-end
from the RAFT agent, which remained present in the final modified polymer and may
influence its biological behavior. The modification proceeded at room temperature with

ruthenium complex 6, followed by ethanolamine quenching. Partial hydrolysis of PFP
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units was observed, yielding free carboxylic acid groups that impart negative charge
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(0] O
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to the polymer in aqueous media.
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Surf-EH3

1.TEAat25°C,72h

2. ethanol amine 3 eq., 20 h

Figure 23: Synthesis of polymer 26. The trithiocarbonate RAFT chain-end remains in the final polymer.
Partial hydrolysis of pentafluorophenyl ester units resulted in carboxylic acid formation.

Polymer 27 was synthesized using the FRP-polymerized active ester precursor 25,
(Figure 24). The modification with ruthenium complex 8 and subsequent ethanolamine
treatment proceeded similarly. Partial hydrolysis was also observed here similar to

polymer 26.
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Figure 24: Synthesis of polymer 27.

This hydrolysis was particularly pronounced in reactions performed at temperatures
higher than 25°C, details shown in Figure 25. Various factors were identified as
potential causes for this undesired hydrolysis, including impurities, humidity, and
insufficiently dried solvents. This challenge was subsequently addressed by using
rigorously dried solvents and maintaining an inert atmosphere during the reaction, as
detailed in Figure 26.
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Figure 25: PPM reaction at 40 °C in the first step for introducing the ruthenium complex 7 and at room
temperature in the second step for modifying the remaining PFP units with ethanol amine. Heating the
reaction for longer time and using undried solvents resulted in more hydrolysis (carboxylic acid units in
the red circle).
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Figure 26: PPM reaction at room temperature. First compound 9 was added and after 24 hours, the
remaining PFP were modified with ethanol amine. The solvents and materials used were dried and
purified in advance to minimize the possibility of hydrolysis of the active ester units.

The extent of hydrolysis was quantitatively determined through 'H NMR analysis by
examining the correlation between backbone protons and the ethyl group protons of
HEAAm units. In an ideal case with complete conversion to HEAAm (97-98 mol% of
the polymer), a ratio of three backbone protons to four ethyl group protons (of HEAAm)
should be observed. However, for the polymer synthesized at 40°C under non-
optimized conditions, the "H NMR showed only one ethyl group proton for every three
backbone protons and the acid proton. This significant deviation from the expected
ratio indicated substantial hydrolysis to carboxylic acid groups, which contribute only
backbone protons. This analysis provided an estimation of the HEAAm incorporation
and, by extension, the degree of hydrolysis in the polymer. '"H NMR of a polymer, in

which the hydrolysis was minimized, is depicted in Figure 27.
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F NMR proved particularly valuable in monitoring the reaction progress, as the
complete disappearance of fluorine signals indicated successful modification of all
PFP units (e. g. Fig. SI 36 in Appendix). GPC and UV-Vis absorption spectroscopy
provided additional confirmation of the polymer structure and incorporation of aPDT

units.

The hydrolysis reaction, while initially undesired, led to an interesting result in the
biological tests, as the polymers possessed a negative charge, which was confirmed
by electrophoresis tests (detailed further in the biological evaluation chapter, section
3.4.1). This charge characteristic would later prove significant in influencing the

biological activity of the polymers.
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Figure 27: "H NMR of polyPN2-co-HEAAmgees-co-Surf-EH3A2 (29). The hydrolysis was minimized in this
case, and this was observed through the correlation between backbone protons (indicated in red) and
the ethyl group protons of HEAAm (indicated in blue). '"H NMR of a polymer, in which it's partially
hydrolyzed, is depicted in Fig. SI 33 in the Appendix.
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PPM reactions to introduce biofilm disruptors

The synthesis of the following polymers was performed in collaboration with Tristan

Zemke during his master research under my supervision.

The selection of agmatine and L-arginine for PPM was based on their molecular
characteristics. Their primary amine groups provided excellent reactivity with the
active ester groups of the polymer backbone, while their guanidinium functionalities
offered complementary antimicrobial properties through different
mechanisms.[128,132]

The combination of nucleophilic groups for polymer attachment and guanidinium
groups for bacterial interaction made these compounds particularly suitable for the
PPM approach. Furthermore, their water solubility and stability under the modification
conditions supported efficient polymer functionalization, whereas the more
hydrophobic biofilm disruptors (thymol and farnesol) were better suited for direct

polymerization approaches (0).

PPM of polyPFPA-co-SurfEH3A (25) was successfully achieved using both L-arginine
(17) and agmatine sulfate (18) under mild conditions. The modification reactions were
conducted in DMF using triethylamine as base and DMAP as catalyst, with the
nucleophilic substitution proceeding at room temperature for 24-48 hours (detailed
synthetic procedures are provided in Section 5.8.8 of the experimental chapter).
Complete functionalization of the polymer was ensured through a secondary
modification step using ethanolamine, which reacted with the remaining
pentafluorophenyl ester groups. The modified polymers were effectively purified
through a combination of precipitation in ethyl acetate and liquid-solid extraction,
followed by dialysis against water for biological testing applications. The same process
was carried out using polyPFPA (25a). The target polymers are illustrated in Figure
28.

Addition of DMAP as a nucleophilic catalyst proved crucial, significantly improving the
reaction yields compared to previous modifications where it was not employed. This
optimization highlights the importance of catalyst selection in achieving efficient
polymer modification.
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Figure 28: Introducing L-arginine (17) or agmatine (18) to the polymers 25 & 25a by PPM.

In an effort to create polymers with higher antimicrobial activity, a strategy was
developed to simultaneously incorporate both ruthenium complex and L-arginine onto

the polymer backbone.

Simultaneous incorporation of both photosensitizer and biofilm disruptor units aimed
to create multifunctional materials that could target bacterial infections through
complementary mechanisms. This one-pot modification approach would potentially

simplify the synthetic process while ensuring both functionalities were present in the

final polymer (Figure 29).

32

Figure 29: PolyL-arginins-co-AAs-co-Ru(S)2-co-HEAAmMss-co-Surf-EH3A2 (32). The polymer was made
in a one pot synthesis adding the different amine derivatives for PFP substitution one after the other.
The used solvent was dried in advance, however the polymer got partially hydrolyzed probably from
humidity because of multiple addition of the starting materials which probably introduced humidity from

air to the reaction vessel. Additionally, the long reaction time might have aggravated this.
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This parallel modification approach presented analytical challenges, particularly in
quantitative analysis. While '"H NMR spectroscopy showed significant signal overlap
in many regions, a characteristic L-arginine proton signal remained distinguishable,

confirming successful incorporation despite the peak overlap.

Notably, the extent of hydrolysis was observed to be significantly reduced compared
to previous reactions, as evidenced by spectroscopic analysis. This improved stability
was likely due to the optimized reaction conditions developed through earlier
experiments, including the use of dry solvents and careful control of reaction

temperature
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Failed PPM reactions

An alternative approach to PPM reactions was investigated, where the strategy
involved first grafting the phenanthroline ligand onto the polymer, followed by complex
formation with Ru(phen)2Cl2 (5) directly on the polymer backbone (detailed synthetic

procedures are provided in Section 5.10.2 of the experimental chapter).

The goal of this stepwise approach was to build ruthenium complexes directly on the
polymer backbone, potentially offering a more efficient synthetic route. After
successfully grafting the ligand, the pre-complex Ru(phen)2Cl2 (5) was introduced to
complete the complex formation using the pre-grafted ligand, as shown in Figure 30.
Despite multiple attempts with variations in reaction conditions and reactant ratios, the

reaction consistently failed to produce the desired result.

A product was precipitated.
» However it was crosslinked
upon suspension in water.

N MeOH, reflux, 20 h.

Figure 30: Failed attempt to build a ruthenium complex on the polymer.

In several cases, the material precipitated during the reaction process, and the
resulting polymer became insoluble in both organic and aqueous solvents. The most
probable explanation for this outcome is unintended crosslinking of the polymer, where
free or excess ruthenium species potentially coordinated to phenanthroline units on
multiple polymer chains, creating intermolecular bonds. These bonds likely caused the

polymer to lose its solubility and become a rigid, precipitated material.

This outcome demonstrated the need for more refined synthetic strategies and
suggested that direct complex formation on the polymer might require alternative

approaches to achieve successful integration.
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3.3.2 Polymers Synthesis via Free Radical Polymerization (FRP)

Free radical polymerization was employed to directly incorporate photosensitizer
monomers into the polymer backbone alongside HEAAmM and Surf-EH3A
comonomers. Polymerizations were conducted using AIBN (0.5 mol%) as initiator at

65°C under argon atmosphere for 24 hours.

The selection of an appropriate polymerization solvent presented a significant
challenge due to the diverse solubility requirements of the monomers. Methanol
proved suboptimal due to limited solubility of ruthenium complex monomers, while

acetone led to premature polymer precipitation.

DMSO was selected as the preferred solvent despite its high boiling point, as it
provided good solubility for all monomers. Polymer isolation was managed by
maintaining minimal solvent volumes and precipitation in appropriate non-solvents,

followed by dialysis purification.

The synthesized polymers were characterized by 'H NMR spectroscopy for
composition analysis, GPC for molar mass determination, and UV-Vis absorption

spectroscopy to confirm photosensitizer incorporation.
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aPDT polymers made by free radical copolymerization

The aPDT monomers (ruthenium complex and phenalenone) were copolymerized with
two key comonomers: N-hydroxyethyl acrylamide (HEAAm) and Surf-EH3A. The
amphiphilic nature of the surfactant monomer and the hydrophilic character of HEAAm
were designed to enhance the polymer's interaction with biological systems, Figure 31

shows some examples of the obtained polymers through this strategy.

éurf-EH3

|
Surf-EH3

Figure 31: Copolymers synthesized by strategy 2 (FRP).

Initial characterization of the complex-containing polymers through electrophoresis
(details are found in section 3.4.1, page 81) revealed that the synthesized copolymers
possessed a slight positive charge, attributed to the presence of the ruthenium
complex within the polymer structure. To expand the range of available materials and
investigate charge-dependent effects, negatively charged variants were also
synthesized by incorporating acrylic acid as a comonomer. The polymer charge proved
to be a critical factor in subsequent biological testing, as detailed extensively in the

biological evaluation chapter.
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Following the successful incorporation of the ruthenium complex, phenalenone was
also successfully incorporated as an alternative aPDT monomer using the same
copolymerization strategy with HEAAm and Surf-EH3A. The resulting polymer
displayed similar characteristics to its ruthenium-containing counterpart,

demonstrating the versatility of the synthetic approach.

Building on these achievements, a novel polymer containing both photosensitizers
(ruthenium complex and phenalenone) was successfully synthesized. The presence
of both aPDT moieties was confirmed through comprehensive analysis using '"H NMR
and UV-Vis absorption spectroscopy, (as shown in Figure 32), which displayed the
characteristic signals and absorption patterns of both photosensitizers within the

polymer structure.

—— Ru + PN polymer
——— Ru polymer
—— PN polymer

Figure 32: UV-Vis absorption of three polymers, (black) which is a copolymer containing ruthenium
complex (36), (red) copolymer containing phenalenone (35), (blue) copolymer containing ruthenium
complex and phenalenone. All polymers contain HEAAm as the main component and also Surf-EH3A.

The selection of an appropriate polymerization solvent presented a significant
challenge due to the diverse solubility requirements of the various monomers. Through
systematic evaluation of different solvents, methanol was initially tested but proved
suboptimal due to the limited solubility of the ruthenium complex. Attempts with
acetone were similarly challenging, as the forming polymer showed premature

precipitation during the reaction process. After careful consideration, DMSO was
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selected as the preferred solvent despite its high boiling point, which could potentially
complicate polymer isolation through precipitation, particularly in dilute systems. This
challenge was effectively managed by maintaining minimal solvent volumes, ultimately

leading to successful polymerization.

The synthesized polymers underwent comprehensive characterization using multiple
analytical techniques. '"H NMR spectroscopy provided structural confirmation and
enabled composition analysis, particularly through the characteristic signals of both
the photosensitizer units and polymer backbone (e. g. Figure 33 of polymer 37). GPC
analysis revealed the molar mass distributions, while UV-Vis absorption spectroscopy
confirmed the successful incorporation of the photosensitizer units through their

characteristic absorption bands.
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Figure 33: '"H NMR of polyRu(S)o.s-co-HEAAmMg75-co-Surf-EH3A2 (37). The aromatic protons of the
ruthenium complex are clearly visible between 7.5-9 ppm. Ethyl group protons of HEAAm as well as
the protons of the backbone and the surfactant are distinguishable in the aliphatic region.
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Polymers containing aPDT units and biofilm disruptors

The development of polymers containing both aPDT units and biofilm disruptors
represented a strategic approach to enhance antimicrobial efficacy. The underlying
hypothesis was that biofilm disruptors could potentially improve the effectiveness of
aPDT by compromising the protective biofilm matrix surrounding bacterial
communities. This synergistic design aimed to address one of the major challenges in
antimicrobial therapy, which is the reduced susceptibility of biofilm-encased bacteria

to treatment.

The rationale behind this dual-functionality approach was based on the
complementary mechanisms of action. While aPDT units generate reactive oxygen
species to induce bacterial cell death upon light activation, biofilm disruptors could
simultaneously weaken the extracellular polymeric substances (EPS) that form the
protective biofilm matrix. This combination was hypothesized to enhance penetration
of both the photosensitizer and light into the bacterial community, potentially leading

to more effective bacterial eradication.

Thymol and farnesol were successfully incorporated independently into the polymer
structure alongside the aPDT units using free radical polymerization (Figure 34). The
selection of these specific biofilm disruptors was based on their distinct mechanisms
of biofilm disruption, thymol's ability to interfere with bacterial quorum sensing and
farnesol's capacity to reduce polysaccharide production in biofilms, as discussed with
the monomer synthesis above.[134] These properties were expected to complement
the photodynamic action of the aPDT units. The incorporation of the substances was

confirmed through 'H NMR analysis (e. g. Figure 35).
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Figure 34: Synthesis of copolymers 38 & 39 containing aPDT units and biofilm disruptors (thymol and
farnesol).
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Figure 35: "H NMR of polyRu(S)1-co-HEAAmMg2-co-Fars-co-Surf-EH3A2 (39). The protons of the grafted

substances are clearly observed especially of the Ru(S). Farnesol protons overlap with other signals
however one signal was distinguishable.
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Polymers containing biofilm disruptors, HEAAm & surfactant (no aPDT)

The synthesis of polymers containing only biofilm-disrupting units was undertaken to
establish a comprehensive understanding of their independent activity in the absence
of photodynamic therapy. This approach was designed to provide reference materials
for comparing the efficacy of combination therapies versus single-mode treatments,
helping to elucidate whether any observed effects in the dual-functional polymers were
truly synergistic or merely additive. While polymers containing agmatine and L-
arginine were synthesized via PPM (section 0) due to their available primary amine
groups, thymol and farnesol required direct polymerization through their

corresponding acrylate monomers.

A copolymerization of HEAAm with 5 mol% farnesol acrylate and 2 mol% surf-EH3A
was successfully performed (e. g. Figure 36). The synthesis yielded a white polymer
(40), with NMR analysis suggesting about 4 mol% farnesol acrylate and 2-3 mol% surf-
EH3A incorporation. GPC analysis revealed an additional shoulder in the molar mass
distribution, suggesting secondary reactions potentially involving the double bonds of
farnesol during the polymerization process. In contrast, when the same polymerization
was repeated using thymol acrylate instead of farnesol acrylate, a colorless polymer
was obtained (41). GPC analysis showed a single peak in the molar mass distribution,
indicating a more straightforward polymerization process without secondary reactions.
These differences in polymerization behavior between the two biofilm disruptors
highlight the importance of monomer structure in determining the final polymer

characteristics. Both polymers were re-made without surf-EH3A.
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Figure 36: Polymers 40, 40a, 41 & 41a containing biofilm disruptors (thymol or farnesol) without aPDT
units.
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Summary of the chemical synthesis section

This chapter established two complementary synthetic routes for incorporating
photodynamic and biofilm-disrupting agents into polymer systems: post-
polymerization modification (PPM) via active ester chemistry and direct free radical
polymerization (FRP) of functionalized monomers. Both approaches proved effective

for creating water-soluble, functional polymers suitable for antimicrobial applications.
Key synthetic contributions include:

e Development of photosensitizer units (ruthenium complexes and phenalenone
derivatives) bearing aliphatic spacers to enable efficient polymer incorporation. The
spacer strategy overcame the poor reactivity of aromatic amines in PPM reactions,
significantly improving modification efficiency.

e Refinement of ruthenium complex synthesis routes, particularly the one-pot
synthesis of compounds 12 and 13. For compound 12, this approach eliminated
chromatographic purification through efficient precipitation with NH4PFs. For
compound 13, HCIl-mediated Boc deprotection provided cleaner products
compared to TFA-based methods by generating only volatile byproducts.

e Establishment of efficient synthetic routes to phenalenone monomers, with method
optimization improving yields from <5% to >25% for key intermediates and
ultimately achieving 65% yield for the final acrylate monomer.

¢ Incorporation of biofilm disruptors (L-arginine, agmatine, farnesol, thymol) through
method-appropriate strategies: PPM for amine-containing compounds and FRP for

those requiring monomer derivatization.

These synthetic developments represent the first systematic integration of both
photodynamic and biofilm-disrupting functionalities into polymer-based delivery

systems for respiratory applications.

The work produced a diverse library of polymers with varying compositions (aPDT
units: 0.5-2 mol%; biofilm disruptors: 0-5 mol%; HEAAmM: ~90-97 mol%,; surfactant: 2
mol%) and controllable charge characteristics (positive, negative, or neutral). Several
polymers were selected for comprehensive biological evaluation based on their distinct

structural features and synthetic origins.
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3.4 Results from Physiochemical and Biological Evaluations
The biological evaluations presented in this chapter were performed by Dr. Tony Le

Gall and his group at the University of Brest, France.

Following the successful synthesis and characterization of the aPDT polymers
described in the previous chapter, a comprehensive biological evaluation was
conducted to assess their potential as antimicrobial photodynamic therapy agents
against a series of bacteria featuring various characteristics like cell wall staining
behavior (gram-negative versus gram-positive), respective species, and antibiotic
resistance profile. From the library of synthesized polymers, seven key candidates
were selected for detailed biological investigation: 26, 27, 28, 33, 36, 36a, and 37,
which are shown in Figure 37 and the detailed composition is described in Table 1.
These polymers were chosen to represent distinct structural features and synthetic
approaches, encompassing both FRP and PPM strategies, as well as varying ratios
of photosensitizer units and functional monomers. This systematic variation in

composition enables investigation of structure-activity relationships.

Tested polymers: J"I fjm@ {T

Photosensitizer (PS):

“NH NH “'NH
O
r N .
\ —|2PF5 HN \ —‘2PF6 -|2F’Fs HN \ _12PF5
PS1 PS2 PS3

Figure 37: Generic chemical structure of the polymers investigated in this chapter.
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Table 1: Detailed composition of the polymers obtained through either of two synthesis
strategies, i.e. copolymerization or post-polymerization modification.

aPDT polymers m n o o} Synthesis
and polymer [Ru] PS HEAAm* Surfactant AA* strategy
backbones Mol% Mol% Mol% Mol%

42 0 - 98.0 2.0 0 FRP
43 0 - 98.0 2.0 0 RAFT+PPM
26 1.3 PS4 76.7 2.0 20 PPM
27 0.5 PS3 775 2.0 20 PPM
28 2.0 PS2 25.0 2.0 71 PPM
33 1.0 PS3 77.0 2.0 20 FRP
36 0.6 PS1 95.0 4.4 0 FRP
36a 0.5 PS1 99.5 0.0 0 FRP
37 1.0 PS3 97.0 0.0 0 FRP

*Acrylic acid (AA, indicating the negative charge of the final polymer); HEAAm, N-hydroxyethyl
acrylamide. Polymer 26 contains RAFT chain-end.

While the synthetic work yielded a broader range of polymer candidates, time
constraints necessitated focusing on this selection, with additional polymers from the

library remaining as promising candidates for future investigations.

The biological assessment followed a systematic approach, beginning with
fundamental characterization of charge properties through electrophoresis, followed
by evaluation of singlet oxygen production capabilities - the key mechanistic element
of photodynamic therapy. The antimicrobial efficacy was then investigated against
both planktonic bacteria and biofilms, with particular attention to clinically relevant
conditions including varying ionic strengths and increasing the complexity of biological
media composition. Importantly, the safety profile of these materials was assessed
using human bronchial epithelial cells, and their compatibility with potential therapeutic

delivery methods was evaluated through nebulization studies.

First, the optical properties of the synthesized polymers were characterized through
UV-visible absorption and phosphorescence emission spectroscopy (Figure 38). The
spectra confirm successful incorporation of ruthenium complexes into the polymer

systems, with characteristic metal to ligand charge transfer (MLCT) bands around 450
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nm in the absorption spectra and emission bands centered around 600 nm in the

emission spectra.
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Figure 38: UV-visible absorption spectra (top panels) and phosphorescence emission spectra
(following excitation at 450 nm - bottom panels) of [Ru(ll)] complex and different polymers at various
concentrations (3.12-100 pg/mL). All samples showed linear concentration-dependent increases in
absorption and emission intensity.

Polymer 26 exhibited an additional absorption band around 350 nm, which is attributed
to the trithiocarbonate chain-end from the RAFT polymerization process used to

synthesize its precursor polymer. This feature is absent in other polymers that were
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synthesized from FRP-polymerized precursors (27, 28) or via direct FRP (36, 36a, 37,
33).

Both absorption and emission intensities increased linearly with concentration for all
samples (3.12-100 yg/mL). Polymer 28 showed higher phosphorescence intensity at
equivalent concentrations compared to other polymers, consistent with its higher

ruthenium complex content (2 mol% vs. 0.5-1 mol% in other polymers).
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3.4.1 Electrophoresis Test

The electrophoretic mobility of antimicrobial photodynamic polymers was investigated
to understand their charge characteristics, a crucial factor determining bacterial cell
membrane interactions and therapeutic efficacy. Gel electrophoresis, which separates
molecules based on their charge-to-mass ratio in an electric field, revealed distinct
charge patterns, as shown in Figure 39 that correlated with the synthesis method

employed.

/ Ru(l) 26 36 36a 27 28 37 33 Ru(ll
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Figure 39: Agarose gel electrophoresis of [Ru(ll)] and the various PDT polymers. The black triangle
indicates the position of the wells (where samples were deposited; 2 ug ofr [Ru[ll)] or 20 yg of aPDT
polymer, respectively) and the vertical arrows denote the direction of migration of reagents during
electrophoresis, depending on whether they exhibit a net cationic or anionic charge.

Polymers synthesized via PPM exhibited predominantly negative charge
characteristics (26, 27, 28), an unexpected outcome attributed to the partial hydrolysis
of active ester units to free carboxylic acid groups during the modification process. A
similar negative charge was achieved intentionally in 33 through free radical
polymerization (FRP) by incorporating acrylic acid as a comonomer, demonstrating
that desired charge characteristics could be obtained through different synthetic
approaches. In contrast, polymers prepared through free radical copolymerization (36,
36a, 37) showed positive charges, primarily due to the incorporation of the cationic
ruthenium complex. The phosphorescence of the Ru(ll) complexes enabled direct
visualization of the PS-modified polymers under UV irradiation (340 nm) without
additional staining, while control polymers lacking the Ru(ll) complex showed no
detectable signal. This observation confirmed successful conjugation of the

photosensitizer units to the polymer backbone (Figure 40).
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/ Ru(ll) 42 43 26 36 36a 27 28

- Cathode
T Cation
—
I é l Anion
+ Anode

Figure 40: Agarose gel electrophoresis of [Ru(ll)], polymer backbones devoid of Ru moieties and
various PDT polymers. The black triangle indicates the position of the wells (where samples were
deposited; 2 pg of [Ru[ll)] or 20 pg of polymer, respectively) and the vertical arrows denote the direction
of migration of reagents during electrophoresis, depending on whether they exhibit a net positive or
negative charge.

These observations led to modifications in polymer design: while the negative charge
in PPM polymers resulted from an unintended hydrolysis, the successful incorporation
of acrylic acid through FRP (as demonstrated in 33) provided a controlled method to
introduce negative charges. The success of this strategy was confirmed by
electrophoretic analysis, where polymers with varying acrylic acid content showed
predictable migration patterns toward the positive pole, indicating the dominance of

negative charges over the ruthenium complex's positive contribution.

The electrophoretic behaviour was also examined under two distinct conditions to
provide more comprehensive insights, as shown in Figure 41. First, polymers were
analysed in water to establish their inherent charge characteristics. Second, the
polymers were studied in a diluted artificial sputum medium (ASM), a complex, mucus-
mimicking environment containing various biomacromolecules, including the
polyanion DNA.[138]
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Figure 41: Agarose gel electrophoresis of [Ru(ll)] and the various aPDT polymers: comparison of
reagents in water (A) or mixed with an artificial sputum medium (ASM, B). The black triangle indicates
the position of the wells (where samples were deposited; 2 ug of [Ru[ll)] or 20 ug of aPDT polymers,
respectively) and the vertical arrows denote the direction of migration of reagents during
electrophoresis, depending on whether they exhibit a net positive or negative charge, respectively. The
bottom band corresponds to DNA (that is contained in ASM), which observation was possible due to
the staining of the gel with ethidium bromide (EtB) (at 0.5 pg/mL).

The DNA content in ASM, visualized using ethidium bromide (EtB) staining, served as
an internal marker and revealed interesting polymer-biomolecule interactions.
Positively charged polymers (36, 36a & 37) demonstrated notable DNA complexation,
evidenced by band retardation and intensity changes in the DNA signal. This
interaction was specific to the polymeric materials, as free ruthenium complex, despite
its positive charge, showed no DNA binding capability, highlighting the importance of

the polymer backbone in facilitating these interactions.

The consistency of results across different solvents (water or saline) and the
observation of single, discrete bands with migration patterns distinct from free
ruthenium complex confirmed both the successful polymer conjugation and the robust
nature of their charge characteristics. These findings not only validated the synthetic
strategies employed but also provided valuable insights into the potential behaviour of
these materials in biological environments, particularly their ability to interact with
charged cellular components, which is crucial for their intended antimicrobial

applications. The evaluation proceeded to examine singlet oxygen production
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capabilities, one key mechanistic element underlying photodynamic therapy

efficacy.[51]
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3.4.2 Singlet Oxygen Sensor Green Assay

The production of singlet oxygen ('O2), one primary reactive oxygen species in
photodynamic therapy, was quantified using singlet oxygen sensor green (SOSG)
reagent. This specific fluorogenic probe exhibits enhanced fluorescence upon reaction
with 'O2 through an electron transfer (ET)-controlled mechanism, forming SOSG
endoperoxide (SOSG-EP), as detailed in Figure 42. The resulting fluorescence
intensity directly correlates with singlet oxygen production, enabling quantitative

assessment of photodynamic efficiency.

102
COOH COOH
Weakly fluorescent Strong fluorescent
SOSG SOSG-EP

Figure 42: SOSG mechanism showing the conversion of weakly fluorescent SOSG to strongly
fluorescent SOSG-EP through reaction with singlet oxygen.

Initial screening of singlet oxygen production was conducted across a range of
concentrations (up to 500 pg/mL) for both [Ru(ll)] complex and aPDT polymers in
water, which is shown in Figure 43. The concentration-dependent studies revealed
varying profiles among the tested materials, with some polymers exhibiting a bell-
shaped response curve, likely due to saturation or quenching effects at higher
concentrations. To enable direct comparison, subsequent analyses were performed at

50 ug/mL, a concentration that provided linear response for all materials tested.
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Figure 43: Detection of singlet oxygen production of [Ru(ll)] and the various PDT polymers:
fluorescence of the SOSG dye before (A) and after (B) exposure to light. Reagents were tested for
concentrations up to 500 ug/mL in water. The dashed vertical line in (B) specifies the concentration 50
pg/mL up to which a linear dose/response is obtained with all reagents. The data correspond to n=1.
RFU, relative fluorescence unit.

Comparative analysis in water revealed that all materials could generate singlet

oxygen upon specific light irradiation at 450 nm, though with varying efficiencies,

details are demonstrated in Figure 44.

SOSG fluorescence (AlU)

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

0

mOFF in water

m OFF in NaCl
m0On in water
ON in NaCl }
I
; Il‘ li
mEE 'ii
/ / Ru(ll) 36

/ 50ug/mL 50 ug/mL 50 pyg/mL
- 508G + 808G + 508G + 808G

m
Ii iiI ii! I iiI

36a 27 2 37 33
50ug/mL 50 pg/mL | 50pg/mL | 50 pg/mL | 50 pg/mL
+ 508G + 808G +S0S8G + 808G + 808G

Figure 44: Detection of singlet oxygen production of [Ru(ll)] and the various PDT polymers: comparison
in water or 1X NaCl. The fluorescence of the SOSG dye was measured before (OFF) and after (ON)
exposure to light. All reagents were tested at 50 pg/mL. Measurements were done after three
successive 5-min irradiations (cumulated irradiations = 15 min). The data correspond to mean +/- SD
with n=3. RFU, relative fluorescence unit.

The aPDT polymers demonstrated characteristic differences in their 'O2 production
capability: 36 and 36a showed efficiency comparable to free [Ru(ll)], followed by 37,
28, while 27 and 33 exhibited the lowest production. Interestingly, no direct correlation

84



Results and Discussion

was observed between the ruthenium content and 'Oz generation efficiency. For
instance, 28, despite having the highest Ru content, showed moderate production,
while 36 and 36a, with lower Ru content, were among the most efficient producers.
These differences might be attributed to various factors including the type of Ru
complex used (PS1-4), the net charge of the polymers (particularly relevant for

negatively charged 27, 28, and 33), or specific aspects of the polymer architecture.

Additionally, the interpretation of singlet oxygen detection using SOSG should
consider several important factors. The negative charge of SOSG can influence its
interaction with the polymers depending on their charge characteristics, potentially
affecting the detection efficiency. Additionally, while singlet oxygen is a highly reactive
species, it's very short lifetime and limited diffusion distance mean that detection
requires SOSG to be physically close to where singlet oxygen is generated.
Furthermore, differences in oxygen distribution between the aqueous medium and the
more hydrophobic polymer microenvironment may affect singlet oxygen production,
as polymer coils can concentrate oxygen locally, potentially enhancing 'O, generation
within the polymer domain. Therefore, the observed singlet oxygen production rates
may be influenced by both the actual generation efficiency and how close SOSG can

get to the photosensitizer.

The influence of ionic strength was investigated by comparing 'O2 production in water
versus saline conditions (1x NaCl). While the free [Ru(ll)] complex showed consistent
performance across both conditions, the PDT polymers exhibited varying sensitivities
to the ionic environment. 36 and 37 showed marked sensitivity to salt presence,
whereas 27 and 33 remained largely unaffected. Notably, 28 demonstrated enhanced
'02 production in saline conditions, highlighting how medium composition can

significantly impact the photodynamic efficiency of these materials.

Kinetic studies of 'O2 production, monitored through SOSG fluorescence over multiple
irradiation cycles, provided additional insights into the performance characteristics of

these materials, as shown in Figure 45.
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Figure 45: Kinetic of singlet oxygen production of [Ru(ll)] and the various PDT polymers: effect of the
irradiation duration for tests done either in water or in 1x NaCl. Reagents were tested at 50 pg/mL.
Measurements were done after four successive 5-min irradiations. The dashed line refers to signal
measured before light irradiation. The data correspond to mean +/- SD with n=3.

The free [Ru(ll)] complex reached maximum production after the first irradiation cycle,
maintaining a plateau thereafter. In contrast, PDT polymers showed gradual increases
in 102 production over successive irradiations, with distinct kinetic profiles reflecting
their composition. Two distinct kinetic patterns emerged: 36, 36a, 28, and 37 showed
rapid initial increases followed by plateaus, while 27 and 33 exhibited linear increases
in singlet oxygen production over time. All materials eventually approached similar
maximum levels, suggesting complete consumption of the SOSG dye. Notably,
despite their different synthetic routes, the two polymers 27 and 33 demonstrated

remarkably similar properties across all experimental conditions tested.
Photochemical stability studies

Beyond singlet oxygen production capacity, the photochemical stability and recovery
characteristics of these materials under extended irradiation were investigated.
Studies of emission behavior included both photofading during light exposure and

potential recovery during subsequent dark storage (Figure 46).

In the absence of light, all compounds maintained relatively stable emission, showing

only minor decreases (10-20%) over 60 minutes. However, under continuous light
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exposure, significant differences emerged. 26 showed the most pronounced
photochemical response, with emission decreasing by approximately 80% after 50
minutes of irradiation. This enhanced photofading in polymer 26 may involve the
trithiocarbonate RAFT chain-end, which could undergo photodegradation under the
irradiation conditions, potentially affecting the polymer's overall photostability.[139]
36a exhibited moderate photofading (about 40% decrease), while 27 and 28

demonstrated superior photostability with only 20-30% reduction in emission intensity.
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Figure 46: Emission studies of Ru(ll) and aPDT polymers. Top panel shows emission fading: Initial
emission intensity in water (left), emission stability in dark conditions (middle), and photofading under
light exposure (right). Bottom panel shows emission recovery experiments: Monitoring of emission
intensity during prolonged dark storage (800 min) after light-induced fading, demonstrating incomplete
recovery of the original emission intensity. Ru(l)1 and PDT polymers were tested in water at 12.5 and
125 pg/mL, respectively.

Subsequent monitoring of Emission recovery in dark conditions revealed incomplete
restoration of the original Emission intensity, even after prolonged dark storage (up to
800 minutes). This incomplete recovery suggests that some photochemical changes
may be irreversible, though UV-visible absorption spectra remained unchanged across
all materials regardless of light exposure, indicating preservation of the basic

molecular structure.
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3.4.3 Assays using Planktonic Bacterial Cells

Interaction tests in water or in saline

The characterization of aPDT polymer-bacteria interactions was conducted using
several bacterial strains with distinct characteristics (Table 2). This selection included
both Gram-negative (P. aeruginosa, E. coli) and Gram-positive (S. aureus) bacteria,
enabling evaluation of the polymers against organisms with different cell wall
structures, antibiotic resistance profiles, and clinical relevance. These strains were
selected also with respect to their relevance with CF lung infections. In most assays

below, at least one strain from each species was included.

Table 2: Bacteria used in this study.

Species Strain Origin and other features

Newman[140] Clinical (human infection), MDS
Staphylococcus aureus (SA)
N315[141] Clinical (nosocomial), MRSA
Escherichia coli (EC) DHb5alpha Laboratory, MDS
PA19660[72] Laboratory, MDS, mucoid
Pseudomonas aeruginosa CH2678* Clinical (sputum CF), MDR
(PA) Clinical (tracheobronchial secretion),
F1758*
MDS

MRSA, methicillin resistant S. aureus; MDS, “multidrug susceptibility” (susceptibility to most
antimicrobial agents); MDR, “multidrug-resistance” (resistance to at least one agent in three or more
antimicrobial categories). CF, cystic fibrosis; mucoid, production of gelatinous or viscous extracellular

polymeric substances (EPS). *Bactome collection.[142]

The inherent luminescent properties of the ruthenium complexes enabled quantitative
monitoring of polymer-bacteria interactions. A simple yet effective centrifugation-based
separation method was employed to evaluate these interactions under different
conditions, see Figure 47. In this assay, bacteria were incubated at 37°C for 30 min
with aPDT polymers, followed by centrifugation to separate the bacterial cells (pellet)
from the surrounding medium (supernatant). While this method provides a
straightforward assessment of polymer-bacteria association through supernatant
emission depletion, direct emission measurement of bacterial pellets could provide

additional sensitivity for detecting weaker interactions.

The emission intensity of the supernatant was then measured, with any decrease in

emission compared to the control (no bacteria) indicating polymer association with the
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bacterial cells. This methodology was applied across the three different bacterial
species (PA19, N315 and EC) under two distinct conditions: water and physiological
saline (1X NaCl).

A) Test in water
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Figure 47: Interaction of [Ru(ll)] and the various aPDT polymers: evaluation of three bacterial species.
Tests were done when mixing bacteria with the reagents (at 5 or 50 ug/mL for Ru(ll) and aPDT
polymers, respectively) either in water (A) or in 1X NaCl (B). The data correspond to mean +/- SD with
n=3.

In water, clear charge-dependent interaction patterns emerged. The positively charged
materials - [Ru(ll)] complex and aPDT polymers 36, 36a, and 37 - showed significant
decreases in supernatant emission across all bacterial species tested, indicating
substantial bacterial association. This interaction can be attributed to electrostatic
attraction between the positively charged polymers and the naturally negative surface

charge of bacterial cell membranes. In contrast, the negatively charged aPDT
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polymers (28, 27, and 33) exhibited minimal to no reduction in supernatant emission,

suggesting limited or weak bacterial interaction, likely due to electrostatic repulsion.

When the same experiments were conducted in saline conditions (1X NaCl), a
dramatic change in interaction patterns was observed. The presence of salt effectively
neutralized all polymer-bacteria interactions, as evidenced by negligible changes in
supernatant emission regardless of the polymer's charge characteristics or bacterial
species. This phenomenon can be explained by the ionic screening effect of Na+ and
Cl- ions, which shield the electrostatic charges and prevent the charge-based
interactions observed in water. This behavior parallels the previously observed DNA
interaction patterns, highlighting the crucial role of electrostatic forces in mediating

polymer-bacteria associations.

The results demonstrate that the ability of aPDT polymers to interact with bacterial
cells is primarily governed by electrostatic interactions, which can be modulated by
environmental conditions such as ionic strength. This understanding is crucial for
optimizing the design and application of these materials in different physiological

contexts.
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Minimal inhibitory concentration (MIC) determination

The aPDT efficacy of [Ru(ll)] and aPDT polymers was evaluated through minimal
inhibitory concentration (MIC) determinations against three bacterial species: P.
aeruginosa (PA19), S. aureus (N315), and E. coli (EC).

The experiments were conducted both in dark conditions and under blue light

irradiation for 30 minutes, details are shown in Table 3.

Table 3: MIC (in pug/mL) of [Ru(ll)] and PDT polymers: determination using three bacterial

species.

PA19 SA N315 EC

OFF ON OFF ON OFF ON
DMSO >1% >1% >1% >1% >1% >1%
[Ru(ID] >50 0.8 >50 3.1 >50 3.1
36 >500 7.8 >500 15.6 >500 3.9
36a >500 15.6 >500 31.3 >500 15.6
27 >500 0.5 >500 >500 >500 >500
28 >500 >500 >500 >500 >500 >500
37 >500 15.6 >500 31.3 >500 15.6
33 >500 62.5 >500 >500 >500 >500

Measurements were done when mixing bacteria and reagents in water and under dark condition (OFF)
or after exposure to light for 30 min (ON). Reagents were tested for concentrations ranging from 0.05
to 50 pg/mL (Ru) or from 0.5 to 500 ug/mL (aPDT polymers). The bacteria tested were P. aeruginosa
(PA19), S. aureus (N315) and E. coli (EC).

The absence of dark toxicity across all materials tested, even at the highest
concentrations (500 pg/mL for aPDT polymers and 50 pg/mL for [Ru(ll)]),
demonstrated the strict light-dependence of their antimicrobial activity. This selective

activation represents a key advantage for controlled therapeutic applications.

Upon blue light irradiation, distinct patterns of antimicrobial activity emerged, revealing
both material-dependent and species-dependent effects:

Material-dependent effects:

= [Ru(ll)] showed consistent effectiveness across all bacterial species.
= 36, 36a, and 37 demonstrated strong antimicrobial activity for all species.

= 28 showed no significant antimicrobial effect under any condition.
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= 27 and 33 exhibited species-dependent efficacy specifically for P. aeruginosa.
Species-dependent responses:

» P aeruginosa showed sensitivity to all active materials.
» S. aureus demonstrated selective sensitivity, responding only to [Ru(ll)], 36, 36a,
and 37.

= E. coli displayed similar sensitivity patterns to S. aureus.

To further understand the photodynamic response, detailed investigations of
irradiation protocols were conducted. The experimental design, as shown in Figure 48,
employed both continuous and discontinued irradiation protocols, with bacterial
viability monitored through spot plating on LB agar. This methodology provided clear
visualization of the antimicrobial effects and their dependence on both concentration

and light exposure parameters.
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1 Z 3 4 ] ] T 8 9 10 14 12
Al 0,0 0,001 0,002 0,004 0008 0016 0031 0063 0125 025 0500 1,000 % DMSO
B| 0.0 0,0 0.1 0,2 0.4 0.8 1.6 31 6.3 12,5 250 50,0 Jug/mL  Ru(ll)
C| 0,0 0,5 1,0 2,0 3.9 7.8 15,6 313 625 1250 250,0 5000 Jpg/mL 36 sterility control
D| 0,0 0,5 1,0 2,0 3.9 7.8 15,6 313 625 1250 250,0 500,0 Jpg/mL 36a test with bacteria
E| 0.0 0.5 i 2.0 35 7.8 15,6 31,3 62,5 1250 2500 5000 Jjug'mL 27
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G| 0,0 0.5 1.0 2.0 39 7.8 15.6 N3 62,5 1250 2500 5000 Jug'mL 37
H| 0,0 0,5 1,0 2,0 3.9 7.8 15,6 313 62,5 12560 250,0 5000 Jug'mL 33
B
e N N [ . R
Light OFF Irradiation protocol 1: successive irradiations (for 30 min in total) Irradiation protocol 2:
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ON for 5 min ON for 10 more min ON for 15 more min irradiation for 30 min

Figure 48: aPDT of [Ru(ll)] and PDT polymers towards planktonic cells of P. aeruginosa PA19: effects
of light duration and irradiation protocols. (A) Layout of the experiment and (B) bacterial growth before
and after exposure to light following a discontinued or continuous irradiation protocol. [Ru(ll)] and PDT
polymers were tested in water for concentrations ranging from 0.1 to 50 pg/mL and 0.5 to 500 pg/mL,
respectively. At the time points indicated, 5 puL from every sample was spotted on LB agar. After
incubation at 37°C for several hours, the presence of growing bacteria allowed to determine whether
bacteria survived the applied treatment.

These studies revealed important differences in the kinetics of antimicrobial activity

among the aPDT polymers:
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e Fast-acting materials: 36, 36a, and 37 achieved maximum effect without requiring
extended irradiation times.
e Slow-acting materials: 27 and 33 showed enhanced antimicrobial activity with

increased irradiation duration.

This variation in response to irradiation time correlates with the previously observed
singlet oxygen production kinetics (see Figure 45), where 27 and 33 demonstrated
slower rates of 02 generation. Additionally, the extended irradiation protocols resulted
in longer polymer-bacteria contact times, which may also contribute to the enhanced
antimicrobial effects observed with increased irradiation duration. Of particular interest
was polymer 27's concentration-dependent behavior, which exhibited higher aPDT
activity at intermediate concentrations, while higher concentrations showed reduced
antimicrobial efficacy. This unusual dose-response pattern was reproducible and may
indicate concentration-dependent aggregation or self-quenching effects that warrant

further investigation.
Determination of bacterial load reduction

The antimicrobial efficacy of [Ru(ll)] and aPDT polymers was quantitatively assessed
by determining bacterial load reduction across multiple bacterial species in both water
and saline conditions, see Figure 49. This analysis provided deeper insights into the
antimicrobial activity previously observed in MIC determinations, while also revealing

species-specific responses to photodynamic treatment.
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Figure 49: Logarithmic (Log10) reduction of colony-forming units (CFU) in planktonic bacteria treated
with [Ru(ll)] or aPDT polymers either kept in the dark (OFF) or exposed to light (ON): comparison of the
results obtained for tests done in water (A) or in 1X NaCl (B). The bacteria tested were Gram negative
P. aeruginosa (PA19 as a standard strain and CH2678 as a clinical strain) and Gram-positive S. aureus
(MRSA N315 and Newman). The data correspond to mean +/- SD with n=3. The bottom dashed line
refers to the limit of detection.

In aqueous conditions, the Gram-negative bacteria P. aeruginosa (strains PA19
standard and CH2678 clinical)[72,143] demonstrated significant susceptibility to
photodynamic treatment. All active materials achieved substantial bacterial load
reduction upon light activation, with most treatments reaching the detection limit,
indicating complete bacterial elimination. Notably, 27 and 33 maintained their
effectiveness despite their previously observed slower kinetics of singlet oxygen
production, suggesting that even delayed photodynamic responses can achieve

complete bacterial elimination given sufficient time.

The Gram-positive bacteria S. aureus (strains N315 and Newman)[141,144] exhibited
a different sensitivity profile in water. These strains showed high susceptibility to
[Ru(ln], 36, 36a, and 37, but demonstrated resistance to 27 and 33. This selective
response pattern aligned perfectly with the MIC determination results and likely
reflects the fundamental differences in cell wall structure between Gram-positive and
Gram-negative bacteria, as well as the influence of polymer charge on bacterial

interaction.
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The introduction of physiological saline (1x NaCl) markedly altered the antimicrobial
efficacy patterns. S. aureus strains showed substantially reduced susceptibility to all
materials under saline conditions, which can be attributed to the ionic screening effect
previously observed in interaction studies. However, an interesting phenomenon
emerged with P. aeruginosa strains, which maintained their sensitivity to 27 and 33
even in saline conditions. This preserved activity suggests these polymers possess
unique properties that enable them to overcome ionic interference, possibly through

mechanisms independent of purely electrostatic interactions.

These findings were validated through complementary plating experiments (Figure
50), where bacterial survival was systematically evaluated across all strains. In water
under light activation, Gram-negative bacteria (PA19, CH2678, EC = E. coli) showed
elimination with polymers 36, 36a, 37, 27, and 33, while Gram-positive bacteria (N315,
Newman) were eliminated only by polymers 36, 36a, and 37, showing resistance to
27 and 33.

In 1x NaCl conditions, antimicrobial activity was substantially reduced for most
polymers against all strains. However, polymers 27 and 33 maintained activity
specifically against Gram-negative bacteria (PA19, CH2678, EC) even under these
screening conditions, while showing no activity against Gram-positive bacteria (N315,
Newman). The plate assay results not only corroborated the quantitative load
reduction data but also provided visual confirmation of the species-specific and

condition-dependent antimicrobial efficacy patterns.

This visual validation proved particularly valuable for understanding the heterogeneity
of antimicrobial responses, especially in cases where complete bacterial elimination
was not achieved. The observation of spatial control over bacterial survival led to
further investigations of precise photodynamic targeting capabilities, as demonstrated
in subsequent experiments using masked irradiation patterns. These findings
emphasize the potential for controlled, localized antimicrobial treatment using these
photodynamic systems.
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Figure 50: Plate assay showing bacterial survival after treatment with [Ru(ll)] and aPDT polymers. Five
bacterial strains were tested on separate plates: PA19 and CH2678 (P. aeruginosa), EC (E. coli), N315
and Newman (S. aureus). The layout (top) shows the experimental design applied to all plates: samples
were tested in water (left half) or 1x NaCl (right half) under dark conditions (grey, "Light Off") or after
light exposure (blue, "Light On"). Sample identities: #1 & 9: DMSO (cf 1%); #2 & 10: [Ru(ll)] (cf 50
pg/mL); #3 & 11: 36 (cf 500 ug/mL); #4 & 12: 36a (cf 500 pg/mL); #5 & 13: 27 (cf 500 pg/mL); #6 & 14:
28 (cf 500 pg/mL); #7 & 15: 37 (cf 500 pg/mL); #8 & 16: 33 (cf 500 ug/mL). Red spots indicate bacterial
growth; absence indicates elimination. Note: The two top and two bottom rows correspond to 10-fold
serial dilutions of the bacterial inoculum.

The spatial control capabilities of photodynamic therapy using [Ru(ll)]1 were
demonstrated against P. aeruginosa strain F1758, as demonstrated in Figure 51. A
mask displaying "TARGET THERAPY" with defined transparency gradients (100%,
55%, 30%, 17%, 10%, and 0% light transmission) was used to modulate light exposure
across the bacterial culture. Following irradiation and subsequent incubation at 37°C
for 16 hours, the bacterial growth pattern precisely reproduced the mask design, with

bacterial survival correlating inversely with light transmission intensity.
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The high-resolution reproduction of the logo demonstrated the exceptional spatial
precision achievable with this photodynamic system, establishing the potential for

precisely targeted antimicrobial treatments in complex biological environments.

Transparency
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Light transmittance
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Figure 51: Spatially controlled photodynamic inactivation of planktonic cells of the P. aeruginosa clinical
strain F1758. The same outcome was observed using the aPDT polymers.

Test at higher salinities and in more complex media

The impact of environmental conditions on antimicrobial photodynamic therapy was
further investigated by examining the effects of varying ionic strength and complex
biological media on aPDT efficacy. These studies provided crucial insights into the
behaviour of [Ru(ll)] and the aPDT polymer 26 under more physiologically relevant

conditions (Figure 52).
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Figure 52: Impact of the medium salinity on the aPDT effects of [Ru(ll)] and 26: relative growth duration
(compared to untreated bacteria, in %). The graph from the left to the right report the results obtained
for different doses of reagents. Water corresponds to 0X NaCl.
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The relationship between salinity and antimicrobial efficacy revealed distinct patterns
for [Ru(ll)] complex versus aPDT polymers. [Ru(ll)] demonstrated concentration-
dependent effects, with notable dark toxicity at higher concentrations (50 pg/mL) in
water. Its photodynamic activity was most pronounced in water but gradually

diminished with increasing salt concentration, suggesting sensitivity to ionic strength.

In contrast, 26 showed a remarkably different profile - exhibiting no dark toxicity even
at the highest tested concentration (500 ug/mL) across all salt conditions, while its
photodynamic efficacy improved with increasing salinity up to 4X NaCl concentration.
This unexpected enhancement of activity in high-salt conditions may result from
charge screening effects: as polymer 26 carries negative charges from carboxylic acid
groups, it may exhibit lower interaction with the typically negatively charged bacterial
cell wall in low ionic strength media through repulsive electrostatic interactions. The
addition of salt screens these charges, potentially reducing repulsion and improving
polymer-cell interaction, thereby enhancing photosensitizer accessibility and singlet
oxygen generation efficiency. The presence of the trithiocarbonate RAFT chain-end in
polymer 26 may also contribute to its unique salt-dependent behavior, though the

exact mechanism requires further investigation.

To better approximate physiological conditions, studies were extended to artificial
sputum medium (ASM), which presents a more complex biological environment
containing various biomolecules. In undiluted ASM, photodynamic activity was
substantially suppressed for all materials tested. This suppression may result from
multiple factors: the medium's complexity potentially interfering with light penetration
and singlet oxygen production, the presence of biomolecules that can act as
alternative targets for ROS (reducing their availability for bacterial eradication), and
the increased viscosity of ASM potentially limiting diffusion of reactive species to
bacterial targets. However, when ASM was diluted with water, antimicrobial activity
could be partially restored (as detailed in Figure 53) demonstrating the significant

impact of environmental factors on aPDT efficacy.
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Figure 53: Antibacterial assay in 1X NaCl or an artificial sputum medium (ASM) using planktonic cells
of a P. aeruginosa strain (at exponential growth phase). Exposure to light was done two times for 30
min each (prolonged irradiation treatment). Layout of the experiment (A), growth of replicates done on
LB agar plates after the first and second exposure to light (B) and calculation of Log10 CFU reduction
after the latter (C).

These findings demonstrate that polymer charge characteristics critically influence
aPDT efficacy under physiologically relevant conditions: while positively charged
polymers (36, 36a, 37) show salt-sensitive activity, negatively charged polymers (27,
33) maintain effectiveness in high-salt environments, positioning them as lead
candidates for applications in complex biological settings such as respiratory
infections.
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3.4.4 Assays using Bacteria in Biofilms

The efficacy of [Ru(ll)] and aPDT polymers against bacterial biofiilms was evaluated
through metabolic activity assays using P. aeruginosa strains (CH2678 and PA19).
This assessment was particularly crucial as biofilms represent a significant therapeutic
challenge, displaying up to 1,000-fold higher resistance to antibiotics compared to their
planktonic counterparts.[145] This dramatically enhanced resistance stems from
multiple factors: the protective barrier of the extracellular matrix that impedes drug
penetration, the presence of metabolically dormant cells within the biofilm structure,
and altered bacterial metabolic states.[146] These protective mechanisms typically
necessitate substantially higher antibiotic concentrations for effective treatment, often

exceeding clinically achievable levels.[27,28,129]

The metabolic activity of treated biofilms was evaluated using triphenyl tetrazolium
chloride (TTC) as a metabolic indicator. When metabolically active biofilm cells reduce
TTC, it forms 1,3,5-triphenylformazan, which appears red in color.[147] The intensity
and timing of this color change provides information about biofilm viability: untreated
biofiims show a 'normal' lag time before color development, while compromised
biofilms show delayed color development, and eradicated biofilms show no color

change (Figure 54).
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Thr = threshold, i.e., the intensity above which the red coloration is considered to be significantly
above the background, denoting metabolic activity.

Figure 54: Schematic representation of TTC-based metabolic activity assay. The graphs show red
intensity over incubation time for different biofilm conditions: no bacteria (negative control), untreated
bacteria showing normal lag time, treated bacteria showing compromised biofilms with delayed lag time,
and eradicated biofilms showing no metabolic activity.

In this assay, a longer time to detect red coloration indicates more effective
suppression of biofilm metabolic activity. Under dark conditions (grey), none of the
aPDT materials showed significant impact on biofilm metabolism, consistent with their
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photodynamic mechanism of action. However, upon light exposure (light blue), marked
differences in antibiofilm efficacy emerged among the different aPDT compounds,

details are shown in Figure 55.
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Figure 55: Metabolic activity of CH2678 biofilms treated with Ru(ll) or aPDT polymers and kept in the
dark (grey) or exposed to light (light blue): pictures of the biofilms at different incubation times after
treatment (A) and time needed for detecting metabolic activity (red shifting). (B) [Ru(ll)] and aPDT
polymers were tested at 50 and 500 ug/mL, respectively. The dashed lines indicate the level determined
for biofilm alone (not exposed to any compound). The data correspond to mean +/- SD with n=3.
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Notably, 27 and 33 demonstrated superior antibiofilm activity compared to other aPDT
polymers, requiring substantially longer times (approximately 8-10 hours) for
metabolic activity detection. This enhanced efficacy was particularly interesting given
their previously observed slower kinetics of singlet oxygen production, suggesting that
sustained photodynamic action might be advantageous for biofilm eradication. In
contrast, 28 showed no significant antibiofilm activity under any tested condition,

maintaining activity detection times similar to untreated biofilms.

The impact of environmental conditions on antibiofilm activity was further investigated
by comparing treatments in water versus saline (0.9% NaCl) across a range of
concentrations, details are shown in Figure 56. The response patterns revealed
concentration-dependent effects that varied among the different materials. In water,
both 27 and 33 maintained their superior efficacy across a broad concentration range.
Interestingly, in saline conditions, these polymers showed even more pronounced
antibiofilm effects, with lag times extending beyond 15 hours at higher concentrations.
This enhanced activity in physiological salt conditions is particularly relevant for

potential therapeutic applications.
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Figure 56: Test of PA19660 biofilm (2 days old): lag time during which no red coloration was detected
after biofilms were treated with a compound and exposed (“on”) or not (“off”) to light. The dashed line
indicates the level determined for biofilm alone (not exposed to any compound). On the x axis, the letter
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‘B’ stands for biofilm and the values refer to the concentrations of a compound (in pg/mL), at various
concentrations obtained by dilutions done in water or in 0.9% NaCl. Each bar corresponds to the mean
of at least 2 biofilms = 2 technical replicates (n22 +/- SD).

The differential effectiveness of aPDT polymers against biofilms compared to
planktonic cells, particularly for 27 and 33, suggests distinct mechanisms of action that
may be influenced by the biofilm environment. Their maintained or enhanced activity
in saline conditions further highlights their potential utility in physiologically relevant

settings.
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Alternative polymers without PS to disrupt biofilms

A parallel investigation examined an alternative strategy utilizing polymers
incorporating established biofilm-disrupting agents (farnesol, agmatine, L-arginine,
and thymol) at 5 mol% loading. The structures of the polymers are shown in Figure
57. These HEAAm-based polymers, containing no photosensitizer, were synthesized
by the same strategies used to make the aPDT polymers discussed above (FRP and
PPM). These experiments serve as reference polymers to understand the baseline
activity of biofilm-disrupting motifs alone, as these agents are intended to augment the

efficiency of aPDT polymers in future combined formulations.

|
NH © Cé) Surf-EH3 o HNH BD
OH
30,31,40,41 & 411 30a,31a,40a, 41a & 41.1a

BD (Biofilm disruptor):
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Figure 57: General structure of polymers containing biofilm-disrupting agents (BD) without
photosensitizers. Polymers 30/30a contain agmatine; 31/31a contain L-arginine; 40/40a contain
farnesol; 41/41a/41.1/41.1a contain thymol. Variants differ in surfactant content (designated 'a') and BD
loading (1 or 5 mol%, indicated by *).

The materials were tested against P. aeruginosa biofilms to evaluate both prevention
of biofilm formation and disruption of established biofilms. Biomass was quantified
using crystal violet (CV) staining, which measures total biofilm including extracellular
matrix and cells, while metabolic activity was assessed using triphenyl tetrazolium

chloride (TTC) reduction, which indicates viable bacterial cells.
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Figure 58 shows two experimental conditions: the top panels present tests on
preformed biofilms (biofiilms were established for 2 days, then treated with
compounds), while the bottom panels show tests during biofilm formation (compounds

were present from the start of bacterial culture).
Analysis of individual compounds revealed:

e Free biofilm disruptors (agmatine #1, farnesol #4, L-arginine #7, thymol #10)
showed minimal to no effect on either pre-formed biofilms or biofilm formation at
the tested concentrations, with both CV and TTC absorbance remaining near
untreated control levels (dashed line at 1.0).

e Biofilm disruptor-containing polymers (#2, #3, #5, #6, #8, #9, #11-#14)
demonstrated concentration-dependent effects. Thymol-containing polymers (#11-
#14) showed the most notable reduction, particularly in preventing biofilm formation
at higher concentrations (=100 pg/mL). However, even these polymers achieved
only modest reductions (10-30% decrease) compared to controls.

e Pre-formed biofilms (top panels) were generally more resistant to treatment than
biofilms forming in the presence of disruptors (bottom panels), consistent with the

protective nature of established biofilm matrices.

The yellow shaded region in Figure 58 represents the background range of bacterial
growth and metabolic activity in untreated controls. Values within this range indicate
that compounds have minimal effect on bacterial growth or biofilm formation. Antibiotic
controls (Gentamycin G, Tobramycin T) showed strong activity with values well below
the background range, demonstrating effective biofilm control. In contrast, most biofilm
disruptor samples (#1-14) remained within or near the yellow zone, confirming their

expected limited antimicrobial activity in the absence of photodynamic activation.

Overall, these materials without antimicrobial agents demonstrated limited efficacy in
both preventing biofilm formation and disrupting established biofilms when tested
without photodynamic activation. These results highlight the comparative advantage
of our photodynamic approach, which achieves more substantial biofilm control
through light-activated mechanisms, yet in future experiments the combined activity of
biofilm-disruptor polymers with aPDT polymers needs to be evaluated to assess any
synergetic advantage.
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Figure 58: Evaluation of biofilm-disrupting polymers against P. aeruginosa. Sample identities (left). Crystal violet (CV) and triphenyl tetrazolium chloride (TTC)

absorbance for preformed biofilms (top) and during biofilm formation (bottom). Yellow region indicates untreated control range.
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3.4.5 Assays using Eukaryotic Cells

The biocompatibility assessment of aPDT polymers employed two human bronchial
epithelial cell lines, 1T6HBE and A549, to evaluate potential effects on human tissues.
The analysis incorporated complementary methodologies, measurement of cellular
ATP content to assess metabolic activity, and monitoring of adenylate kinase (AK)
release to detect membrane damage, details are shown in Figure 59. This dual
approach provided comprehensive insights into both acute cytotoxicity and subtle

metabolic effects.
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Figure 59: Side-effects towards eukaryotic cells after exposure for 24h to Ru(ll) or aPDT polymers:
evaluation using 16HBE (A) and A549 (B) epithelial cells. Viability was determined considering the ATP
content of cells and cytotoxicity was determined by measuring the leakage from cells of adenylate
kinase (AK). As controls, DMSO (vehicle used with Ru(ll)) and branched PEI (bPEI) were tested in
parallel. The dashed lines refer to 100% and 50% cell viability or to 1 AK activity. The data correspond
to mean +/- SD with n=3

The toxicity screening included several reference materials to establish comparative
baselines. Branched polyethylenimine (bPEI, 25 kDa) was included as a known
cytotoxic polymer, while DMSO served as the vehicle control for [Ru(ll)] complex
evaluations. The free [Ru(ll)] complex itself was also tested to understand the impact

of polymer conjugation on cytotoxicity.

Among the tested materials, bPEI demonstrated the most severe cytotoxic effects on
both cell lines. Under the experimental conditions, bPEI exhibited an LD50 (lethal dose

causing 50% cell death) between 30-60 pg/mL, with significant cell membrane
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damage evidenced by elevated AK levels at concentrations as low as 16-30 ug/mL.
The [Ru(ll)] complex showed intermediate toxicity, with an LD50 ranging from 250-500
Mg/mL, though this effect was partially attributable to its DMSO vehicle, which

displayed dose-dependent cytotoxicity in control experiments.

In marked contrast to these reference materials, all aPDT polymers exhibited
remarkable biocompatibility across both cell lines. The polymers maintained cell
viability and showed no significant AK release even at concentrations exceeding 1,000
pMg/mL - the highest concentration tested in the study. This exceptional tolerance
threshold is particularly noteworthy as it substantially exceeds the concentrations
required for effective antimicrobial activity, establishing a wide therapeutic window. The
robustness of these findings was further validated through additional testing with

CFBE cells, which yielded consistent results.

This clear separation between antimicrobial efficacy and eukaryotic cell toxicity has
significant implications for therapeutic applications, particularly in respiratory contexts
where selective antimicrobial activity must be achieved while preserving bronchial
epithelial cell integrity. The demonstrated safety profile of these aPDT polymers,
combined with their effective antimicrobial properties, positions them as promising

candidates for further development.
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3.4.6 Nebulization Studies

The potential application of these materials for treating respiratory infections
necessitated evaluation of their compatibility with nebulization-based delivery
systems. A systematic assessment of structural integrity and functional properties
before and after nebulization was performed using an eFlow mesh nebulizer (Pari,
Germany). Polymer solutions were nebulized and samples collected before and after
the process for comparative analysis of UV-visible absorption, phosphorescence
emission, electrophoretic mobility, and antimicrobial activity against P. aeruginosa.

This evaluation provided critical insights into their stability during aerosolization.

Spectroscopic analysis demonstrated that all aPDT polymers maintained their
structural integrity through the nebulization process, as evidenced by consistent UV-
visible absorption profiles before and after nebulization, as shown in Figure 60.
Emission measurements showed minimal changes in emission intensity, indicating
preservation of the ruthenium complex's photophysical properties. The maintenance
of electrophoretic mobility patterns after nebulization further confirmed the structural

stability of these materials during the aerosolization process.
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Figure 60: Emission intensity (top panels) and UV-visible absorption spectrum (bottom panels) of Ru(ll)
complex and aPDT polymers before or after nebulization. “Washing” corresponds to a control performed
with water to check the washing efficiency of the nebulizer device that was done between each
compound nebulized.
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The spectroscopic analysis revealed consistent profiles before and after nebulization,
confirming retention of the photophysical properties of the materials. The retention of
structural integrity was corroborated by electrophoretic profiling, with details shown in

Figure 61 and Figure 62.
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Figure 61: Electrophoretic profiles of [Ru(ll)] complex and aPDT polymers before (BN) and after (AN)
nebulization using an eFlow mesh nebulizer. Consistent band positions and intensities indicate
preservation of polymer structural integrity during the aerosolization process.
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Figure 62: Antimicrobial activity of [Ru(ll)] complex and aPDT polymers before and after nebulization.
P. aeruginosa CFU logi, reduction upon light irradiation (450 nm, 30 min) shows preserved
photodynamic efficacy post-nebulization. Light OFF: no irradiation (dark control); Light ON: after light
exposure. Mean = SD with n=3.

Most importantly, bacterial assays using the nebulized materials demonstrated
preservation of their photodynamic antimicrobial activity, with post-nebulization
samples achieving similar levels of bacterial reduction as pre-nebulization materials.
This retention of biological activity through the nebulization process is particularly
significant for potential therapeutic applications in treating respiratory infections, where

aerosol delivery would be the preferred administration route.
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Summary of the biological results

The comprehensive biological evaluation of the synthesized antimicrobial
photodynamic polymers revealed several promising candidates with potent light-
activated antimicrobial activity independent of the antibiotic resistance profile of the
strains, along with favorable biocompatibility profiles. The systematic testing approach
provided valuable insights into the structure-activity relationships and the influence of
ionic strength (NaCl concentration), medium complexity (artificial sputum medium),
and bacterial growth state (planktonic vs. biofilm) on the materials' performance. Initial
characterization of the polymers' charge properties through electrophoresis
demonstrated the impact of synthesis method and composition on their interactions
with bacterial cells and biomolecules like DNA. Quantification of singlet oxygen
production, a key mediator of photodynamic activity, showed material-dependent and
medium-dependent effects, with some polymers exhibiting enhanced activity under

physiological salt conditions.

Antimicrobial efficacy studies against planktonic bacteria revealed the light-dependent
nature of the polymers' activity, with clear differences observed between Gram-
negative and Gram-positive species. Notably, certain polymers (27 and 33) maintained
their efficacy even in complex media and high salinity, suggesting potential for
application in physiologically relevant settings. The ability to achieve spatial control
over bacterial inactivation through targeted light delivery was also demonstrated,

highlighting the precision and versatility of the photodynamic approach.

Evaluation of the polymers' antibiofilm activity uncovered their potential for tackling
this challenging form of bacterial growth. The efficacy of 27 and 33 against biofilms,
particularly in saline conditions, is in agreement with their performance against
bacteria in the planktonic state and distinguished them as promising candidates for
further development. Comparison with alternative non-photodynamic strategies using
biofilm-disrupting agents confirmed the advantages of the light-activated approach.
While the polymeric biofilm disruptors showed limited activity in the absence of
antimicrobial agents, their intended role is to augment aPDT efficacy when combined
with photosensitizers in dual-functional systems. This combinatorial strategy, currently

under investigation in our group, (PhD work of Jannik Frynn) aims to leverage
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synergistic mechanisms: biofilm disruption to enhance photosensitizer penetration and

light delivery, coupled with photodynamic bacterial elimination.

Biocompatibility studies with human bronchial epithelial cells demonstrated the
polymers' excellent safety profile, with minimal toxicity observed even at
concentrations far exceeding those required for antimicrobial efficacy. This wide
therapeutic window is a key advantage for potential clinical applications, especially for
managing recalcitrant pulmonary infections in patients with medical conditions such

as cystic fibrosis.

Finally, the successful nebulization of the polymers without compromising their
structural integrity or antimicrobial activity confirmed their suitability for potential
pulmonary delivery, a major step towards developing treatments for respiratory

infections.

In conclusion, the biological evaluation identified lead polymers with potent, spatially
controlled antimicrobial activity against both planktonic and biofilm forms of bacteria,
while maintaining excellent biocompatibility and nebulization stability. These findings
underscore the potential of antimicrobial photodynamic polymers as a promising
therapeutic platform to tackle the spread of antibiotic-resistant microorganisms and lay

the foundation for future translational development.
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4 Conclusion and Outlook

Conclusion

The primary objective of this thesis was to develop innovative antimicrobial
photodynamic polymers for potential treatment of bacterial infections, with a particular
focus on respiratory diseases. Two complementary synthetic strategies were
successfully established: post-polymerization modification (PPM) via active ester

chemistry and direct free radical polymerization (FRP).

These approaches enabled controlled incorporation of photosensitizers (ruthenium
complexes and phenalenone) and biofilm-disrupting agents into biocompatible

polymer systems suitable for respiratory delivery.

Comprehensive biological evaluation identified polymers 27 and 33 as lead
candidates. These materials demonstrated potent light-activated antimicrobial activity
against both planktonic P. aeruginosa and biofilms, with efficacy maintained or
enhanced under physiologically relevant conditions including high salinity and artificial
sputum medium. Importantly, both polymers exhibited excellent biocompatibility with
human bronchial epithelial cells (no toxicity up to >1000 ug/mL) while maintaining
antimicrobial activity at 10-100-fold lower concentrations, establishing a favorable

therapeutic window.

Structural integrity and photodynamic function were preserved following nebulization,

confirming compatibility with aerosol delivery systems.

This work establishes a foundation for polymer-based antimicrobial photodynamic
therapy targeting respiratory infections. The combination of effective bacterial
elimination, physiological robustness, and delivery compatibility demonstrates the

feasibility of this approach for treating antibiotic-resistant pulmonary pathogens.
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Outlook

To further advance the development of the lead polymers identified in this work,
several key steps are envisioned. Additional optimization of polymer composition and
photosensitizer loading could enhance their antimicrobial efficacy, while more detailed
mechanistic studies would elucidate the mode of action and structure-activity
relationships governing their performance. Expanding the testing to a broader panel
of clinically relevant bacterial strains, including multi-drug-resistant isolates, will

provide a more comprehensive assessment of their therapeutic potential.

A particularly promising direction is the development of dual-functional polymers
combining both photosensitizers and biofilm-disrupting agents within a single polymer
system. While this thesis demonstrated the independent activities of aPDT polymers
and biofilm-disrupting polymers, their synergistic combination could significantly
enhance antimicrobial efficacy, particularly against biofilms. This strategy aims to
leverage biofilm disruption to improve photosensitizer penetration and light delivery
into the biofilm matrix, while simultaneously eliminating bacteria through
photodynamic action. This combinatorial approach is currently being investigated in
the ongoing PhD work of Jannik Fryn, which focuses on optimizing the ratios and

incorporation methods of both functional components to maximize antibiofilm activity.

Future studies should focus on evaluating the polymers' performance in more complex
biological models, such as ex vivo lung tissue and in vivo animal models of respiratory
infection. These investigations will validate their efficacy and safety in a more
representative environment and pave the way for clinical translation. Addressing
potential challenges, such as formulation development for optimal pulmonary delivery
and designing appropriate light delivery systems for in situ irradiation of the lung, will

be critical for successful implementation.

In parallel, conducting thorough toxicology and pharmacokinetic studies will establish
the safety profile of these polymers and guide their clinical development. Exploring
broader applications beyond respiratory infections, such as in wound healing or
medical device coatings, could expand the impact of this work and address other areas

where antimicrobial and biofilm-disrupting properties are valuable.

Finally, investigating the potential for combining antimicrobial photodynamic therapy

with other therapeutic approaches, such as antibiotics or immunomodulators, may
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lead to enhanced efficacy and prevention of resistance development. By harnessing

the synergistic effects of multiple treatment modalities, more effective and sustainable

solutions to the global challenge of antimicrobial resistance could be achieved.

In conclusion, the antimicrobial photodynamic polymers developed in this thesis hold

great promise as a novel therapeutic platform. With further development and

translation, this work has the potential to significantly improve patient outcomes and

contribute to the fight against the growing threat of antimicrobial resistance. The stage

is set for an exciting future in this field, where innovative materials and strategies will

play a crucial role in safeguarding public health.
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Figure 63: Proposed therapeutic strategy for polymer-based antimicrobial photodynamic therapy in
respiratory infections. aPDT polymers containing photosensitizers are delivered via nebulization,
followed by targeted light activation to generate reactive oxygen species for bacterial elimination.
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5 Experimental Section

5.1 Chemicals

Acryloyl chloride (96%, stabilized with 400 ppm phenothiazine, Alfa Aesar), Aliquat
336, 2 aminoethanethiol hydrochloride (> 98%, Alfa Aesar), 2-aminoethanol (> 98%,
Alfa Aesar), 3 phenyl-2-propenoyl chloride (Cinnamoyl chloride, 97%, BLDpharm),
N,N' dicyclo-hexylcarbodiimide (DCC, Fluka), 4-dimethylaminopyridine (DMAP,
recrystallized from EtOH), 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline (95%,
BLDpharm), 1,10-phenanthroline (pro analysi, Merck), 1,10-Phenanthrolin-5-amine
(98%, Aldrich), pentafluorophenol (abcr GmbH, 99%) ,farnesol (95%, Merck), formalin
(37% aqueous solution), glycerine, hydroquinone (for synthesis, Merck-Schuchardt),
naphthalene (99%, Acros Organics), 2-naphthol, paraformaldehyde, sodium acrylate
(97%, Aldrich), thymol (= 98%, Alfa Aesar), trifluoroacetic acid (TFA, for synthesis,
Sigma-Aldrich) and triethylamine (Et3N, puriss., = 99.0%, destilled and stored under

argon, ChemSolute) were used.

The solvents acetone (100%, VWR), chloroform (= 99.8%, Fisher Chemical),
dichloromethane (technical, = 98%, stabilized with 0.2% ethanol, VWR), diethyl ether
(Et20, pro analysi, 99.5%, Thermo Scientific), dioxane, dimethylformamide (DMF,
100.00%, VWR), dimethyl sulfoxide (DMSO, 99.98%, Fisher Chemical), ethanol
(absolute, VWR), ethanol (EtOH, 99%, denatured, bioethanol, ChemSolute), ethyl
acetate (analytical grade, = 99.8%, Fisher Chemical), hexane (mixture of isomers,
VWR), methanol (MeOH, technical, = 98.5%, VWR), and toluene (analytical reagent
grade, = 99.8%, Fisher Chemical) were used as they were received from the
manufacturer. Tetrahydrofuran (THF) was dried in a circulation apparatus with

potassium under argon atmosphere.

Glacial acetic acid (pro analysi, min. 99.5%, ChemSolute), hydrochloric acid (HCI,
37%, Fisher Chemical), ortho-phosphoric acid (puriss., 85%, Riedel-de Haén), and
sulfuric acid (analytical reagent grade, = 95%, Fisher Chemical) were used as they

were received from the manufacturer.

Ammonium hexafluorophosphate, aluminium chloride (anhydrous, BASF), lithium
chloride (99%, anhydrous, Acros Organics), magnesium sulphate (puriss., =2 99%, Carl
Roth), potassium carbonate (puriss., Bernd Kraft), ruthenium (lll) chloride (RuCls x

3H20, Merck), sodium hydrogen carbonate (sodium bicarbonate, = 99.7%,
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ChemSolute), sodium hydroxide (99.20%, VWR), sodium-3-nitrobenzolsulfonate
(Merck), and sodium sulphate (anhydrous, VWR) were used as they were received

from the manufacturer.

The main monomer N-hydroxyethyl acrylamide (HEAAm, 97%, stabilized with 1000
ppm hydroquinone monomethyl ether, Sigma-Aldrich) way stored at 5 °C. The acrylic
acid (for synthesis, stabilized with hydroquinone monomethyl ether, Merck) and the [2-
(Acryloyloxy)ethyl]trimethylammonium chloride solution (80 wt% in H20, Aldrich) were
also used as they were received. The surfactant monomer EH3A (FRJ045, 90%) was
synthesized in an earlier work by Jannik Fryn and was stored in the freezer. 2-
(ethylthiocarbonothioylthio)-2-methyl propanoic acid (EMP) and 2-{[(Dodecylthio)
carbonothioyl]thio}-2-methylpropanoic acid (DMP) were synthesized previously in the
Macromolecular working group. (1-Oxo-1H-phenalen-2-yl) methanaminium chloride
(PN-NHsCI) was provided by Dr. Jérémy Godard Université Paris Cité (UPC). The
initiator 4,4'-azobisisobutyronitrile (AIBN, 99%, Acros Organics) was recrystallized

from methanol and acetone and stored at 5 °C in the absence of light.

The solvents used for the '"H NMR spectra were deuterated acetone ((CD3)2CO,
99.8%, Deutero) and deuterated chloroform (CDClIs, 99.8%, Deutero), both stored at
5 °C. Deuterated dimethyl sulfoxide ((CD3)2SO, 99.8%, Deutero) was stored under

argon at room temperature with a 4 A molecular sieve.

Deionized water was obtained using a Milli-Q Direct-Q 3UV water purification system
(conductivity o = 18.2 MQ cm).

For the dialysis of the polymers dialysis tubes (Spectra/Por 6 Dialysis Membrane, pre-
wetted RC tubing, MWCO: 1 kDa / 3.5 kDa, Spectrum) were used.

The syringe filters used (0.22 ym / 0.45 ym, PTFE) were manufactured by ChromPure.
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5.2 Instruments

Gel-Permeation-Chromatography (GPC): was used to measure the molar mass
distributions and dispersities of the polymers. For DMAc-soluble polymers, a PSS-
SECcurity system Agilent Technologies 1260 infinity was employed, equipped with a
PSS GRAM 100A column and a 10 ym particle size pre-column. The eluent was a
solution of DMAc with 0.1% LiBr. A sample volume of 20 yL was injected at a
temperature of 60 °C, with a flow rate of 1 mL/min. The calibration curve was
generated using PMMA standards from Polymer Standard Service, Mainz, and the

molar mass of the polymers was calculated using the Mark-Houwink-Constants.

For water-soluble polymers, a PSS-SECcurity system Agilent Technologies 1200
Series was used, equipped with a PSS Suprema 3000 A column and a 10 um particle
size pre-column. The eluent in this case was a mixture of water/MeCN (85:15 vol%)
with NaNO3 (0.1 mol-L-1) and NaN3 (0.011 mol-L-1). The sample volume and flow
rate were the same as for the DMAc-soluble polymers, but the temperature was set at
30 °C. Pullulan standards from Polymer Standard Service, Mainz were used for
calibration, and the molar mass was again calculated using the Mark-Houwink-

Constants.

NMR measurements were conducted using a Bruker Avance 400 and/or Jeol ECZ
500 spectrometer. 1H NMR spectra were recorded at frequencies of 300 MHz, 400
MHz, and 500 MHz, while 13C NMR measurements were performed at 126 MHz. All

spectra were acquired at room temperature (20 °C).

The chemical shifts were reported in parts per million (ppm), using the signals of non-
deuterated solvents as internal standards. The following internal standards were used

for different solvents:

CDCls: 1H at 7.26 ppm, 13C at 77.2 ppm.

Aceton-ds: 1H at 2.75 ppm, 2.92 ppm, and 8.03 ppm.
D20: 1H at 4.75 ppm.

DMSO-ds: 1H at 2.50 ppm, 13C at 39.52 ppm.
MeOD-d4: 1H at 3.31 ppm, 13C at 49.0 ppm.

Signal assignment was performed using MestReNova.
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Biochemical Part: The descriptions, instrumentation, materials and procedures of the
biochemical experiments were performed in the laboratories of Prof. Dr. Tristan

Montier/Dr Tony Le Gall from the university of Brest (F).
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5.3 Synthesis of Active Ester Monomers
Pentafluorophenolacrylate (PFPA) (21)

The reaction was carried out according to a modified procedure from
literature.[117,148]

O
OH e

@)
(@]
F F \)kCI F F
—_—
F F DCM, TEA
25 °C F F
F
F

Pentafluorophenol (2 g, 10.9 mmol) was dissolved in 30 ml of dichloromethane (DCM)
in an ice bath. Triethylamine (TEA) (1.5 ml, 11 mmol) was then added. Acryloyl chloride
(0.9 ml, 11 mmol) was diluted in 20 ml of DCM and added dropwise to the mixture.
The reaction was stirred and allowed to warm to room temperature overnight. Thin-
layer chromatography (TLC) developed in DCM indicated the presence of the product
in the clear solution. The mixture was washed three times with water and twice with
brine, then dried over anhydrous sodium sulfate (Na,SO,). Evaporation of the solvent

yielded a colorless liquid with a very strong odor.
Yield: 64%, 1.76 g, 7.4 mmol.

Spectral data:

"H NMR (500 MHz, CDCls), 8 ppm: 6.76 — 6.64 (m, 1H, -CH=), 6.44 — 6.29 (m, 1H,
=CHz), 6.23 — 6.07 (m, 1H, =CHb>).

NMR spectra is found in Fig. SI 1 in appendix.
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Synthesis of pentafluorophenyl 4-vinylbenzene sulfonate (PFP-4-VBS) (22)
The reaction was carried out according to literature.[149]

First, 4-vinylbenzene-1-sulfonyl chloride was synthesized then the active ester was

made in a second step:

X 0 X
I
CI/S\CI
—_—
0°C, 10 min, DMF
O:§:O 3h, RT O:§:O
O Ni Cl

Under an argon atmosphere, sodium styrenesulfonate (21.8 mmol, 4.5 g) was added
in small portions to thionyl chloride (109 mmol, 12.97 g, 8 ml) over 10 minutes at 0°C
while stirring. To the resulting suspension, N,N-dimethylformamide (DMF) (11 ml) was
added dropwise under cooling. The reaction mixture became homogeneous and was
stirred for 3 hours at room temperature (RT). The reaction mixture was then poured
into ice water to quench any unreacted thionyl chloride. The organic product was
extracted with diethyl ether (2x). The ether layer was washed twice with 2%
hydrochloric acid (HCI) solution and twice with water. The organic phase was dried
over sodium sulfate (Na,SO,) and the solvent was removed under reduced pressure.
The product, 4-vinylbenzene-1-sulfonyl chloride, was immediately frozen to prevent

the hydrolysis of the sulfonyl chloride.
Yield: 75%, 3.3 g, 16.3 mmol as yellow liquid.

Spectral data:

"H NMR (500 MHz, CDCl3), & ppm: & 8.02 — 7.93 (m, 2H, Ar), 7.64 — 7.55 (m, 2H, Ar),
6.86 — 6.70 (m, 1H, -CH=), 5.95 (t, J = 10.4 Hz, 1H, =CH2), 5.53 (d, J = 10.9 Hz, 1H,
=CHp2).

o) TEA, DCM 0
e ) \__O F
\S\\ HO F 3h, 0°C S\\
o * - o)
\Q/ F F Then 24 h rt. \/©/ F F
£ F
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To a solution of pentafluorophenol (1.7 g, 9.25 mmol) and triethylamine (1.32 ml, 0.96
g, 9.5 mmol) in 10 ml of dichloromethane (DCM), p-styrenesulfonyl chloride (1.76 g,
8.75 mmol) was added slowly at 0°C under a nitrogen atmosphere. The solution was
then stirred for 3 hours at 0°C, followed by stirring for 24 hours at room temperature
(RT). The reaction mixture was washed twice with water and twice with brine. The
organic phase was dried over anhydrous magnesium sulfate (MgSO,). After

evaporation of the solvent and drying under vacuum, a light brown solid was obtained.

NMR analysis (**F and 'H) indicated the formation of the product. Thin-layer
chromatography (TLC) showed a clear difference between the spots, confirming the
product formation (RF: 0.8, DCM:HEX, 1:1).

Yield: 47%, 1.459 g, 4.27 mmol.
Melting point (MP): 53°C.
Spectral data:

Elemental analysis calculated: C 48.01%, H 2.01%, S 9.15%; found: C 48.05%, H
2.01%, S 9.14%.

'H NMR (500 MHz, CDCls), & ppm: 7.95 — 7.90 (m, 2H, Ar), 7.63 — 7.58 (m, 2H, Ar),
6.79 (dd, J = 17.6, 10.9 Hz, 1H, -CH=), 5.98 (dd, J = 17.6, 3.0 Hz, 1H, =CHa), 5.54 (d,
J=10.9 Hz, 1H, =CHb>).

13C NMR (126 MHz, CDCls), & ppm: 144.53 (s), 135.01 (s), 133.36 (s), 129.01 (s),
127.13 (s), 119.20 (s).

19F NMR (471 MHz, CDCl3), & ppm: -150.01 — -150.87 (m, 2F), -154.95 — -155.87 (m,
1F), -160.35 — -161.61 (m, 2F).

NMR spectra are found in Fig. Sl 2, Fig. Sl 3, Fig. SI 4 and Fig. Sl 5 in appendix.
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N-hydroxysuccinimide acrylate (NHSA) (23)

The reaction was carried out according to a modified procedure from
literature.[148,150]

j\ j\

OH

a 9F
N

N
DCM, K,COs5

N-Hydroxysuccinimide (NHS) (2 g, 17.4 mmol) was dissolved in dichloromethane
(DCM) (60 ml). Despite incomplete dissolution, the reaction was carried out in a
heterogeneous mixture. Potassium carbonate (K,CO3) (2.4 g, 22 mmol) was added to
the mixture and stirred at 0°C. Acryloyl chloride (1.8 ml, 17.4 mmol) was diluted in 20
ml DCM and added dropwise to the mixture. The reaction was allowed to proceed at
25°C overnight. The reaction mixture was washed three times with water and twice
with brine. The organic phase was collected, and the solvent was evaporated to yield
white crystals. After cooling to room temperature, the crystals were recrystallized from

a Hexane/acetate (4:1) mixture. Pure white crystals were obtained by filtration.
Yield: 49%, 1.44 g, 8.5 mmol.

Spectral data:

'H NMR (500 MHz, CDCl3), & ppm: 6.75 — 6.66 (m, 1H, -CH=), 6.40 — 6.25 (m, 1H,
=CHz), 6.23 — 6.10 (m, 1H, =CHz), 2.86 (s, 4H).

13C NMR (126 MHz, CDCls), & ppm: 169.46, 161.49, 136.62, 123.40, 26.05.

NMR spectra are found in Fig. SI 6 and Fig. Sl 7 in appendix.
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5.4 Synthesis of Surfactant and Biofilm Disruptor Monomers
Synthesis of Ecosurf-Surfactant acrylate EH3A (24)

The reaction was carried out according to a modified procedure from literature.[137]

e
&oﬁ o ~OH _° \/\j\/goj/i\( OMS\C(\

3 TEA, DCM
40 °C, 4 days

In a three-neck round-bottom flask equipped with a gas inlet, dropping funnel, and
reflux condenser, EH3 (27.8 g, 58.28 mmol) and triethylamine (TEA) (5.7 g, 56.3
mmol) were dissolved in 80 ml dichloromethane (DCM) and stirred for one hour under
an argon atmosphere. Subsequently, acryloyl chloride (9.8 g, 108 mmol) diluted in 80
ml DCM was added dropwise slowly with vigorous stirring and ice cooling. The solution
was stirred at 40°C for four days. For purification, the solvent was evaporated under
reduced pressure. The residue was dissolved in 300 ml sodium hydroxide solution (1
M) and extracted with DCM (2 x 150). The organic phases were combined, dried over
magnesium sulfate (MgSO,), and the solvent was evaporated under reduced
pressure. The residue was dissolved in 300 ml DCM and extracted with hydrochloric
acid (1 M, 2 x 150 ml). The aqueous phase was extracted with 150 ml DCM, and the
organic phases were combined, dried over magnesium sulfate, and the solvent was
evaporated under reduced pressure. The resulting slightly yellow, viscous product was

dried overnight under oil pump vacuum.

Yield: 80%, 24.74 mmol, 24.7 g (90 % pure).

Spectral data:

"H NMR (500 MHz, CDCI3), & ppm: 0.86 (t, 6H, 2x -CH3), 1.14-1.27 (m, 20H, 4x CHs
and 4x -CHz-), 1.49 (m, 1H, -CH-), 3.29-3.74 (m, 22H, 4x -CH and 9x -CH2-O-), 4.30
(m, 2H, -CH2-O-), 5.81 (m, 1H, -CH=CH2), 6.14 (m, 1H, -CH=CHz2), 6.41 (m, 1H, -
CH=CH>)

NMR spectra is found in Fig. Sl 8 in appendix.
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Synthesis of (2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl acrylate (Farnesol
acrylate) (19)

The reaction was carried out according to a modified procedure from literature.[137]

CI\[(\
X
OH 0 o)
DCM, TEA o)

Farnesol (1.00 g, 4.50 mmol) and triethylamine (1.25 ml, 911 mg, 9.00 mmol, 2 eq.)
were dissolved in 20 ml of dichloromethane (DCM). The solution was cooled in an ice
bath, and acryloyl chloride (0.732 ml, 815 mg, 9.00 mmol, 2 eq.) in 20 ml of DCM was
added dropwise. The solution was stirred overnight. The solvent was removed under
reduced pressure, resulting in a yellow oily solid. The solid was redissolved in 100 ml
of DCM and washed with sodium hydroxide solution (1 M, 2 x 70 ml). The aqueous
phases were combined and extracted with 40 ml of DCM. The organic phases were
combined and washed with hydrochloric acid (1 M, 70 ml). The aqueous phase was
extracted with 40 ml of DCM. The combined organic phases were washed with water
(2 x 50 ml), dried over sodium sulfate (Na,SO,), and the solvent was removed under

reduced pressure to yield the product as a yellow liquid.

Yield: 100%, 1.24 g, 4.49 mmol.

Spectral data:

'H NMR (500 MHz, CDCls), & ppm: 1.60 (s, 3H), 1.70 (m, 9H), 2.05 (m, 8H), 4.68 (d,
3J = 7.2 Hz, 2H,), 5.10 (m, 2H), 5.38 (t, 3J = 7.2 Hz, 1H), 5.81 (dt, 2J = 1.8 Hz, 3J =
10.4 Hz, 1H), 6.13 (qt, 3J = 10.4 Hz, 3J = 17.4 Hz, 1H), 6.40 (dt, 2J = 17.4 Hz, 3J = 1.4
Hz, 1H).

NMR spectra is found in Fig. SI 9 in appendix.
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Synthesis of 2-isopropyl-5-methylphenyl acrylate (Thymol acrylate) (20)

The reaction was carried out according to a modified procedure from literature.[151]

(@)
' )J\/
OH DCM, TEA o
25 °C

2-Isopropyl-5-methylphenol (700 mg, 4.66 mmol) and triethylamine (1.29 ml, 943 mg,

9.32 mmol, 2 eq.) were dissolved in 20 ml of dichloromethane (DCM). The solution
was cooled in an ice bath, and acryloyl chloride (0.757 ml, 844 mg, 9.32 mmol, 2 eq.)
in 20 ml of DCM was added dropwise. The solution was stirred overnight. The solvent
was removed under reduced pressure, yielding a yellowish solid. The solid was
redissolved in 50 ml of DCM and washed with sodium hydroxide solution (1 M, 2 x 70
ml). The aqueous phases were combined and extracted with 40 ml of DCM. The
combined organic phases were washed with hydrochloric acid (1 M, 70 ml). The
aqueous phase was extracted with 40 ml of DCM. The combined organic phases were
dried over sodium sulfate (Na,SO,) and the solvent was removed under reduced

pressure to yield the product as a yellow liquid.

Yield: 94%, 898 mg, 4.40 mmol.

Spectral data:

"H NMR (500 MHz, CDCl3), & ppm: 1.19 (d, 3J = 6.9 Hz, 6H, -CH-CH3), 2.32 (s, 3H, -
CHs3), 2.98 (sep, 3J = 6.9 Hz, 1H, -CH-), 6.02 (dd, 2J = 1.2 Hz, 3J = 10.5 Hz, 1H), 6.35
(dd, 3J = 10.5 Hz, 3J = 17.3 Hz, 1H), 6.61 (dd, 2J = 1.2 Hz, 3J = 17.3 Hz, 1H), 6.86 (d,
4J=1.0 Hz, 1H), 7.04 (d, 3J = 7.9 Hz, 1H), 7.21 (d, 3J = 7.9 Hz, 1H).

NMR spectra is found in Fig. SI 10 in appendix.
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5.5 Synthesis of Phenanthroline Derivatives
Synthesis of N-(1,10-phenanthrolin-5-yl)ethane-1,2-diamine (1)

The reaction was carried out according to a modified procedure from literature.[119]

HBr
NH
Br > 2
NH Dioxane, 120 °C N/\/NHZ
2 3.5 hours in microwave H

5-Amino-1,10-phenanthroline (100 mg, 0.512 mmol) and 2-bromoethylamine
hydrobromide (114 mg, 0.563 mmol, 1.15 eq.) were dissolved in approximately 10 ml
of dioxane. The reactants were stirred at room temperature (RT) for 15 minutes under
an argon atmosphere. The reaction vessel was sealed and heated in a microwave at
120°C for 3.5 hours, resulting in the precipitation of a brown solid. The solvent was
removed under reduced pressure, and the crude product was added to 4 ml of water.
The pH of the solution was adjusted to 10-11 using sodium hydroxide (NaOH) solution.
The solvent was then removed under vacuum, yielding a highly viscous red oil. The
crude product was purified using column chromatography on alumina. Initially,
unreacted 5-amino-1,10-phenanthroline was eluted using DCM:MeOH (9:1), RF = 0.7,
then the remaining product was then eluted using DCM:MeOH:NH2 (magic). Thin-layer
chromatography (TLC) indicated the presence of some unreacted starting material,

necessitating a second column chromatography using the same eluents.
Yield: 82%, 100 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), & ppm: 8 9.02 (dd, J = 4.2, 1.4 Hz, 1H), 8.71 (ddd, J =
6.4, 5.8, 1.5 Hz, 2H), 8.06 (dd, J = 8.1, 1.6 Hz, 1H), 7.66 (dd, J = 8.4, 4.2 Hz, 1H), 7.51
(dd, J = 8.1, 4.2 Hz, 1H), 6.70 (s, 1H, -NH-), 6.65 (t, J = 5.2 Hz, 1H), 3.50 (q, J = 5.8
Hz, 2H, -NH-CHz-), 3.17 (t, J = 7.4, 4.0 Hz, 2H, -CH2-NH2).

ESI-MS analysis: a clear peak at 239 was detected (product + H) along with several
peaks of the other fragments and isomers: at 222.24 (C14H12N3-), 196.27 (C12H10N3+)
and 180.87 (C12HsNz2).

NMR spectra is found in Fig. Sl 11 in appendix.
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Synthesis of tert-butyl (2-((1,10-phenanthrolin-5-yl)Jamino)-2-oxoethyl)carbamate (2)
The reaction was carried out according to literature.[120]

O
HO “Boc

| DCC, ACN
= NH, 25°C, 20 h )K/ “Boc

\_/

/

A solution of commercial N-(tert-butoxycarbonyl) glycine (1.31 g, 7.5 mmol) and DCC
(0.8 g, 3.9 mmol) in acetonitrile (15 ml) was stirred at room temperature (RT) for 2
hours and filtered to remove the dicyclohexylurea precipitate. The resulting anhydride
was used without further purification and added to a solution of 5-amino-1,10-
phenanthroline (150 mg, 0.775 mmol) in 15 ml of acetonitrile. Although the second
solution was initially poorly soluble, it dissolved completely upon addition of the
anhydride solution. The mixture was stirred at RT for 20 hours under an argon
atmosphere, and the solvent was then removed under reduced pressure. The
remaining solid was dissolved in dichloromethane (DCM) and washed three times with
water. The organic phase was filtered and dried to yield a yellow powder. The product

was further purified by washing with a basic solution.

Yield of the crude product: 85%.

Spectral data:

"H NMR (500 MHz, DMSO-ds), & ppm: & 10.16 (s, 1H, Ar-NH-), 9.12 (dd, J =4.2, 1.5
Hz, 1H), 9.04 (dd, J = 4.3, 1.7 Hz, 1H), 8.64 — 8.59 (m, 1H), 8.46 (dd, J = 8.1, 1.6 Hz,
1H), 8.13 (s, 1H), 7.80 (dd, J=8.4, 4.3 Hz, 1H), 7.74 (dd, J = 8.1, 4.3 Hz, 1H), 7.21 (t,
J=5.8 Hz, 1H, -NH-Boc), 3.94 (d, J = 6.0 Hz, 2H, -CH2-), 1.42 (d, J= 1.6 Hz, 9H, Boc
group).

NMR spectra is found in Fig. SI 12 in appendix.
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Synthesis of 2-((1,10-phenanthrolin-5-yl)thio)ethanamine (3)

The reaction was carried out according to a modified procedure from literature.[114]

X
NI HS/\/NHZHCI N| S
N 7 > N P~
AN = DN
| EtONa, EtOH ]
= 1.50 °C for 12 h = g~ NH2
(0] 2.85°Cfor6h

Initially, 130 mg (1.147 mmol, 3 eq.) of 2-aminoethanethiol hydrochloride was
dissolved in 27 mL of a sodium ethoxide solution in ethanol (0.1 M). This solution was
then added to a separate solution containing 66 mg (0.337 mmol) of 5,6-epoxy-5,6-
dihydro-[1,10]phenanthroline in 3 mL of dry ethanol, all at room temperature. The
resulting reaction mixture was stirred under an argon atmosphere at 50°C for a
duration of 15 hours. Subsequently, the mixture was heated to reflux (80°C, 5h) to

facilitate the removal of water and to enhance aromaticity.

Upon cooling, a white solid precipitated. The solution displayed a pH of 6, and it was
neutralized by the addition of a few drops of a saturated sodium bicarbonate (NaHCO3)
solution. This neutralization led to the more precipitation of the white solid material.
The resulting solid was isolated by filtration, and the filtrate (solvent) was then
evaporated. To the residue, 20 ml chloroform was added, and it was washed three
times with 50 ml water. The organic phase was dried over sodium sulphate, filtered
and the solvent was evaporated to yield a yellow viscous oil. After 48 h, some white
material was accumulated, and this is probably small amounts of remaining salts which

will not affect the next step, that’s why a further purification was unnecessary.
Yield: 93%, 81 mg.

Spectral data:

"H NMR (500 MHz, CDCl3), & ppm: 8 9.21 (dd, J = 4.3, 1.6 Hz, 1H), 9.14 (dd, J = 4.3,
1.7 Hz, 1H), 8.82 (dd, J = 8.3, 1.7 Hz, 1H), 8.16 (dd, 1H), 7.71 — 7.68 (m, 1H), 7.63 —
7.60 (m, 1H), 3.16 (t, 2H, -S-CHz-), 3.00 (t, 2H, -CHz2-NH2).

NMR spectra is found in Fig. SI 13 in appendix.
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5.6 Synthesis of Ruthenium Complexes and Subsequent Monomers
Synthesis of Ru(1,10-Phenanothroline)2Cl2 (5)

The reaction was carried out according to literature.[121]

LiCl
\ 7\ +Ruch -~ 3
H-0 DMF, 150 °C N N
2 12 hours 72N/

RuCl3-3H,0 (1 mmol, 261 mg, 1 eq.) and 1,10-phenanthroline monohydrate (397 mg,
2 eq.) were combined, and a solution of LiCl (1.0 g) in 12 ml of dimethylformamide
(DMF) was added to the mixture. The reaction was heated under reflux and then
allowed to cool to room temperature (RT). The mixture was pipetted into 70 ml of water
and centrifuged. The supernatant was decanted off, and the resulting dark solid was
washed with 30 ml of water and centrifuged again. This washing and centrifugation
step was repeated once more. The product was dried under vacuum at 60°C, yielding

a dark-violet powder.
Yield: 43%, 245 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), 5 (ppm) = 7.33 (dd, 3J = 8.1 Hz, 4J = 5.5 Hz, 2H), 7.75
(dd, 3J = 5.5 Hz, 4J = 1.1 Hz, 2H), 8.14 (d, 3J = 8.9 Hz, 2H), 8.23 (m, 4H), 8.29 (d, 3J =
8.9 Hz, 2H), 8.71 (dd, 3J = 8.1 Hz, *J = 1.2 Hz, 2H), 10.28 (dd, 3J= 5.2 Hz, 4J = 1.2 Hz,
2H).

NMR spectra is found in Fig. SI 14 in appendix.
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Synthesis of [Ru(1,10-phenanthroline)2 (1,10-phenanthrolin-5-amine)] Cl2

The reaction was carried out according to a modified procedure from
literature.[77,115,116]

N™ X
|
+ | N\ = 4}
DMF, reflux
Z NH, 20 h

In a 25 mL two-necked flask under argon, 63 mg of 5-amino-1,10-phenanthroline (0.32
mmol, 1.2 eq.) were added to 145 mg of 5 [Ruphen2Cl2] (0.268 mmol) dissolved in 4
mL of DMF. The mixture was heated at reflux overnight. The product didn’t precipitate
so the solvent was concentrated under reduced pressure and ethanol was added. An
orange-reddish solid precipitated and was filtered. The solid was dissolved in DCM

washed with water (3x) to yield a dark red powder.
Yield: 48.5%, 95 mg, 0.13 mmol.

Spectral data:

H NMR (500 MHz, Aceton-ds), 5 ppm: 8.92 (dd, 1H, J = 8.5, 1.1 Hz), 8.81 — 8.75 (m,
4H, Ar), 8.44 — 8.33 (m, 10H, Ar), 7.91 (dd, 1H, J = 5.1, 1.2 Hz, Ar), 7.87 — 7.73 (m,
6H, Ar), 7.52 (dd, 1H, J = 8.4, 5.1 Hz, Ar), 7.31 (d, 1H, J = 3.2 Hz, Ar), 6.41 (s, -NH2).

UV-Vis abs.: A 350 nm — 500 nm, Amax= 460 nm.
Phosphorescence: A 550 nm — 750 nm, Amax= 590 nm.

NMR spectra is found in Fig. SI 15 in appendix.
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Synthesis of [Ru(1,10-phenanthroline): (1,10-phenanthrolin-5- amine)] (PFe)2

The reaction was carried out according to a modified procedure from
literature.[77,115,116]

+ N }
| _— 1. DMF, reflux, 20 h
NH2 2. NH,4PFg, 1t.

In a 25 ml two-necked flask under an argon atmosphere, 24 mg of 5-amino-1,10-
phenanthroline (0.12 mmol, 1.2 eq.) were added to 52 mg of 5 (0.1 mmol) dissolved
in 4 ml of dimethylformamide (DMF). The mixture was heated at reflux overnight. After
cooling to room temperature (RT), a saturated aqueous solution of NH,PF, was
added. Since the product did not precipitate, the solvent was concentrated under
reduced pressure, and ethanol was added, resulting in the precipitation of an orange-
reddish solid. The solid was filtered, washed with ethanol and water, and dried to yield

a red powder.
Yield: 53%, 52 mg, 0.053 mmol.

The experiment was also performed using ethanol as the solvent, and the yield was

similar.

Spectral data:

TH NMR (500 MHz, Aceton-ds), 5 (ppm) = & 8.94 — 8.88 (d, 1H), 8.81 — 8.74 (m, 4H),
8.43 —8.29 (m, 10H), 7.92 — 7.71 (m, 6H), 7.52 (d, 1H), 7.30 (s, 1H), 6.42-4.38 (s).

NMR spectra is found in Fig. SI 16 in appendix.

133



Experimental Section

Synthesis of [Ru(1,10-phenanthroline): (tert-butyl (2-((1,10-phenanthrolin-5-yl)Jamino)-
2-oxoethyl)carbamate)] (PFe)2 (7)

The reaction was carried out according to a modified procedure from
literature.[77,115,116]

\ Cl N
S |
N N
N—Ri—Cl (S 7o >
- 1. EtOH, reflux, 20 h
N/ N Z NKN\BOC 2. NH4PFs, tt.
</ \Z: f/ \> H

In a 50 mL three-necked flask under argon, tert-butyl (2-((1,10-phenanthrolin-5-

yl)amino)-2-oxoethyl)carbamate ([62.5 mg, 80% purity], 50 mg, 0.142 mmol, 1.2 eq.)
were added to 67 mg of § (0.118 mmol) dissolved in 18 mL of Ethanol. The mixture
was heated at reflux overnight. Saturated aqueous solution of NH4PFs was added to
the solution at room temperature. The resulting precipitate was collected by filtration,
dissolved in DCM, and washed three times with water. A dark red powder was obtained

after drying the organic phase.

Yield: 61%, 80 mg, 0.072 mmol.

Spectral data:

H NMR (500 MHz, Aceton-ds), 8 ppm: & 10.39 — 10.22 (m, 1H, -NH-Boc), 9.07 (t, J =
10.3 Hz, 1H, Ar), 8.78 (ddt, J = 4.0, 2.3, 1.2 Hz, 4H, Ar), 8.67 (dd, J = 20.9, 7.5 Hz, 2H,
Ar), 8.44 — 8.36 (m, 9H, Ar), 8.28 (dd, J = 5.2, 1.0 Hz, 1H, Ar), 7.82 — 7.75 (m, 5H, Ar),
7.72 (dd, J = 8.3, 5.3 Hz, 1H, Ar), 6.66 (d, J = 35.8 Hz, 1H, Ar-NH-), 4.14 (d, J = 5.2
Hz, 2H, -CHz-), 1.44 (s, 9H, -Boc).

NMR spectra is found in Fig. SI 17 in appendix.
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Synthesis of [Ru(1,10-phenanthroline)z (2-((1,10-phenanthrolin-5-yl)thio)ethanamine)]
(PFe)2(8)

The reaction was carried out according to a modified procedure from
literature.[77,115,116]

N
N I =
| ~ 1. EtOH, reflux, 20
= NH 2. NH4PF6 rt.
S/\/ 2

In a 50 mL three-necked flask under argon, 30 mg of 2-((1,10-phenanthrolin-5-
yhthio)ethanamine (0.058 mmol) were added to 32 mg of 5 (0.058 mmol) dissolved in
6 mL of Ethanol. The mixture was heated at reflux overnight. Saturated aqueous
solution of NH4PFs was added to the solution at room temperature. The resulting
precipitate was collected by filtration, dissolved in DCM, and washed three times with

water. A dark red powder was obtained after drying the organic phase.

Yield: 55%, 32 mg, 0.032 mmol.

Spectral data:

"H NMR (500 MHz, Aceton-de), & ppm: & 8.93 — 8.90 (m, 1H, Ar), 8.81 — 8.77 (m, 6H,
Ar), 8.68 — 8.65 (m, 1H, Ar), 8.44 — 8.36 (m, 9H, Ar), 8.28 (dd, J=5.2, 1.2 Hz, 1H, Ar),
7.84 —-7.77 (m,7H, Ar), 7.74 (dd, J = 8.3, 5.2 Hz, 1H, Ar), 3.66 (t, J = 6.5 Hz, 2H, -S-
CH2-), 3.61 — 3.57 (t, 2H, -CH2-NH>).

NMR spectra is found in Fig. SI 18 in appendix.

135



Experimental Section

Synthesis of [Ru(1,10-phenanthroline)> (N-(1,10-phenanthrolin-5-yl) acrylamide)]
(PFe)2 (11)

The reaction was carried out following a general procedure to make monomers using

acryloyl chloride.[137]

Y

TEA, K,CO3
DCM:Aceton (10:1), rt, 20 h

40 mg (0.05 mmol) of [Ru(1,10-phenanthroline)2 (1,10-phenanthrolin-5- amine)] (PFs)2
was added to 10 ml of dichloromethane (DCM), in which it was poorly soluble.
Triethylamine (TEA, 10 mg, 0.1 mmol) was then added, followed by the gradual
dropwise addition of acryloyl chloride (9 mg, 0.1 mmol) diluted in DCM. The mixture
was stirred at room temperature (RT) for 3 hours, after which a few drops of acetone
were added to enhance solubility, resulting in complete dissolution. TLC monitoring
showed no change in the spots, so potassium carbonate (K,CO3, 24 mg, 0.18 mmol)
was added as an inorganic base. To ensure full conversion of the reaction, an
additional 9 mg of acryloyl chloride was added dropwise. After 20 hours, the solvents
were evaporated, and the residue was dissolved in DCM. The organic phase was
washed three times with water, dried over magnesium sulfate (MgSO,), filtered, and

evaporated to obtain the product as a red powder.

Yield: 90%, 39 mg, 0.045 mmol.

Spectral data:

"H-NMR (500 MHz, Aceton-ds), d ppm: 9.96 (s, 1H, -NH-), 9.03 — 8.94 (m, 1H, Ar),
8.87 (s, 1H, Ar), 8.84 — 8.76 (m, 6H, Ar), 8.74 — 8.68 (m, 1H, Ar), 8.46 — 8.33 (m, 13H,
Ar), 8.33 — 8.26 (m, 1H, Ar), 7.87 — 7.72 (m, 9H, Ar), 7.69 — 7.61 (m, 1H, Ar), 6.83 —
6.71 (m, 1H, -CH=), 6.55 — 6.47 (m, 1H, =CH2), 5.90 (dd, 1H, J = 10.2, 1.8 Hz, =CH>).

NMR spectra is found in Fig. SI 19 in appendix.
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Synthesis of [Ru(1,10-phenanthroline). (N-(2-((1,10-phenanthrolin-5-yl)thio) ethyl)
acrylamide)] (PFe)2 (12)

The reaction was carried out following a general procedure to make monomers using

acryloyl chloride.[137]

Y

TEA, DCM, 25 °C

8 (55 mg, 0.055 mmol) was dissolved in DCM (15 ml) and triethylamine (TEA, 10 pl,
7.3 mg, 0.072 mmol, 1.3 eq.) was added. While cooling with a water bath, acryloyl
chloride (9.0 pl, 10 mg, 0.11 mmol, 2 eq.) in DCM (2-3 ml) was added dropwise. The
reaction mixture was then stirred for 22 hours. The solvent was removed under
reduced pressure, and the residue was redissolved in DCM (25 ml) and washed with
water (3 x 30 ml). The aqueous phase was extracted with DCM (2 x 25 ml). The
combined organic phases were dried over sodium sulfate (Na,SO,) and the solvent
was removed under reduced pressure to yield a dark red solid (still around 25% non-
acrylate). Purification by column chromatography (neutral aluminum oxide 90, DCM
— DCM:EtOH, 9:1) yielded a dark red solid.

Yield: 58%, 34 mg, 0.032 mmol.

Spectral data:

H NMR (500 MHz, Aceton-ds), & ppm: 8.87 (dd, J = 8.6 Hz, J = 1.2 Hz, 1H), 8.79 (m,
5H), 8.71 (dd, J = 8.4 Hz, J = 1.2 Hz, 1H), 8.69 (s, 1H), 8.41 (m, 11H), 8.29 (dd, J =
5.3 Hz, J = 1.2 Hz, 1H), 7.81 (m, 6H), 7.75 (dd, J = 8.4 Hz, J = 5.3 Hz, 1H), 6.27 (dd,
2J=17.1 Hz, *J = 10.0 Hz, 1H, =CHz), 6.19 (dd, 2J = 17.1 Hz, 3J = 2.4 Hz, 1H, =CHa),
5.55 (dd, 2J = 10.0 Hz, 3J = 2.4 Hz, 1H, -CH=), 3.67 (m, 2H, -CH,N-), 3.52 (t, 3J = 7.3
Hz, 2H, -SCH,-).

3C NMR (126 MHz, Aceton-ds), & ppm: 165.5, 153.39, 153.32, 153.17, 152.18,
148.35, 148.11, 146.88, 137.08, 136.39, 135.70, 133.45, 131.42, 131.17, 131.06,
130.18, 128.29, 126.64, 126.27, 126.12, 125.24, 38.1, 31.35.
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UV-Vis abs.: A 350 nm — 500 nm, Amax: 450 nm.
"H NMR spectra is found in Figure 13 in Results and Discussion chapter.

13C NMR spectra is found in Fig. SI 20 in appendix.
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One pot synthesis of [Ru(1,10-phenanthroline)z (N-(2-((1,10-phenanthrolin-5-yl)thio)
ethyl) acrylamide)] (PFe)2 (12)

N7 2Cr
N l =
| AN
NN EtOH. 85 °C
7 N N

1.DCM, TEA, 25 °C
2. EtOH, NH,4PF; (aq.)

3 (179 mg, 0.701 mmol, 1.2 eq.) and 5 (311 mg, 0.584 mmol) were dissolved in dry
ethanol (50 ml) and heated under argon atmosphere at reflux overnight. After 20 h, the
reaction was cooled down and the solvent was removed under reduced pressure. The

crude product was used without further purification.

The obtained product (460 mg, 0.584 mmol) was dissolved in DCM (60 ml) and
triethylamine (TEA, 325 pl, 237 mg, 2.34 mmol, 4 eq.) was added. While cooling with
a water bath, acryloyl chloride (190 ul, 212 mg, 2.34 mmol, 4 eq.) in DCM (20 ml) was
added dropwise. The reaction mixture was then stirred overnight. The solvent was
removed under reduced pressure, and residual triethylamine and acryloyl chloride
were removed under oil pump vacuum. The solid residue was redissolved in ethanol,
and a saturated ammonium hexafluorophosphate solution (12 drops) was added
dropwise. The precipitated solid was separated via centrifugation, washed with
ethanol, centrifuged again, and dried under oil pump vacuum for 3 hours. The product

was obtained as an orange powder.
Yield: 44% (over all steps), 274 mg, 0.258 mmol.

The obtained spectral data were similar to the previous experiment.

139



Experimental Section

One pot synthesis of [Ru(1,10-phenanthroline)> (N-(2-((1,10-phenanthrolin-5-yl)
amino)-2-oxoethyl)acrylamide)] (PFs)2 (13)

Boc. N
H OCN

Boc N ~ |
=N Cl N = H
N—RU—=Cl ZNr N EtoH, 80°C ~ N\\ N
NGON :
/ \ 74 \ = ]N é
__ _ NN /N
g

DCM
48 h,rt. | HCI(9)

O
H B H
\)LH/\H/N HZN/\”/N
o] = O
O 7

A

1.DCM, TEA, 20 h, . . AN L

2. EtOH, NH,PFs. <M N
’
|

2 (100 mg, 0.284 mmol, 1.2 eq.) and 5 (126 mg, 0.237 mmol) were dissolved in dry
ethanol (40 mL) and heated under argon atmosphere at reflux overnight. After cooling,
the solvent was removed under reduced pressure and used without purification for the

next step.

The crude product (210 mg, 0.236 mmol) was dissolved in DCM (20 ml). The mixture
was stirred under HCI gas at room temperature for 2 days, with occasional addition of
more HCI gas. After two days, a dark red solid formed at the bottom of the flask. The
DCM was decanted, and the flask was washed once more with DCM (10 ml). The

product was used without further purification.

This product (186 mg, 0.237 mmol) was dissolved in DCM (35 ml) and triethylamine
(TEA, 198 ul, 144 mg, 1.43 mmol, 5 eq.) was added. While cooling with a water bath,
acryloyl chloride (115 pl, 129 mg, 1.43 mmol, 5 eq.) in DCM (15 ml) was added
dropwise. The reaction mixture was then stirred overnight. Since undissolved reactant
was still visible the next day, it was removed from the mixture and dissolved in a

separate flask in DCM (25 ml) and triethylamine (99 ul, 72 mg, 0.72 mmol). Acryloyl
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chloride (58 pl, 65 mg, 0.72 mmol) in DCM (15 ml) was then added dropwise. The
reaction was stirred overnight, both flasks were combined, and the solvent was
removed under reduced pressure. To remove any remaining triethylamine or acryloyl
chloride, the product was dried for a few hours under oil pump vacuum. The orange
solid was dissolved in ethanol (15-20 ml), and the product was precipitated using a
saturated ammonium hexafluorophosphate solution (approximately 15 drops). The
precipitate was separated via centrifugation. The supernatant was decanted, and the
solid was washed once with ethanol (15 ml) and centrifuged again. Drying under oil

pump vacuum yielded an orange powder.
Yield: 52% (over all steps), 131 mg, 0.124 mmol.

Spectral data:

TH NMR (500 MHz, Aceton-ds), & ppm: 10.23 (s, 1H, NH—Phen), 8.97 (d, J = 8.5 Hz,
1H, H-Ar), 8.79 (m, 6H, H-Ar), 8.75 (d, J = 6.5 Hz, 1H, H-Ar), 8.70 (d, J = 8.5 Hz, 1H,
H-Ar), 8.41 (m, 14H, H-Ar), 8.29 (dd, J = 5.2 Hz, J = 1.0 Hz, 1H, H-Ar), 8.15 (br s,
1H, -NH-Acryl), 7.81 (m, 8H, H-Ar), 7.74 (dd, J = 8.3 Hz, J = 5.2 Hz, 1H, H-Ar), 6.63
(s, 1H, NH-acrylate), 6.44 (dd, 2J = 17.0 Hz, 3J = 10.2 Hz, 1H, -CH=), 6.31 (dd, 2J =
17.0 Hz, 3J = 2.0 Hz, 1H, =CHy2), 5.70 (dd, 2J = 10.2 Hz, 3J = 2.0 Hz, 1H, =CH2), 4.31
(m, 2H, -CH2NH-).

3C NMR (126 MHz, Aceton-de), & ppm: 169.20, 166.40, 153.34, 153.30, 153.29,
153.20, 153.17, 152.06, 148.51, 148.14, 148.10, 145.84, 137.08, 136.42, 134.15,
132.27,131.17, 130.91, 128.34, 126.67, 126.27, 125.72, 44 .46.

NMR spectra are found in Fig. SI 21 & Fig. SI 22 in appendix.
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5.7 Synthesis of Phenalene-1-one and Subsequent Monomer

Synthesis of 1H-phenalene-1-one (14)

AICl; DCM OO

Method A (adapted from Godard et al.)[78]

In 4 microwave glasses, each containing naphthalene (0.96 g, 7.5 mmol) and
cinnamoyl chloride (1.25 g, 7.5 mmol), DCM (8 ml) was added, and the mixtures were
stirred in an ice bath for 10 min. Anhydrous AICI3 (3.00 g, 22.5 mmol) was added
slowly, and the mixtures were stirred for 10 min at around 4 °C. The mixtures were
irradiated in the microwave (100 W, 40 psi, 50 °C) for 12 min and then slowly poured
into hydrochloric acid (37%, 400 ml). The precipitated solids were filtered off and
washed with DCM. The filtrate was diluted with water (150 ml) and extracted with DCM
(3 x 150 ml). The combined organic phases were washed with water (150 ml), dried
over sodium sulphate, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (SiO2, hexane:EtOAc, 5:1, Rf:

0.46). The product was obtained as a yellow-orange solid.
Yield: 57%, 3.08 g, 17.1 mmol.

Spectral data:

"H NMR (500 MHz, CDCls), & ppm: 6.74 (d, J = 9.8 Hz, 1H), 7.60 (dd, J = 8.3 Hz, J =
7.1 Hz, 1H), 7.78 (m, 3H), 8.03 (d, J = 8.3 Hz, 1H), 8.21 (dd, J = 8.1 Hz, J = 1.1 Hz,
1H), 8.64 (dd, J = 7.4 Hz, J = 1.2 Hz, 1H).

NMR spectra is found in Fig. SI 23 in appendix.
Alternative synthetic routes were explored:
Method B (adapted from Xu et al.)[122,123]

Room temperature reaction of naphthalene and cinnamoyl chloride with AICI3 in DCM.
The desired product was not obtained after attempted purification.

Method C (adapted from Song et al.)[123]
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Reaction of naphthalene and cinnamoyl chloride with AICI3 in DCM at 40 °C.
Yield: 10%, 0.72 g, 4.0 mmol.

Method D (adapted from Spath et al.,, originally based on Fieser and
Hershberg)[124,125]

Reaction of 2-naphthol with glycerine and sodium-3-nitrobenzenesulfonate in
H2S04/H20 at 140 °C.

Yield: 30%, 1.97 g, 10.9 mmol.

These alternative methods resulted in lower yields or unsuccessful synthesis and were

not pursued further.
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Synthesis of 2-(chloromethyl)-1H-phenalen-1-one (15)

O O
Paraformaldehyde
OO AcOH, H3PO,4, HCI

Method A (adapted from Godard et al.)[78]

Y

In a 100 mL round-bottom flask, phenalen-1-one (865 mg, 4.8 mmol) and
paraformaldehyde (2.64 g, 12 mmol) were dissolved in glacial acetic acid (19 mL) and
phosphoric acid (85%, 12 mL). The mixture was stirred at 110 °C until complete
solubilization. Hydrochloric acid (37%, 13 mL) was then added, and the solution was
stirred for 3 days at 110 °C.

After cooling the solution to room temperature, it was poured into a mixture of ice and
water (75 mL) and neutralized with sodium hydroxide solution (5 M). The resulting
solution, which contained dark particles, was filtered and washed with sodium
bicarbonate solution (1 M, 50 mL). The residue on the filter paper was dissolved in
DCM (200 mL), filtered, and washed with water (150 mL). The organic phase was
dried over sodium sulfate, and the solvent was removed under reduced pressure. The
crude black product was purified by column chromatography (SiO,, DCM:Hexane
(3:1), Rf: 0.42), yielding a yellow solid.

Yield: 18.8 mg, 17.1 mmol, 2%.
Method B (adapted from Spath et al.)[124]

In a separate round-bottom flask, phenalen-1-one (865 mg) and paraformaldehyde
(1.75 g) were combined in glacial acetic acid (4.2 mL) and phosphoric acid (85%, 2.6
mL). The mixture was stirred at 110 °C until complete solubilization. Hydrochloric acid
(37%, 3.2 mL) was added gradually over a course of 15 minutes, and the solution was

stirred for an additional 16 hours at 110 °C.

After cooling the solution to room temperature, it was poured into water (8 mL) and
neutralized with sodium hydroxide solution (5 M). The resulting solution containing
dark solids was extracted with DCM (4 x 22 mL), and the combined organic phases

were washed with water (20 mL), dried over sodium sulfate, and the solvent was
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removed under reduced pressure. The crude black product was purified by column

chromatography (SiO,, DCM; Rf: 0.78), yielding a yellow solid.
Yield: 26%,569 mg, 2.49 mmol.

Spectral data:

"H NMR (500 MHz, CDCl), & ppm: 4.69 (d, J = 1.0 Hz, 2H), 7.63 (dd, J= 8.3 Hz, J =
7.1 Hz, 1H), 7.81 (m, 2H), 7.95 (s, 1H), 8.06 (d, J = 8.3 Hz, 1H), 8.23 (dd, J = 8.1 Hz,
J=1.0 Hz, 1H), 8.69 (dd, J = 7.4 Hz, J = 1.2 Hz, 1H).

13C NMR (126 MHz, CDCl,), 5 ppm: & 183.59 (s), 140.39 (s), 135.74 (s), 135.26 (s),
132.30 (s), 132.10 (s), 131.02 (s), 129.10 (s), 127.40 (s), 127.33 (d, J = 10.3 Hz),
126.90 (s), 41.49 (s).

NMR spectra are found in Fig. SI 24 & Fig. SI 25 in appendix.
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Synthesis of (1-oxo-1H-phenalen-2-yl)methyl acrylate (16)

Cl (0]
_~_OH N
/\[O(

O (0] 0]
‘ Hydroquinone, DMAP, DCC ‘
O D@
1.2-5°C

2.19h,r. t.

Method A (adapted from Spath et al.)[126]

In a dry 50 mL round-bottom flask, 2-(Chloromethyl)-1H-phenalen-1-one (183 mg,
0.80 mmol) was dissolved in dry tetrahydrofuran (THF) (4 mL). To this solution, acrylic
acid (183 pL, 192 mg, 2.66 mmol, 3.33 equivalents), hydroquinone (28 mg, 0.26 mmol,
0.33 equivalents), DMAP (162 mg, 1.33 mmol, 1.66 equivalents), and DCC (274 mg,
1.33 mmol, 1.66 equivalents) were added while maintaining the temperature between

2-5 °C. The mixture was then stirred at room temperature overnight.

After the reaction period, ethyl acetate (55 mL) was added to the cooled solution and
washed with water (80 mL). The aqueous phase was extracted with ethyl acetate (2 x
50 mL). The organic phases were combined, washed with water (100 mL), dried over
sodium sulfate, and the solvent was removed under reduced pressure. The crude
product was purified via column chromatography (SiO,, DCM, Rf: 0.89), yielding a
bright yellow solid.

Yield: 185 mg (25% acrylate, 0.17 mmol, 21%).

Spectral data:

"H-NMR (500 MHz, CDCl3), d ppm: 4.69 (d, J = 1.0 Hz, 2H, -CH,-), 6.02 (dd, 2J = 1.2
Hz, 3J = 10.5 Hz, 1H, =CH2), 6.32 (dd, 3J = 10.4 Hz, 3J = 17.3 Hz, 1H, -CH=), 6.61
(dd, 2J =1.2 Hz, 3J = 17.3 Hz, 1H, =CH), 7.63 (dd, J = 8.3 Hz, J = 7.1 Hz, 1H, Ar-H),
7.81 (m, 2H, Ar-H), 7.95 (s, 1H, Ar-H), 8.05 (d, J = 8.3 Hz, 1H, Ar-H), 8.23 (dd, J = 8.1
Hz, J=1.0 Hz, 1H, Ar-H), and 8.68 (dd, J=7.4 Hz, J = 1.2 Hz, 1H, Ar-H).

Method B (adapted from Spéath et al.)[126]
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Cl

0
/I(ONa /\[O(

0] @)
‘ Hydroqiunone. Aliquat 336 ‘
OO Toluene, 4 h, 100°C OO

In a separate round-bottom flask, a solution of 2-(Chloromethyl)-1H-phenalen-1-one

(430 mg, 1.88 mmol) was prepared in toluene (14 mL). Sodium acrylate (354 mg, 3.76
mmol, 2 equivalents), hydroquinone (41 mg, 0.38 mmol, 0.2 equivalents), and

Aliquat®336 (750 mg) were added to the solution before stirring at reflux for four hours.

Following the reaction period and cooling down of the solution to room temperature, it
was diluted with toluene (75 mL) and washed with water (120 mL). The aqueous phase
was extracted with ethyl acetate (2 x 80 mL). The organic phases were combined and
washed with water (120 mL), dried over sodium sulfate before removal of the solvent
under reduced pressure. The crude product was purified via column chromatography
(SiO,, DCM; Rf:0.18), yielding a brown solid.

Yield: 242 mg (30% Aliquat®336), 0.61 mmol, 32%.

Spectral data:

H-NMR (500 MHz, CDCl3), 8 ppm: 5.31 (d, J = 1.2 Hz, 2H, -CH,-), 5.89 (dd, 2J = 1.4
Hz, 3J = 10.5 Hz, 1H, =CH2), 6.25 (dd, 3J = 10.5 Hz, 3J = 17.4 Hz, 1H, -CH=), 6.51 (dd,
2J=1.4 Hz, 3J=17.4 Hz, 1H, =CHz), 7.61 (dd, J = 8.3 Hz, J =7.1 Hz, 1H, Ar-H), 7.80(m,
3H, Ar-H), 8.04 (d, J=8 .3Hz, 1H, Ar-H), 8 .22(dd, J = 8.1Hz, J = 1.0 Hz, 1H, Ar-H), 8
67(dd, J = 7.4 Hz, J = 1.2 Hz, 1H, Ar-H).

Method C (adapted from Pittelkow et al.)[127]
Cl A(O
@) /\H/OH O I o)
O L -
OO 1. DMF, K,CO3 45 °C OO

2.3h,110°C

Acrylic acid (0.31 mL, 0.32 g, 4.5 mmol, 2 equivalents) was dissolved in
dimethylformamide (DMF) (5 mL) and potassium carbonate (0.68 g, 4.9mmol, 2.2
equivalents) was added slowly to the solution while stirring at room temperature.
Subsequently, a solution of 2-(Chloromethyl)-1H-phenalen-1-one (0.51 g, 2.2mmol) in

147



Experimental Section

DMF (7.5mL) was added to the mixture which was then heated to 100 °C for 3 hours

under an argon atmosphere.

After cooling down, water (100 mL) was added to the mixture, followed by extraction
with ethyl acetate (3x100mL). The organic phases were combined, dried over sodium
sulphate, and the solvent was removed under reduced pressure. The product was then
purified via column chromatography (SiO,, DCM, Rf: 0.49) resulting in crystallization

as a yellow-orange solid.
Yield: 65%, 377 mg, 1 .43mmol.

Spectral data:

H NMR (500 MHz, CDCl3), 8 ppm: 4.69 (d, J = 1.0 Hz, 2H, -CH,-), 6.02 (dd,2J = 1.2Hz,
3J=10.5 Hz, 1H, =CHz), 6.32 (dd, 3J = 10.4 Hz, 3J = 17.3 Hz, 1H, -CH=), 6.61 (dd, 2J
= 1.2 Hz, 3J = 17.3 Hz, 1H, =CH2), 7.63 (dd, J = 8.3 Hz, J = 7.1 Hz, 1H, Ar-H), 7.81
(m, 2H, Ar-H), 7.95 (s, 1H, Ar-H), 8.05 (d, J = 8.3 Hz, 1H, Ar-H), 8.23 (dd, J = 8.1 Hz,
J=1.0 Hz, 1H, Ar-H), 8.68 (dd, J = 7.4 Hz, J = 1.2 Hz, 1H, Ar-H).

13C NMR (126 MHz, CDCls), & ppm: & 184.09 (s), 166.08 (s), 139.74 — 139.23 (m),
135.17 (m), 134.34 (s), 132.26 — 132.02 (m), 131.95 (s), 131.36 (s), 130.77 (s), 129.16
(s), 128.36 (s), 127.31 (m), 126.84 (s), 61.65 (s).

NMR spectra are found in Fig. Sl 26, Fig. SI 27, Fig. SI 28 and Fig. Sl 29 in appendix.
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5.8 Synthesis of Polymers for Strategy 1
Synthesis of polypentafluorophenol-co-Surf-EH3A (25)

The reaction was carried out according to a modified procedure from literature.[117]

J, o0, *“l”f

Tol Surf-EH3
Surf EH3 oluene, 80 C F

£ 3

PFPA2.9 mL (17.6 mmol), Surf-EH3A 200 mg (0.36 mmol) and AIBN 30 mg (183 pumol)
were dissolved in 30 mL of Toluene. The solution was then purged with argon for 10
minutes and inserted into a preheated (80 °C) oil bath. The polymerization was
terminated after 48 hours by purging with air and cooling to room temperature (20 °C).
The polymer was first precipitated once in n-Heptane, redissolved in THF and
reprecipitated in n-Heptane. After this a Liquid solid extraction in n-Heptane was
performed and after centrifugation in n-Heptane the residual solvent was removed

under vacuum.
Yield: 3.7 g (85 %).

Spectral data:

"H NMR (500 MHz, CDCI3), d ppm: d 3.69 — 3.24 (m, surfactant), 3.08 (br, s, 1H of the
backbone), 2.56 — 2.04 (br, m, 2H of the backbone), 1.13 (m, surfactant), 0.92 — 0.78

(m, surfactant).
GPC: M,: 20 kDa, B: 1.5.

NMR spectra is found in Fig. SI 30 in appendix.
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Synthesis of polyN-hydroxysuccinimide acrylate

The following polymer was synthesized using reversible addition fragmentation chain

transfer (RAFT) polymerization method following literature.[94,95,148]

o)

AIBN

|
o N__o g DMF, 70 °C O N0

NHSA (5 mmol, 0.85 g), 2-(ethylthiocarbonothioylthio)-2-methyl propanoic acid (EMP)
(0.1 mmol, 22.4 mg), and AIBN (0.01 mmol, 1.6 mg) were dissolved in 10 mL of DMF
under an inert atmosphere of argon (Ar). The flask was sealed and transferred to a
pre-heated oil bath at 70°C. The reaction was allowed to run overnight. The flask was
placed in a cold-water bath to terminate the reaction, and it was then opened to release
any built-up pressure. The polymer was precipitated in cold methanol, filtered, and
thoroughly washed with additional cold methanol to remove any unreacted monomers

or byproducts. Finally, the polymer was dried under vacuum to obtain the final product.
Yield: 75%, 0.63 g, 3.73 mmol.

Spectral data:

"H-NMR (500 MHz, DMSO-ds), d ppm: d 3.22 — 2.72 (m, protons of the NHS ring
overlapping with the solvent DMF), 2.29 — 1.78 (m, backbone).

GPC: M,: 50 kDa, B: 1.31.

NMR spectra is found in Fig. SI 31 in appendix.
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Synthesis of polypentafluorophenol-4-vinylbenzene sulfonate

The following polymer was synthesized using reversible addition fragmentation chain

transfer (RAFT) polymerization method following literature.[94,95,148]

_ 0]
S S
o Y or
s s AIBN S
SO o
B g Tol, 70 °C
FF0=8=0 24 h
F 5 F 0=8=0
F 0]
F F
F F F
F

PFP-4-VBS (427 mg, 1.22 mmol, 50 eq.), 2-{[(Dodecylthio) carbonothioyl]thio}-2-
methylpropanoic acid (DMP) (9 mg, 0.025 mmol, 1 eq.), and AIBN (0.4 mg, 0.002
mmol, 0.1 eq. from stock solution 4 mg/20 pL) were dissolved in 1.5 mL of toluene.
The mixture was flushed with argon for 30 minutes and then heated in an oil bath to
70°C for 24 hours. The reaction was terminated by opening the vial, purging with air,
and cooling the flask in a water bath. The polymer was precipitated in hexane (twice),

centrifuged, and dried under high vacuum.
Yield: 51%, 0.63 mmol, 130 mg.

Spectral data:

"H NMR (500 MHz, CDCl3), & ppm: & 8.21 — 6.53 (m, aromatic protons), 2.54 — 1.42

(m, backbone).
GPC: M,: 12 kDa, D: 1.17.

NMR spectra is found in Fig. SI 32 in appendix.
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Synthesis of poly(AAzo-co-Ru(NH:)2.7-co-HEAAmM75 3-co-SurfEH3A2) (26)

The reaction was carried out according to a modified procedure from
literature.[152,153]

’
H2N/\/N 7 —|2F>F6 %
)k %O i )k %\i ﬁ (/j: Luen
OH

Surf EH3
=\ | 2PFg
6 \_7
1.TEAat25°C, 72 h

2. ethanol amine 3 eq., 20 h

Y

The precursor polymer pPFPAgs-co-SUurfEH3A2 was synthesized via RAFT
polymerization and provided by Karla Heckhauser. This polymer retained the

trithiocarbonate RAFT chain-end, which remained in the final modified polymer 26.

To prepare the reaction mixture, 25 mg of 6 (0.04 mmol) was dissolved in 1.5 mL of
N,N-dimethylformamide (DMF). In a separate flask, 102 mg of pPFPA-co-SurfEH3A
(0.42 mmol) and 52 mg DMAP (1 mol eq.) were dissolved in 2 mL of DMF.
Subsequently, the first solution was combined with the second one, and 70 mg of
triethylamine (TEA) (0.67 mmol) was introduced into the resulting mixture. The
reaction mixture was then stirred at 40 °C for a duration of 2 days. Following this initial
period, 0.075 ml of ethanol amine (3 mol eq.) was added to the mixture, which was
then stirred for an additional 24 hours at room temperature. The solvent was
subsequently removed, and the remaining substance was dissolved in water. This
solution was dialyzed using 2 kDa molar mass cutoff dialysis bags for a period of 2

days. After the dialysis, the solution was freeze-dried to obtain the final product.
Yield: 39 mg.

Spectral data:

"H-NMR (500 MHz, DMSO-ds), d ppm: & 8.84 — 7.6 (br, m, aromatic protons of [Ru]),
3.9 —3.11 (br, m, -CH2CH2- of HEAAm overlapped with water peak at, ~3.3), 2.3 - 0.7

(br, m, backbone & surfactant).
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UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.

GPC: M, = 6,5 kDa, b = 1.45 The dispersity is somewhat higher than typical for well-
controlled RAFT polymerizations (usually B < 1.3), suggesting some loss of control

during polymerization or potential side reactions.

NMR, UV-Vis absorption and emission spectra are found in Fig. S| 33 and Figure 38

in appendix and in results and discussion respectively.
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Synthesis of poly(AAzo-co-Ru(S)o.s-co-HEAAM77.5-co-SurfEH3A3) (27)

The reaction was carried out according to a modified procedure from

literature.[152,153]
kj:” skj

= |
Surf-EH3
NS

N N
co \Ru2+
2 AN
© xn ! N
Surf EH3 - |
\

1. TEAat25°C,72h

N
N

Y

2. Ethanol amine 3 eq., 20 h

To prepare the reaction mixture, 30 mg of 8 (0.029 mmol) was dissolved in 1.5 mL of
N,N-dimethylformamide (DMF). In a separate flask, 134 mg of pPFPA-co-SurfEH3A
(0.56 mmol) was also dissolved in 2 mL of DMF. Subsequently, the first solution was
combined with the second one, and 70 mg of triethylamine (TEA) (0.67 mmol) was
introduced into the resulting mixture. The reaction mixture was then stirred at room
temperature for a duration of 3 days. Following this initial period, 102 mg of ethanol
amine (1.68 mmol, 3 eq.) was added to the mixture, which was then stirred for an
additional 24 hours. The solvent was subsequently removed, and the remaining
substance was dissolved in water. This solution was dialyzed against water using 2
kDa molar mass cutoff dialysis bags for a period of 2 days. After the dialysis, the

solution was freeze-dried to obtain the final product.
Yield: 72 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), & ppm: & 8.84 — 7.46 (br, m, aromatic protons of [Ru]),
3.67 — 2.64 (br, m, -CH2CH2- of HEAAm), 2.3 — 0.7 (br, m, backbone & surfactant).

UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.

GPC: M,: 10 kDa, D: 2.
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NMR, UV-Vis absorption and emission spectra are found in Fig. S| 34 and Figure 38

in appendix and in results and discussions respectively.
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Synthesis of poly(Ru(Boc)2-co-AA71-co-HEAAmMzs-co-Surf-EH3A2) (28)

The reaction was carried out according to a modified procedure from
literature.[152,153]

co 5
co 7(;0‘/}//\)25 o~ 0
2 07 “NH .
07 “OH Surf-EH3
O” °NH H
0 OH

(0] (0] |
Surf-EH3
F F
Deprotection step:
F F 1. TFA:Aceton (1:1)
F PPM step:

2. TEAat40°C,72h
3. Ethanolamine 3 eq., 20 h

In a 25 ml round-bottom flask, 54 mg (0.04 mmol) of 7 was dissolved in 2 ml of acetone.
To this solution, 2 ml of trifluoroacetic acid (TFA) was added, and the mixture was
stirred at room temperature overnight under a nitrogen atmosphere. After this period,
the solvent was removed, and the product was used directly without further purification

for the next step.

Next, 45 mg (0.045 mmol) of the product obtained from the previous step was
dissolved in 2 ml of N,N-dimethylformamide (DMF). In a separate flask, 200 mg of
pPFPA-co-SurfEH3 (0.85 mmol) was also dissolved in 2 ml of DMF. The solution
containing the product was then combined with the solution of pPFPA-co-SurfEH3A,
and 130 mg of triethylamine (TEA) (0.67 mmol) was introduced into the resulting
mixture. The reaction mixture was stirred at 40 °C for a duration of 3 days. During this
time, the solution became turbid, and some materials appeared to be insoluble, in

contrast to the initial clear red solution.

Following this initial reaction period, 155 mg of ethanol amine (2.55 mmol, 3
equivalents) was added to the mixture at room temperature, and stirring was continued
for an additional 24 hours. After the reaction was complete, the polymer was
precipitated in acetone and centrifuged to yield an orange solid substance. This solid

was then dissolved in water and dialyzed using 2 kDa molar mass cutoff dialysis bags
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for a period of 3 days. Finally, the dialyzed solution was freeze-dried to obtain a fluffy

orange solid.
Yield: 70 mg.

Spectral data:

"H NMR (500 MHz, D20), & ppm: 8.79 — 7.32 (br, m, aromatic protons of [Ru]), 3.79 —
3.24 (br, m, -CH2CH2- of ethanol amine), 2.61 — 0.91 (br, m, backbone and surfactant).

1F NMR (500 MHz, D20), & ppm: No signals.
UV-Vis abs.: Amax = 453 nm
Phosphorescence emission: Amax = 590 nm
GPC: M,: 12 kDa, b: 2.

NMR, UV-Vis absorption and emission spectra are found in Fig. Sl 35, Fig. SI 36 and

Figure 38 in appendix and in results and discussion respectively.
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PPM reaction of PN-NH> with polyPFPA-co-SurfEH3A (29)

The reaction was carried out according to a modified procedure from
literature.[152,153]

Surf EH3

OH
1. PN-NHy, TEA at 25 °C, 72 h

Y

F 2. Ethanol amine 3 eq., 20 h

To prepare the reaction mixture for both the 5 mol% and 2 mol% grafting procedures,
the following steps were undertaken. For the 5 mol% reaction, 12 mg of 9 (0.048 mmol,
5 mol%) was initially dissolved in 0.5 mL of methanol. This methanol was added after
sequentially introducing 0.5 mL each of DMF, DCM, CHCIs, and THF into the mixture.
It is noteworthy that the material remained insoluble in these solvents except for
methanol; however, the experiment proceeded as planned. In a separate flask, 238
mg of pPFPA-co-SurfEH3A (0.98 mmol) was dissolved in 2 mL of DMF. The first
solution was then combined with the second one, followed by the addition of 118 mg
of triethylamine (TEA) (1.175 mmol, 1.2 equivalents to the polymer) into the resulting

mixture. This reaction mixture was stirred at room temperature for three days.

After this initial stirring period, 180 mg of ethanol amine (2.937 mmol, 3 equivalents)
was introduced into the mixture, which was then stirred for an additional 24 hours.
Subsequently, the solvent was removed, and the remaining substance was
precipitated in water. The polymer was isolated through centrifugation and
subsequently dissolved in dioxane before being freeze-dried to obtain the final
product. It is important to note that the polymer exhibited insolubility in water, with

phenalenone being grafted onto the polymer at an approximate ratio of 5 mol%.
Yield: 66 mg.

Spectral data:
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"H NMR (500 MHz, DMSO-dg), & ppm: & 8.61 — 7.32 (m, aromatic protons of PN &
amide), 4.80 — 4.51 (m, HO of HEAAm), 3.67 — 3.18 (m, -CH2CH2- of HEAAm), 0.76 —
2.33 (m, backbone & surfactant).

GPC: M,: 18 kDa, D: 1.8.
NMR spectra is found in Fig. SI 37 in appendix.

For the 2 mol% reaction, a similar approach was taken but with adjusted quantities.
Here, 5 mg of 9 (0.02 mmol, 2 mol%) was dissolved in 0.5 mL of methanol, which was
added after incorporating 2 mL of dioxane due to PN’s poor solubility in dioxane. In a
separate flask, again, 238 mg of pPFPA-co-SurfEH3A (0.98 mmol) was dissolved in 1
mL of dioxane. The first solution was combined with this second solution, followed by
the addition of 118 mg of triethylamine (TEA) (1.175 mmol, 1.2 equivalents to the

polymer). This mixture was also stirred at room temperature for three days.

Afterward, similar to the previous procedure, 180 mg of ethanol amine (2.937 mmol, 3
equivalents) was added and stirred for an additional 24 hours. The solvent was then
partially removed before precipitating the remaining substance in ethyl acetate. The
polymer underwent isolation by centrifugation and dissolution in dioxane before being

freeze-dried to yield the final product.
Yield: 55 mg.

Spectral data:

"H-NMR (500 MHz, DMSO-ds), & ppm: 8.69 — 7.62 (m, aromatic protons of PN &
amide), 4.85 —4.50 (m, HO of HEAAm), 3.68 — 2.90 (m, -CH2CH2- of HEAAm), 2.33 —
0.76 (m, backbone & surfactant).

GPC: M,: 21 kDa, D: 1.6.

NMR spectra is found in Figure 27 in results and discussions.
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PPM to introduce potential biofilm disruptor (no aPDT) (30,30a, 31 & 31a)

The reaction was carried out according to a modified procedure from
literature.[152,153]

NH

H,N
2 NJ\NHz
co H co 920 2
Ji/j:% 2 0% OH kjs o
or NH i
oo 9 © NH 2- 07 >NH © Surf-EH3
Surf-EH3 i ., so
F F H3N\/\/\N N+H 4
3 R
H OH
F F 1. DMAP, TEA at 25°C, 72 h
F > HN.___NH

2. Ethanol amine 3 eq., 20 h
R=H or COOH NH,

To prepare the reaction mixture, 33 mg (0.145 mmol) of agmatine sulphate (or 25 mg
(0.145 mmol) of L-arginine) was dissolved in 1.5 mL of N, N-dimethylformamide (DMF).
In a separate flask, 750 mg (3.18 mmol) of pPFPA-co-SurfEH3A and 9 mg DMAP (0.07
mmol) were dissolved in 7-8 mL of DMF. Subsequently, the first solution was combined
with the second one, and 70 mg of triethylamine (TEA) (0.67 mmol) was introduced
into the resulting mixture. The reaction mixture was then stirred at 25 °C for a duration
of 2-3 days. Following this initial period, 0.5 ml of ethanol amine (8.28 mmol) was
added to the mixture, which was then stirred for an additional 24 hours at room
temperature. The polymer was isolated either by evaporation of the solvent or by
precipitation in ethyl acetate. The isolated substance was dissolved in water. This
solution was dialyzed using 2 kDa molar mass cutoff dialysis bags for a period of 2

days. After the dialysis, the solution was freeze-dried to obtain the final product.
e Poly (Agmatines-co-HEAAmMg3-co-Surf-EH3A2),
Yield: 404 mg.

Spectral data:

"H NMR (500 MHz, D20), & ppm: 7.29 — 7.05 (m, amide protons), 3.73 — 2.99 (br, m,
-CH2CH2- of HEAAm), 2.79 (br S, agmatine), 2.53 — 0.63 (br, m, backbone and

surfactant).
GPC: M,: 8 kDa, b: 1.2.

Poly (Arginines-co-HEAAmMg3-co-Surf-EH3A2),
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Yield: 487 mg.

Spectral data:

"H NMR (500 MHz, D20), & ppm: 7.29 — 7.05 (m, amide protons), 4.25 — 3.97 (m,
arginine), 3.67 — 3.07 (br, m, -CH2CH2z- of HEAAm), 2.52 — 0.64 (br, m, backbone and

surfactant).
GPC: M,: 8.8 kDa, D: 1.33.

The same polymers were synthesized using polymer 25a (no surfactant) and the

spectral data were similar.

NMR spectra are found in Fig. SI 38 and Fig. S| 39 in appendix.
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PPM reaction to introduce Ru(S) and L-arginine (32)

The reaction was carried out according to a modified procedure from

literature.[152,153]

Surf EH3

ﬁi* -

r Surf EH3 X HN. _NH
0 NH Y
PN NH,
F F HO N NH,

& NH,
1.TEAat25°C,72h

Y

2. Ethanol amine 3 eq., 20 h

To prepare the reaction mixture, 20 mg of 8 (2 mol%, 0.02 mmol) was dissolved in 0.5
mL of N,N-dimethylformamide (DMF). In a separate flask, 238 mg of pPFPA-co-
SurfEH3A (0.979 mmol, PFPA part is 0.964) was also dissolved in 0.5 mL of DMF.
Subsequently, the first solution was combined with the second one, and 70 mg of
triethylamine (TEA) (0.67 mmol) was introduced into the resulting mixture. The

reaction mixture was then stirred at room temperature for overnight.

Following this initial period, 8.4 mg (5 mol%, 0.048 mmol) of L-arginine was added and
the mixture was stirred further for 24 hours at room temperature. On the third day, 102
mg of ethanol amine (1.68 mmol, 3 eq.) was dropped to the mixture, which was then
stirred for an additional 24 hours. The solvent was subsequently removed, and the
remaining substance was dissolved in water. This solution was dialyzed using 2 kDa
molar mass cutoff dialysis bags for a period of 2 days. After the dialysis, the solution

was freeze-dried to obtain the final product.

From the proton integrations on 'H NMR, it is calculated that the polymer contains

roughly 2 mol% Ruthenium complex and 5 mol% L-arginine.
Yield: 53 mg.

Spectral data:
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"H NMR (500 MHz, DMSO-ds), & ppm: & 8.84 — 7.6 (br, m, aromatic protons of [Ru]),
4.75 — 4.5 (br, -CH- of L-Arginine) 3.7 — 3.24 (br, m, -CH2CH2- of HEAAm & H20), 2.4

— 0.7 (br, m, backbone & surfactant).

NMR spectra is found in Fig. SI 40 in appendix.
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5.9 Synthesis of Polymers for Strategy 2
Synthesis of charged polymers (33 and 33a)

DMSO, 70 °C

S
H

S OH

\ /" N7
\/

(/j i/Iiurf EH3
AIBN H

1
(0] NH
Surf EH3 > H

OH

H .
Reaction 1, R= H Reaction 2, R=: NI
N
Ccr

Feed in ratio for each component was as follows, Ru(S) (2 mol%), Surf-EH3A (2
mol%), azobisisobutyronitrile (AIBN, 1 mol%), HEAAm (76 mol%), and either:

(a) Acrylic acid (20 mol%) for introducing negative charge (Reaction 1), or

(b) [2-(acryloyloxy)ethyl]trimethylammonium chloride solution (AOETAC) (20 mol%)

for introducing positive charge (Reaction 2)
were combined as follows:
Reaction 1 (33) (negative charge):

HEAAm (76 mg, 0.66 mmol), acrylic acid (12.7 mg, 0.18 mmol), Surf-EH3A (9.3 mg,
0.017 mmol), Ru(S) (18.7 mg, 0.017 mmol), and AIBN (1.4 mg, 0.009 mmol) were
diluted with DMSO (0.3 mL) to give a total volume with the DMSO from the stock

solutions of around 1 mL.
Reaction 2 (33a) (positive charge):

HEAAm (114 mg, 0.99 mmol), AOETAC (50 mg, 0.26 mmol), Surf-EH3A (14 mg, 0.026
mmol), Ru(S) (28 mg, 0.026 mmol), and AIBN (2 mg, 0.013 mmol) were diluted with
DMSO (1.4 mL).
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For both reactions: To remove any oxygen, three freeze-pump-thaw cycles were
carried out. The solution was heated to 70 °C for one day. Afterwards, the polymer
was precipitated in ice-cold EtOAc (220 mL) and centrifuged. The polymer was
redissolved in water (2-3 mL), dialyzed (1 kDa) for 2 days, and freeze-dried to yield an

orange polymer.

Yield:

Reaction 1 (33) (negative charge): 99%, 117 mg.
Reaction 2 (33a) (positive charge): 40%, 82 mg.
Spectral data:

Reaction 1 (33) (negative charge):

"H NMR (500 MHz, DMSO-ds), & ppm: 8.84 — 8.25 (m, aromatic protons), 7.69 (m,
amide protons of HEAAmM), 4.24 — 3.99 (m, hydroxyl protons of HEAAm), 3.65 — 2.84
(m, -CH2CH2- of HEAAm), 2.27 — 0.76 (m, backbone & surfactant).

GPC: M,: 22 kDa, b: 1.6.

UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.
Reaction 2 (33a) (positive charge):

"H NMR (500 MHz, DMSO-ds), d ppm: 8.92 — 7.64 (m, aromatic protons), 4.97 — 4.32
(m, hydroxyl protons of HEAAm and protons of AOETAC), 3.95 — 3.61 (m, AOETAC
and surfactant), 3.57 — 3.21 (m, -CH2CH2- of HEAAm), 2.29 — 0.69 (m, backbone and

surfactant).
GPC: Poorly soluble in DMAC.
UV-Vis abs.: Amax = 453 nm.

NMR, UV-Vis absorption and emission spectra are found in Fig. Sl 41, Fig. Sl 42 and

Figure 38 in appendix and in results and discussions respectively.
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Synthesis of poly(PN,-co-HEAAmge-co-Surf-EH3A>) (35)

j\ j\ j\ @2 kige O O
|
0~ S0 O~ NH O~ O AIBN 0o~ O 0 ;H Surf-EH3
+ ‘) +

! —_— >
Surf-EH3  pjioxan/MeOH
65 °C, 48 h

OH

Phenalenone acrylate (5.8 mg, 0.023 mmol, 2 mol%), HEAAm (122 mg, 1.06 mmol,
96 mol%), Surf-EH3A (12 mg, 0.023 mmol, 2 mol%) and AIBN (1.8 mg, 0.011 mmol, 1
mol%) were dissolved in a mixture of methanol/dioxane (0.8/0.5 mL) to give a total
volume of 1.3 mL. To remove any oxygen, three freeze-pump-thaw cycles were carried
out. The solution was heated to 65 °C for 48 h. Afterwards, the polymer was
precipitated in ice-cold diethyl ether and centrifuged. The polymer was dried,
redissolved in water, and dialyzed for one day to remove remaining monomers. The

polymer was then obtained through lyophilization.
Yield: 57%, 80 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), & ppm: 8.69 — 7.31 (m, amide and aromatic protons),
4.90 (m, hydroxyl protons of HEAAmM), 3.62 — 2.81 (m, -CH2CH2- of HEAAmM), 2.21 —

0.67 (m, backbone and surfactant).
UV-Vis abs.: Amax = 363, 395 nm.

NMR and UV-Vis absorption spectra are found in Fig. SI 43 and Figure 32 in appendix

and in results and discussions respectively.

166



Experimental Section

Synthesis of poly(Ru(AA)o.e-co-HEAAmMgs-co-Surf-EH3A4.4) (36)

j\ o\j/\NH o\j/\o AIBN, 65 °C /kj (/j .
N 5

. Surf EH3

Surf EH3 H20 Aceton
1:1

- OH B OH
. |2PF¢ N Pl

11 (33 mg, 0.038 mmol), HEAAm (137 mg, 1.19 mmol), SurfEH3A (18 mg, 0.033
mmol) were dissolved in water/acetone (1/1) (4 mL). The polymerization mixture was
degassed by argon purge, before AIBN (2 mg, 12 ymol) was added under argon
stream. The polymerization was started in a preheated oil bath at 65 °C under reflux.
Since polyHEAAm is insoluble in acetone, it started precipitating during the reaction.
Nevertheless, the polymerization was carried on and quenched after 24 hours by air
under ice cooling. The solvents were evaporated, and diethyl ether was added to
extract the unreacted monomers. After evaporation, the polymer was dissolved in
water and dialyzed in 2 kDa bags for three days. The solution was turbid and not
completely soluble. The sample was freeze-dried to obtain a solid yellow polymer. The

availability of the complex unit was determined by '"H NMR.
Yield: 51%, 78 mg.

Spectral data:

"H NMR (500 MHz, DMSO ds), & ppm: d 8.83 — 7.3 (br, m, aromatic protons of [Rul]
and -NH- of HEAAm), 3.51 — 2.8 (br, m, -CH2CH2- of HEAAm), 2.2 — 0.6 (br, m,
backbone & surfactant).

UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.
GPC: M,: 10.6 kDa, D: 1.9.

NMR, UV-Vis absorption and emission spectra are found in Fig. S| 44 and Figure 38

in appendix and results and discussions respectively.
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Synthesis of poly(Ru(AA)o.s-co-HEAAmMgg 5) (36a)

AIBN, 65 °C

Dioxane:Aceton
5:1

11 (50 mg, 0.06 mmol) & HEAAmM (181 mg, 1.57 mmol) were dissolved in
Dioxane/Acetone (5/1) (6 mL). The polymerization mixture was degassed by argon
purge, before AIBN (2 mg, 12 pmol) was added under argon stream. The
polymerization was started in a preheated oil bath at 65 °C under reflux. To avoid the
precipitation of polyHEAAm during the reaction, 0.5 ml of DMSO was added.
Nevertheless, the polymer partially precipitated but it was carried on and quenched
after 24 hours by air under ice cooling. Most of the solvents were evaporated and 1 ml
of DMSO was added to dissolve the precipitated polymer. The polymer was later
precipitated in ethyl acetate, isolated, dissolved in water and dialyzed in 2 kDa bags
for three days. The solution was clear. The sample was freeze-dried to obtain a solid

yellow polymer. The availability of the complex unit was determined by '"H NMR.
Yield: 40%, 77 mg.

Spectral data:

"H NMR (500 MHz, D20), & ppm: & 8.78 — 7.43 (br, m, aromatic protons of [Ru]), 3.90
—3.01 (br, 4H, m, -CH2CH2- of HEAAm), 2.35 — 1.25 (br, 3H, m, backbone).

UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.
GPC: M,: 8 kDa, b: 1.89.

NMR, UV-Vis absorption and emission spectra are found in Fig. S| 45 and Figure 38

in appendix and results and discussions respectively.
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Synthesis of poly (Ru(S)o.5s-co-HEAAmMg7.5-co-SurfEH3A>2) (37)

X co
S U B F oy g
O” "NH  + O°>NH + O7 O L NHo o
S Surf-EH3 DMSO, 70 °C O NH Surf-EH3

OH OH

HEAAm (144 mg, 1.25 mmol), Surf-EH3A (14 mg, 0.026 mmol, 2 mol%), 12 (28 mg,
0.026 mmol, 2 mol%) and AIBN (2.1 mg, 0.013 mmol, 1 mol%) were diluted with DMSO
(1 mL) to give a total volume with the DMSO from the stock solutions of around 2.2
mL. To remove any oxygen, three freeze-pump-thaw cycles were carried out. The
solution was heated to 70 °C overnight. Afterwards the polymer was precipitated in ice
cold EtOAc (220 mL) and centrifuged. The polymer was redissolved in water and

dialyzed (1 kDa) for two days and afterwards freeze dried to yield an orange polymer.
Yield: 65%, 122 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), d ppm: d 8.89 — 8.31 (m, aromatic protons), 7.82 —
7.30 (m, amide protons of HEAAmM), 4.90 (m, hydroxyl protons of HEAAm), 3.55 — 2.83
(m, ethyl protons of HEAAm), 2.09 — 1.24 (m, backbone), 1.11 — 0.72 (m, surfactant).

GPC: M,: 19 kDa, D: 1.5.
UV-Vis abs.: Amax = 453 nm.
Phosphorescence emission: Amax = 590 nm.

NMR, UV-Vis absorption and emission spectra are found in Figure 33 and Figure 38
in results and discussions. The same synthetic procedure was followed for polymer
34, yielding an orange polymer. The spectral characteristics were similar to those

described above.
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Synthesis of charged PN polymers

Y lNH PN N @wﬁ: = ey

+ Surf EH3 Dloxan/MeOH

65°C, 48 h
OH

. § . .
Reaction 1, R= H Reaction 2, R= cr N*

Phenalenone acrylate (5.8 mg, 0.023 mmol, 2 mol%), HEAAm (122 mg, 1.06 mmol,
76 mol%), Surf-EH3A (12 mg, 0.023 mmol, 2 mol%), AIBN (1.8 mg, 0.011 mmol, 1

mol%), and either:

(a) Acrylic acid (16 mg, 0.22 mmol, 20 mol%) for introducing negative charge (Reaction
1), or (b) [2-(acryloyloxy)ethyl]-trimethylammonium chloride (AOETAC) (43 mg, 0.22

mmol, 20 mol%) for introducing positive charge (Reaction 2).

were dissolved in a mixture of methanol/dioxane (0.8/0.5 mL) to give a total volume of
1.3 mL. To remove any oxygen, three freeze-pump-thaw cycles were carried out. The
solution was heated to 65 °C for 48 h. Afterwards, the polymer was precipitated in ice-
cold diethyl ether and centrifuged. The polymer was dried, redissolved in water, and
dialyzed for one day to remove remaining monomers. The polymer was then obtained

through lyophilization.

Yields:

Reaction 1 (negative charge): 57%, 74 mg.
Reaction 2 (positive charge): 51%, 80 mg.
Spectral data:

Reaction 1 (negative charge):

"H NMR (500 MHz, DMSO-ds), & ppm: 8.68 — 7.26 (m, amide and aromatic protons),
5.27 -4.72 (m, OH of HEAAm), 4.27 — 3.98 (m, Surfactant), 3.81 —2.85 (m, -CH2CH2-
of HEAAm), 2.28 — 0.67 (m, backbone and surfactant).

GPC: M,: 15 kDa, B: 1.5.
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UV-Vis abs.: Amax = 363, 395 nm.
Reaction 2 (positive charge):

"H NMR (500 MHz, DMSO-ds), & ppm: 8.92 — 7.45 (m, amide and aromatic protons),
5.27 — 4.34 (m, OH of HEAAmM and AOETAC), 3.83 — 3.28 (m, Surfactant, AOETAC
and -CH2CH2- of HEAAm), 2.39 — 0.74 (m, backbone and surfactant).

UV-Vis abs.: Amax = 363, 395 nm.

NMR spectra are found in Fig. SI 46 and Fig. Sl 47 in appendix.
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Synthesis of copolymer bearing two different photosensitizers.

S e 1 N

OH AIBN MeOH/Dioxane

l
Surf-EH3

OH

PSz:

PN (7 mg, 0.028 mmol, 2 mol%), Ru(S) (28 mg, 0.028 mmol, 2 mol%), acrylic acid (19
mg, 0.26 mmol, 20 mol%), Surf-EH3A (12 mg, 0.028 mmol, 2 mol%), HEAAm (111 mg,
0.97 mmol, 74 mol%), and AIBN (1.8 mg, 0.011 mmol, 1 mol%) were dissolved in a
mixture of methanol/dioxane (1.2/0.3 mL) to give a total volume of 1.5 mL. To remove
any oxygen, three freeze-pump-thaw cycles were carried out. The solution was heated
to 65 °C for 48 h. Afterwards, the polymer was precipitated in ethyl acetate and
centrifuged. The polymer was dried, redissolved in water, and dialyzed for one day to
remove remaining monomers. The polymer was then obtained through lyophilization.

Yield: 30%, 54 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), d ppm: 9.15 — 7.35 (m, aromatic protons & amide
protons of HEAAm), 3.65 — 2.78 (m, -CH2CH2- of HEAAm), 2.32 — 0.68 (m, backbone

and surfactant).
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GPC: M,: 12.4 kDa, D: 1.24.
UV-Vis abs.: Amax =411 nm.

NMR and UV-Vis absorption spectra are found in Fig. SI 48 and Figure 32 in appendix

and results and discussions respectively.
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Synthesis of copolymers containing photosensitizer and biofilm disruptor

+ + + +
07 >NH 07 > BD 07>Ps T 07 oH T 070
H Surf-EH3

OH AIBN Solvent
65-70 °C
24-48 h

"0
- ~0
Biofilm WK\/W
disruptor (BD):

Farnesol

Thaymol

Photosensitizer (PS):

Polymerizations were performed by combining the components listed in Table Sl 1 in
the specified solvent. The mixture was deoxygenated using three freeze-pump-thaw
cycles, then heated at the indicated temperature and time. The resulting polymers
were precipitated in ice-cold ethyl acetate, except for S2 which was precipitated in

diethylether. The polymers were dialyzed (1 kDa) for one day, and freeze-dried.

Table Sl 1: Details of the conducted polymerizations.

Acrylic
s PS '?r'ig@”/‘ acid BD Surf-EH3A  Solvent  t/T  Yield
(mol%/mg) mg)o (mol%/  (mol%/mg)  (mol%/mg) (mL) (d/°C) (mg/%)
mg)
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Ru(S) Thymol DMSO
1 /98 91/136 - 5/13 2/14 2 1 1/70 93/49
Ru(S) Farnesol DMSO
2 /98 91/136 - 5/18 2/14 2 1 1/70 98 /50
Ru(S) Thymol DMSO
3 298 71/106 20/19 5/13 2/14 14 1/70 58 /32
Ru(Boc) Thymol DMSO 108 /
4 /08 91/136 - 5713 2/14 20 1/70 57
PN- Thvmol MeOH/
5 Acrylate 91/115 - 53/11 2/12 Dioxane 2/65 84 /58
2/5.8 0.9/0.5
PN- Farnesol MeOH/
6 Acrylate 71/90 20/16 5/ 11 2/12 Dioxane 2/65 69/ 51
2/5.8 0.9/04

Spectral data:

S1:

'H NMR (500 MHz, DMSO-dg), & ppm: 8.88 — 8.31 (m, aromatic protons of the
complex), 8.11 — 7.44 (m, amide protons of HEAAm), 7.28 — 6.85 (m, protons of
thymol), 5.15 — 4.50 (m, hydroxyl protons of HEAAmM), 3.63 — 2.81 (m, -CH2CH2- of
HEAAm), 2.37 — 0.73 (m, backbone & surfactant).

GPC: 20.1 M,: kDa, D: 1.6.

UV-Vis abs.: Amax = 453 nm.

NMR spectra is found in Fig. SI 49 in appendix.
S2:

'H NMR (500 MHz, DMSO-dg), & ppm: 8.85 — 7.94 (m, aromatic protons of the
complex), 7.84 — 7.42 (m, amide protons of HEAAm), 5.34 — 4.52 (m, protons of
farnesol & hydroxyl protons of HEAAm), 3.64 — 2.78 (m, -CH2CH2- of HEAAm), 2.21 —
0.75 (m, backbone & surfactant).

GPC: M,: 12.6 kDa, D: 1.69.
UV-Vis abs.: Amax = 453 nm.

NMR spectra is found in Figure 35 in results and discussion.
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S3:

'H NMR (500 MHz, DMSO-ds), & ppm: 8.89 — 8.02 (m, aromatic protons of the
complex), 7.94 — 7.43 (m, amide protons of HEAAm), 7.30 — 6.84 (m, protons of
thymol), 3.60 — 2.90 (m, -CH2CH2- of HEAAm), 2.25 -0.71 (m, backbone & surfactant).

GPC: M,: 18.6 kDa, b: 1.47.

UV-Vis abs.: Amax = 453 nm.

NMR spectra is found in Fig. SI 50 in appendix.
S4:

'H NMR (500 MHz, DMSO-ds), & ppm: 8.92 — 8.14 (m, aromatic protons of the
complex), 8.03 — 7.43 (m, amide protons of HEAAm), 7.35 — 6.72 (m, protons of
thymol), 5.17 — 4.57 (m, hydroxyl protons of HEAAm), 3.68 — 2.81 (m, -CH2CH2- of
HEAAm), 2.31 — 0.69 (m, backbone & surfactant).

GPC: M,: 27.2 kDa, D: 1.62.

UV-Vis abs.: Amax = 452 nm.

NMR spectra is found in Fig. SI 51 in appendix.
S5:

'H NMR (500 MHz, DMSO-ds), d ppm: 8.74 — 8.19 (m, aromatic protons of
phenalenone), 7.98 — 7.41 (m, amide protons of HEAAm), 7.24 — 6.81 (m, protons of
thymol), 5.20 — 4.52 (m, hydroxyl protons of HEAAmM), 3.62 — 2.77 (m, -CH2CH2- of
HEAAm), 2.35 - 0.63 (m, backbone & surfactant).

GPC: M,: 19.5 kDa, D: 1.56.

UV-Vis abs.: Amax = 363, 395 nm.

NMR spectra is found in Fig. SI 52 in appendix.
S6:

'H NMR (500 MHz, DMSO-ds), d ppm: 8.62 — 8.19 (m, aromatic protons of
phenalenone), 8.13 — 7.42 (m, amide protons of HEAAm), 7.29 — 6.82 (m, protons of
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thymol), 5.30 — 4.54 (m, hydroxyl protons of HEAAm), 3.71 — 2.75 (m, -CH2CH2- of
HEAAm), 2.32 — 0.69 (m, backbone & surfactant).

GPC: M,: 17.5 kDa, D: 1.42.
UV-Vis abs.: Amax = 363, 395 nm.

NMR spectra is found in Fig. SI 53 in appendix.
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Polymers containing biofilm disruptors (no aPDT)

Surf EH3
*  BD " Sut-EH3  DMSO
OH
OH
: N~ = %
BD (Biofilm disruptor):
Thymol Farnesol

e Poly(Farnesols-co-HEAAmMg3-co-Surf-EH3A2) (40):

Farnesol acrylate (18 mg, 5 mol%), HEAAm (140 mg, 93 mol%), Surf-EH3A (14 mg,
2 mol%) and AIBN (1.8 mg, 0.011 mmol, 1 mol%) were dissolved in DMSO (2.2 mL).
To remove any oxygen, three freeze-pump-thaw cycles were carried out. The solution
was heated to 65-70 °C for 24 h. Afterwards, the polymer was precipitated in ice-cold
diethyl ether and centrifuged. The polymer was dried, redissolved in water, and
dialyzed for one day to remove remaining monomers. The polymer was then obtained

through lyophilization.
Yield: 84%,.144 mg.

Spectral data:

"H NMR (500 MHz, DMSO-ds), & ppm: 8.29 — 7.19 (m, amide and aromatic protons),
5.38 — 4.39 (m, Farnesol & hydroxyl protons of HEAAm), 3.66 — 2.82 (m, farnesol & -
CH2CHz2- of HEAAm), 2.14 — 0.60 (m, backbone and surfactant).

GPC: M,: 33.2 kDa, D: 1.94.
NMR spectra is found in Fig. Sl 54 in appendix.
e Poly(Thymols-co-HEAAmMg3-co-Surf-EH3A2) (41):

Thymol acrylate (46 mg, 0.22 mmol, 5 mol%), HEAAm (500 mg, 4.34 mmol, 93 mol%),
Surf-EH3A (72 mg, 0.13 mmol, 2 mol%) and AIBN (8 mg, 0.07 mmol, 1.5 mol%) were
dissolved in Toluene (5-7 mL). To remove any oxygen, three freeze-pump-thaw cycles
were carried out. The solution was heated to 65 °C for 48 h. Afterwards, the polymer

was precipitated in ice-cold ethyl acetate and centrifuged. The polymer was dried,

178



Experimental Section

redissolved in water, and dialyzed for one day to remove remaining monomers. The

polymer was then obtained through lyophilization.
Yield: 60%, 375 mg.

Spectral data:

"H NMR (500 MHz, D20), & ppm: 7.40 — 6.71 (m, aromatic protons of thymol), 3.85 —
3.02 (m, -CH2CH2- of HEAAm), 2.47 — 0.77 (m, backbone and surfactant).

NMR spectra is found in Fig. SI 55 in appendix.

Both polymers were also synthesized without surfactant using the same procedure.

Similar yields were obtained.
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5.10 Failed Reactions

Introducing compounds bearing aromatic amines to the polymer

Investigation of PolyPFPA Reactivity with aromatic amines:

@NHZ

S S
Hy W
0 O O
NH,
Base, 2 /2472 h No polymer was isolated for both substances.
F E Only polyPFPA was obtained

The potential modification of PolyPFPA using aniline was investigated. A standard
synthetic protocol was employed, wherein 3-4 equivalents of the amine-containing
compound were added to polyPFPA. It was observed that the reaction failed to
produce the anticipated chemical transformation. Various alternative reaction
conditions were systematically explored. Multiple base systems were evaluated,
including triethylamine (TEA), potassium carbonate (K2COs), and 4-
dimethylaminopyridine (DMAP), each of which was selected to potentially catalyse the
desired chemical modification. An alternative approach was also attempted by utilizing
4-aminobenzophenone as an alternative aromatic amine. Despite these

comprehensive experimental approaches, no product could be isolated.

Investigation of PolyPFP4VBS Reactivity with aromatic amines:

0
ST
NH,
©/ 0=$=0

K,CO3 DMF,
50 °C, 72 h

n O-
M m
Y
z-
I
-
M

In the subsequent experimental procedure, polyPFP4VBS, characterized by

enhanced reactivity toward aromatic amines, was employed. The reaction was
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conducted using aniline to assess the potential for polymer modification. Partial
modification of the active ester units was revealed, though the extent of transformation
was considerably less than anticipated. An excess of aniline was deliberately added;

however, only a fraction of the polymer was chemically modified.

Investigation with 4-Aminobenzophenone:

11
o .

03 F,
50°C,72h

Only polyPFPA was obtained

The reactivity of polyPFP4VBS with 4-aminobenzophenone was explored. Consistent
with previous experimental attempts, the desired polymer modification was not
achieved.
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Unsuccessful building of the complex on the polymer using PPM

HoN
N\ o
0.5 0
(0] (0] — —
(0] (@] I 0] NH I
Surf-EH3 \ / \ / o] NH Surf-EH3
F F N N
1. TEA, 25°C,72h
’ ’ > HN OH
F F i =
2. Ethanolamine, r.t.,, 24 h |
F =
= | N
N

A product was precipitated, however it was
> crosslinked upon suspension in water

MeOH, reflux, 20 h.

General procedure: PFPA-co-SurfEH3A was dissolved in THF (2 mL). N-(1,10-
phenanthrolin-5-yl)ethane-1,2-diamine (4) (7 mol%, 0.029 mmol) was dissolved in
MeOH (~ 1.5 mL), and 4-(dimethylamino)pyridine (1 mol eq.) was added. The mixture
was stirred at 35 °C for 24 h. It was then cooled to room temperature (~ 20 °C) before
monoethanolamine (0.1 mL, 2 mol eq.) was added. After a further 24 hours, the solvent
was removed under reduced pressure. The polymer was redissolved in a few mL of

water, dialyzed in 1 kDa bags for 48 hours, and freeze-dried.

For the second step, the obtained polymer was dissolved in methanol. To this solution,
1 (5 mol eq. relative to the ligand content in the polymer) was added, and the reaction
mixture was refluxed overnight. Afterwards, the solvent was removed under reduced
pressure. The polymer was redissolved in a few mL of water, dialyzed for 48 hours,
and freeze-dried. After this process, the polymer became insoluble in both organic and
aqueous solvents, suggesting possible crosslinking. However, this is an assumption
that requires confirmation. The reaction was repeated 4 times, consistently yielding

the same outcome.
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Fig. SI 1: 'H NMR of PFPA (21).
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Fig. SI 2: "H NMR of 4-vinylbenzene-1-sulfonyl chloride.
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Fig. SI 26: 'H NMR of (1-oxo-1H-phenalen-2-yl)methyl acrylate (16) variant A.
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Fig. SI 28: '"H NMR of (1-oxo-1H-phenalen-2-yl)methyl acrylate (16) variant C.
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Fig. SI 33: 'TH NMR of poly(AA20-co-Ru(NH2)2.7 -co-HEAAmM7s 3-co-SurfEH3A2) (26).

«
E
4
I
2
cO i}
0] Surf-EH3 ]
Ethyl-group
Protons
Backbone & surfactant
Aromatic
protons
U 4 S | NI N AN
e T T
o 4 ] 2
o - m o

T T T T T T T T T T T T T T T T

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
8 (ppm)
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Fig. SI 36: 19F NMR of poly(Ru(Boc)z-co-AA71-co-HEAAM2s-co-Surf-EH3A2) (28).
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