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Abstract

This doctoral thesis focuses on the design, synthesis, and characterization of novel polymer
materials responsive to physical and chemical stimuli. The presented findings will serve mainly
for improving polymer-based drug-delivery systems (DDSs) and will help in advancing
the development of future theranostics — materials combining therapeutic and diagnostic
qualities into a single system. The emphasis is put on the bottom-up approach — design and
synthesis of new small molecules, including light- and/or redox-responsive compounds, using
light- and redox-responsive monomers for creating well-defined responsive polymers through
controlled polymerizations, as well as controlling the exact monomer composition along

polymer chains to achieve improved drug loading in micelle-like DDSs.

Pyrazinacenes are a specific type of heteroacenes formed from linearly-fused 1,4-pyrazine
units. Pyrazinacenes are redox-active, strongly colored, fluorescent compounds that could be
potentially used for designing new upconverting materials (i.e. conversion of lower energy
photons to a higher energy photon) and their complexes with ruthenium could intercalate into
DNA in a similar manner as the well-studied DNA probe/photoswitch [Ru(bpy)2dppz]*". In this
work, a novel and scalable one-pot synthesis of phenanthroline-fused pyrazinacenes from
relatively inexpensive starting materials is described. The phenanthroline moiety was employed
to form pyrazinacene complexes with Ru?" ions and a straightforward N-alkylation strategy was

developed for future conjugation of pyrazinacene upconversion materials with polymers.

In pursuit of light-responsive micelle-like DDSs, we have studied a model amphiphilic block
copolymer based on poly[(2-nitrobenzyl)acrylate] (PNBA). UV-irradiation of the hydrophobic
PNBA block led to its photodecomposition to poly(acrylic acid) resulting in polymer
hydrophilization and micelle disassembly. We have described the first controlled
polymerization of (2-nitrobenzyl)acrylate (NBA) using single-electron transfer living radical
polymerization (SET-LRP) leading to polymers with narrow dispersity. We have successfully
used the SET-LRP to prepare poly(ethylene oxide)-block-PNBA block copolymers, that formed
micelle-like particles in aqueous environment and readily disassembled upon UV-irradiation.

These block copolymers could serve as a model light-responsive excretable micellar DDSs.

We further moved to responsive fluorinated polymer systems of two different polymer classes
— poly[(N-(alkyl)acrylamides] and poly(2-oxazolines) (POx). The described fluorinated
polymers were designed as potential theranostic materials applicable for stimuli-responsive
DDSs traceable in vivo by 'F magnetic resonance imaging ("’F MRI). The studied
thermo-/pH-responsive polymers based on poly[N-(2,2-difluoroethyl)acrylamide] (PDFEA)
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have demonstrated both excellent biocompatibility and highly favorable '’F MRI imaging
properties. Furthermore, we have successfully prepared thermo-/redox-responsive micelle-like
PDFEA copolymer systems by incorporating ferrocene (Fc) moieties into the PDFEA
thermoresponsive/hydrophobic block. The nanoparticles of such polymers disassembled in
oxidative environment due to hydrophilization through formation of positively charged
ferrocenium moieties (Fc"). However, in the ferrocene-modified PDFEA polymers there was
no significant change in '°F MRI signal upon oxidation, and, therefore, '°F MRI cannot be used

for probing the redox state of similar DDSs.

To enable redox sensing, we have designed and synthesized two novel fluorinated ferrocene
derivatives bearing an amino group, that was employed for amide coupling with the pending
carboxyl  groups  of  poly{[2-methyl-2-oxazoline]-block-[2-methyl-2-oxazoline-stat-
2-(2-carboxyethyl)-2-oxazoline]} polymer. The copolymers decorated with fluorinated Fc
moieties formed nanoparticles that disassemble upon oxidation through formation of F¢* and
converting the diamagnetic fluorinated Fc moieties into paramagnetic Fc™ changed the

relaxation times and chemical shifts of the '°F nuclei distinguishable by '°F MRI.

This thesis also presents a synthesis of novel 2-aryl-2-oxazoline monomers and a first direct
comparison of analogous amphiphilic gradient and block polyoxazolines containing
2-aryl-2-oxazoline monomers. DDSs with gradient polyoxazoline copolymers exhibited
improved drug loading capacity and higher hydration/mobility of the micelle core (potentially

favorable for ’F MRI imaging and the design of new theranostic materials).

In summary, this doctoral thesis advances polymer materials designed to respond to physical
and chemical stimuli, while focusing on polymer-based DDSs. Key achievements include the
straightforward synthesis of new conjugable pyrazinacenes showing promise as materials for
upconversion; the development of the first controlled polymerization of NBA and synthesis of
PNBA-based copolymers that disassemble under UV light; and the introduction of pH-,
thermo-, and redox-responsive fluorinated polymers for '’F MRI imaging. Novel fluorinated
ferrocene derivatives were employed to create redox-responsive polymer sensor systems
traceable by '’F MRI. New 2-aryl-2-oxazoline monomers were synthesized and superior
properties of their gradient copolymers for DDSs were demonstrated. This work provides

valuable insights and methodologies for future improvements in responsive polymer systems.

Keywords: Pyrazinacenes, poly[(2-nitrobenzyl)acrylate], light-responsive, poly[N-(2,2-
difluoroethyl)acrylamide], '"F MRI, thermoresponsive, ferrocene, redox-responsive,
poly(2-alkyl-2-oxazoline), poly(2-aryl-2-oxazoline), drug-delivery systems.
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Souhrn

Tato doktorska disertacni prace se zaméfuje na navrh, syntézu a charakterizaci novych
polymernich materiala citlivych na fyzikalni a chemické podnéty. Piedkladané vysledky mohou
pomoci zejména k vylepSovani systémil pro cilenou dopravu a fizené uvoliiovani 1éCiv (,,drug
delivery systems®, DDSs) ak vyvoji budoucich teranostik — materidli kombinujicich
terapeutické a diagnostické aplikace v ramci jediného systému. Dulraz je v této praci kladen
zejména na ,,bottom-up* piistup — tj. na navrh a syntézu novych malych molekul zahrnujicich
foto- a/nebo redoxné-responzivni slouCeniny, na vyuziti foto- a/nebo redoxné-responzivnich
monomerud pro pfipravu dobfe definovanych responzivnich polymerti pomoci kontrolovanych
polymeraci, a také na fizeni monomerniho slozeni podél polymernich fetézct pro zvySeni

obsahu u¢inné latky v nanocasticovych/micelarnich DDSs.

Pyrazinaceny patii do skupiny heteroacenti, které jsou tvofeny linedrné spojenymi
1,4-pyrazinovymi jednotkami. Pyrazinaceny jsou redoxné aktivni, intenzivn€¢ barevné
a fluorescencni slouceniny, jez by v budoucnu mohly byt vyuzity pro nové upkonverzni
materidly (tzn. pfeména dvou ¢i vice fotonl s nizsi energii na foton s vyssi energii) a jejich
komplexy s rutheniem by se mohly interkalovat do DNA podobnym zplsobem jako jiz
pouzivana DNA préba [Ru(bpy)2dppz]**. V této praci je prezentovana nova robustni ,,one-pot*
syntéza pyrazinacenu s kondenzovanym fenanthrolinovym skeletem vychazejici z dobie
dostupnych vychozich latek. Fenanthrolinovy motiv v molekule takto pfipraveného
pyrazinacenu byl déale vyuzit pro tvorbu piislugnych komplexii s Ru*". Také byla vyvinuta
jednoducha metoda spocivajici v N-alkylaci pyrazinacend, kterd umoziuje budouci konjugaci

upkonverznich materialii na bazi pyrazinacent s polymery.

Za Ucelem ptipravy fotoresponzivnich nanocasticovych/micelarnich DDSs jsme nasledné
studovali modelovy amfifilni blokovy kopolymer zaloZzeny na poly(2-nitrobenzyl)akrylatu
(PNBA). UV zafeni rozklada hydrofobni PNBA blok na poly(akrylovou kyselinu), coz vede
k hydrofilizaci systétmu a rozpadu micel. Uvadime prvni fizenou polymerizaci
(2-nitrobenzyl)akrylatu za pomoci ,single-electron transfer* Zivé radikalové polymerace
(SET-LRP) vedouci k vysoce uniformnim polymerim. Pomoci SET-LRP jsme uspé$né
pfipravili poly(ethylenoxid)-block-PNBA kopolymery tvofici micely/nanocastice podobné
micelam, které se rychle rozpadaji pod UV-zafenim. Tyto blokové kopolymery by mohly

poslouzit pro modelové fotoresponzivni vyloucitelné DDSs.

Déle jsme se vénovali responzivnim fluorovanym polymernim systémiim zalozenym na dvou
odliSnych tfidach polymert — na poly[(N-(alkyl)akrylamidech] a poly(2-oxazolinech) (POx).
7



Zde popsané fluorované polymery byly navrhnuty jako potencidlni teranostické materidly
vyuzitelné pro responzivni DDSs sledovatelné in Vivo pomoci F
magnetické rezonance (°F MRI). Studované termo-/pH-responzivni polymery zalozené
na poly[N-(2,2-difluorethyl)akrylamidJu (PDFEA) vykazovaly vybornou biokompatibilitu
a velmi vhodné fyzikalni vlastnosti pro zobrazovani '°’F MRI. Nasledné& jsme také piipravili
termo-/redox-responzivni nanocasticovy/miceldrni systém tvofeny kopolymerem PDFEA
obsahujicim  ferrocenové skupiny v termoresponzivnim/hydrofobnim PDFEA  bloku.
Nanocastice skladajici se ztohoto kopolymeru se v oxidatnim prostiedi rozpadaji diky
hydrofilizaci vznikajicimi kladn& nabitymi ferroceniovymi skupinami (Fc"). U kopolymert na
bazi PDFEA obsahujicich ferrocenové skupiny nicméné nedochdzi po oxidaci
k pozorovatelnym zménam v '°F MRI signalu. U téchto systémi a podobnych DDSs tedy neni

mozné sledovat jejich redoxni stav pomoci °F MRI zobrazovacich metod.

Za ucelem ptipravy redoxné-responzivnich polymernich DDSs sredoxnim stavem
monitorovatelnym pomoci '°’F MRI jsme navrhli a syntetizovali dva nové fluorované derivaty
ferrocenu nesouci aminoskupinu. Obsazena aminoskupina poslouzila pro amidovy kaplink
s volnymi karboxylovymi skupinami poly {[2-methyl-2-oxazolin]-block-[2-methyl-2-oxazolin-
stat-2-(2-karboxyethyl)-2-oxazolinu]}. Takto pfipravené blokové amfifilni kopolymery
s fluorovanymi ferrocenovymi jednotkami (Fc) tvofi ve vodném prostiedi nanocastice, jez se
po oxidaci rozpadaji na unimery diky tvorbé& nabitych Fc¢* skupin. Déle je diky transformaci
diamagnetickych Fc skupin na paramagnetické Fc* mozné redoxni stav polymeru sledovat

pomoci F MRI vzhledem ke zméné relaxaénich ¢asti a chemickych posunti '°F signali.

Tato prace také predklada syntézu novych 2-aryl-2-oxazolinovych monomert a prvni piimé
srovnani analogickych amfifilnich gradientovych a blokovych oxazolinovych kopolymeri
obsahujicich 2-aryl-2-oxazolinové monomery. DDSs na bazi gradientovych polyoxazolind
vykazovaly vyS$§i obsah uinné latky a vysSi hydrataci/mobilitu jadra micely (potencidlné

vyhodn4 vlastnost pro '°F MRI a navrh novych teranostickych materialt).

Tato disertacni prace pfinasi nové poznatky v oblasti polymernich materiald pro DDSs citlivych
na vnéjsi fyzikalni a chemické podnéty. Vysledkem této prace je jednoducha syntéza novych
konjugovatelnych materidli na bazi pyrazinaceni pro upkonverzni systémy a prvni
kontrolovana polymerizace NBA a syntéza kopolymert na bazi PNBA, jejichz micely disociuji
pisobenim UV zafeni. Vramci této prace jsou prezentovany nové pH-, termo-
a redoxné-responzivni fluorované polymery pro zobrazovéani pomoci '"F MRI. K vytvoieni

redoxné citlivych polymernich senzorovych systémi sledovatelnych pomoci '°F MRI byly



pouzity nové fluorované derivaty ferrocenu. DalSim vysledkem je také syntéza novych
2-aryl-2-oxazolinovych monomerti a prokazani vyhodnych vlastnosti jejich gradientovych
kopolymerti pro DDSs. Tato prace poskytuje cenné poznatky pro budouci vylepSeni

responsivnich polymernich systémti.

Klicova slova: Pyrazinaceny, poly[(2-nitrobenzyl)akrylat], fotoresponsivni,
poly[N-(2,2-difluorethyl)akrylamid], 'F MRI, termoresponsivni, ferrocen, redoxné-
responsivni, poly(2-alkyl-2-oxazolin), poly(2-aryl-2-oxazolin), cilena doprava a fizené

uvoliovani 1é¢iv.
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1 Introduction
1.1 Polymer Materials in Biomedicine

The research in the field of biomedical polymer materials is driven not only by the
ever-increasing clinical demand for modern therapies but also by pure scientific curiosity and
a need to understand the properties and behaviors of biological systems. 2 These scientific
efforts already account to a well-documented therapeutic potential and clinical applications of
drug-delivery systems, > 4 polymer-coated biomaterials, ° tissue engineering scaffolds, &7 and
wound dressings. % ° The recent approval of mRNA vaccines for SARS-CoV-2 has also
rekindled interest in the development of polymers as non-viral gene delivery
platforms. '% ! This doctoral thesis discusses polymer systems responsive to physical and
chemical stimuli — including not only the preparations of such well-defined polymers through
controlled polymerizations but also the synthesis and design of novel light-sensitive and

redox-sensitive small molecules and design and synthesis of new monomers.

1.1.1 Self-Assembly in Nature

Molecular self-assembly is prevalent in nature. > The programmed assembly of molecular
structures requires information'* '* that controls the reproducible formation of a particular

structure selected from countless possibilities. '°

Protein synthesis inside living cells is a prime example of two distinct assembly strategies
employed by living organisms. These strategies are different in the way they use and store the
necessary information. With one approach, information is stored in a blueprint (in this case
DNA) and is executed by an external agent (ribosome translating the primary structure of
a protein synthesized from “incomplex” amino acids). The second distinct approach uses the
information stored in the system components and enables spontaneous physico-chemical
processes that lead to three-dimensionally ordered structures (spontaneous protein folding or
self-assembly and formation of e.g., protein-protein complexes - disregarding the role of

chaperones). 1°

Self-assembly employs the information coded into the individual building blocks (e.g., in their
shape, charge, hydrophobicity, efc.) that determine the nature of interactions among the single
components. The building block design in this way pre-determines the properties and functions
of the self-assembled system. ' However, it is important to distinguish between self-assembly

and self-association in its broader meaning. !” Self-associated phases held together by
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noncovalent interactions may exhibit rather low organization. The components of
a self-assembled system must be mobile to reach their steady-state positions, where attractive
and repulsive forces are balanced out. Molecular self-assembly employs noncovalent
interactions (van der Waals, electrostatic, and hydrophobic interactions) or weak covalent
interactions (hydrogen and coordination bonds). Equilibration between aggregated and non-
aggregated states of the system is usually necessary to obtain ordered structures. '® Further
well-known examples of bottom-up self-assembly processes include double helix formation
upon mixing complementary DNA strands, bilayer structures formed from phospholipids in
aqueous environment (e.g., cytoplasmic membrane) or the formation of highly ordered

protein-protein complexes (e.g., tetrameric hemoglobin'®).

1.1.2 Self-Assembly of Polymer Amphiphiles

The self-organization of amphiphilic small molecules into 1-, 2- and 3-D structures has been
studied for decades!® and many different morphologies have been observed both in solutions
and in bulk materials. ' The common morphologies include spherical micelles (“classical
micelles”), cylindrical micelles, lamellar structures and vesicles as well as bicontinuous
structures. '* In contrast to the simplistic view of classical micelles, the hydrophobic core of
micelles is highly hydrated well beyond the first few carbons adjacent to the headgroup and

contains non-polar pores and deep water-accessible wedges. >

The packing parameter, p = V'/ (aolc) (V is the volume of the hydrophobic segment, ao is the
head group area, and /. is the hydrophobic segment length) is the main factor determining
amphiphile aggregate morphology (Figure 1). 2! With p < 1/3, spherical micelles are formed;
1/3 < p < ' leads to cylindrical (wormlike) micelles; when 1/2 < p < 1 lamellar or vesicular
structures (e.g., liposomes) are observed; and p = 1 produces planar lamellae. When p > 1,
similar morphologies with but inverted arrangement of hydrophobic and hydrophilic groups

can be observed (e.g., micelles with a hydrophilic core and a hydrophobic surface). 1% 2!

p

—
o

Figure 1. A representation of surfactant unimer shape based on its packing parameter.
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Based on these principles, amphiphilic block copolymers!? as well as asymmetric copolymers??
(e.g., gradient copolymers) form aggregates reminiscent of those of small-molecule
amphiphiles. Amphiphilic surfactants now play a crucial role in drug-delivery. ***2* However,
one of the fundamental challenges of micellar drug-delivery systems is that all conventional
micelles disassemble into free unimers upon dilution. ? Compared to small-molecule
amphiphiles, polymer-based surfactants exhibit significantly greater tendency to form micelles
(expressed as critical micelle concentration — CMC, or more generally as critical association
concentration CAC) which in part helps to overcome the inherent instability of micellar
drug-delivery systems. CAC is the lowest concentration of the amphiphile required to
self-assemble into micelles /nanoparticles in solution. When the surfactant concentration
reaches the CAC, both the bulk phase and interface become saturated with unimers and
micelles /aggregates begin to form.?* Lower CAC value indicates easier formation of micelles.
Amphiphilic block copolymers typically exhibit low CAC 10”7 — 10°® M (but can be even as low
as < 10° M) * due to the more thermodynamically favorable micellization compared to

small-molecule surfactants (CAC on the order of 10— 103 M), 2¢

However, more recently, it was realized that in contrast to the case of small-molecule
amphiphiles, block copolymer aggregates were often not so dynamic. 2’ This fact stems from
the high activation energy needed for the hydrophobic block to escape from the hydrophobic
core. 22 This is especially true for polymer systems studied at temperatures below the
glass-transition temperature of the hydrophobic block. 27 Aggregates that are kinetically
“frozen” are therefore sometimes referred to as “nanoparticles” and the term micelle is used
solely for systems in thermodynamic equilibrium. 2’ The irreversibility of block copolymer
association can be circumvented by preparing asymmetric (e.g., gradient) copolymers with
hydrophilic units incorporated into the hydrophilic block, which leads to a decrease

of interfacial tension between the hydrophobic block and the solvent. 2

1.1.3 Polymer Drug Delivery Systems

Since the first public use of the term “magic bullet” by Paul Ehrlich at a Harben Lecture
in London in 1908, 2% 2° the major obstacles in delivery of small-molecule chemotherapeutics
remain unchanged: optimizing drug clearance, improving water solubility, and passively or
actively releasing the drug at its “target site”. ** Development of a new drug in the 21° century
involves a substantial scientific effort and a very significant investment before the drug

candidate can be approved for clinical use. *! Only about 1 in 10 000 molecules is successfully
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introduced into clinics; after accounting for the costs of failed trials, the median capitalized

research and development investment to bring a new drug to market was estimated

at $1.1 billion. 32

Sufficiently lipophilic small-molecule drugs (see Lipinski’s rule of five*) are in principle able
to rapidly diffuse across cell membranes and through many other biological barriers. 3
However, the capacity to permeate to the desired biological compartment®> may still be
hampered by low solubility in biological fluids. *® Indeed, poor aqueous solubility low
bioavailability of drug candidates determine key decisions on lead optimization during drug
discovery’” and represent a formidable hurdle for pharmaceutical industry. *° The purpose of all
(polymer) drug delivery systems (DDSs) is to improve therapeutic efficacy by increasing
solubility, improving drug accumulation in the target tissue, improving patient compliance,
reducing off-target drug concentration, increasing circulation time (i.e., altering many aspects
of the small-molecule drug pharmacokinetics). *¢ Polymer systems with their tunable physico-
chemical properties potentially offer efficient shielding, transport, and specific release of the
drug cargo. *° The specific release of the drug cargo in supramolecular DDSs can be achieved
for example through employment of stimuli-responsive polymer materials®® 3% 3% (see chapter
1.1.4) and by active® or passive targeting (e.g., by optimizing system size for targeting into
specific immune cells*® or utilizing tumor-specific phenomena such as enhanced permeance

and retention effect — EPR [ref. 41, 42]).

Following the discovery of enhanced permeance and retention effect (EPR) by Maeda in the
1980s, ¥ EPR was the first and most pursued strategy for passive targeting to the tumor
environment. *> * Briefly, EPR effect was proposed to be based on the hyperpermeable tumor
vasculature allowing its enhanced permeability for large particles compared to healthy tissues
(macromolecules, micelles, liposomes, and other objects large enough to avoid renal clearance).
This hyperpermeability in combination with impaired tumor lymphatic drainage would elicit

the accumulation of those particles in the tumor interstitial space (Figure 2). **

Unfortunately,
the easy-to-grasp concept of EPR led to a heavily oversimplified perception of tumor
physiology by the scientific community. ** 4 In this regard, EPR was viewed as the “magic
bullet” for tumor treatment without the high systemic toxicity present in conventional therapies.
These hopes led to billions of dollars being invested into countless projects and platform
designs. ** %6 However, these efforts have largely failed to translate into clinics and there are

only as little as 17 nanomedicine cancer therapeutics approved by the authorities for human
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use. 7+ Only 14% of the nanomedicines reaching phase III clinical trials have been successful

& ¥ .**

49, 50

at demonstrating efficacy.

Figure 2. Highly fenestrated vascular epithelium as a part of the proposed EPR mechanism.

Indeed, while the EPR effect has been well documented in small animal models, clinical data
is much less clear. In particular, murine tumor models are strikingly different from human
cancers in many aspects - the rate of growth, the size relative to host, metabolic rates, host
lifespan, and a different tumor microenvironment. >! Recent studies have shown that EPR effect
cannot be considered as a general strategy in cancer targeting due to high variability in
nanoparticle accumulation (e.g., biodistribution of ®*Cu-labeled liposomes®?) in different tumor
types. ! It has now also been demonstrated that endothelial fenestration may not be responsible
for the accumulation of nanoparticles in solid tumors but that the predominant mode of entry is
an active process (transcytosis) through endothelial cells. ** ** The past enthusiasm of the
scientific community about the EPR effect is clearly understandable. However, if nanoparticle
DDSs are about to be included in the future cancer treatments, it is imperative to always justify

the therapeutic gains for the target tumor type in a clinical setting. ** 5

1.1.4 Stimuli-Responsive Polymer Materials

The maintenance of biological function and sustenance of life requires specialized molecular
assemblies and interfaces that provide distinct chemical behavior and structure, and which are
responsive towards environmental stimuli. °® Artificial systems based on synthetic polymers

that partially mimic the behavior and function of biomacromolecular assemblies are being

57

prepared and studied for a plethora of applications, °’ such as functional surfaces and

58-61 62-66

biointerfaces; polymer micro- and naoactuators inspired by the action of muscles;

67.68 and controlled drug-delivery and release systems. ® Similarly

particle or thin film sensing;
to biomolecules, synthetic polymer materials can be designed to respond not only to a single
environmental parameter but to be multi-stimuli responsive, e.g. temperature-light, pH-redox,

pH-temperature, or even triple-responsive for example temperature-pH-redox responsive. ’% 7!

22



The responsiveness of synthetic polymer systems towards external stimuli is often achieved
through an abrupt change in the features of the hydrophobic part of the molecule responsible
for self-assembly. These features include for example hydrophobic-hydrophilic balance,

conformation, and solubility. 7°

Stimuli-responsive polymer materials described in the literature primarily exploit lower critical
solution temperature (LCST) or, less frequently, the upper critical solution temperature
(UCST). > 7 Polymers that exhibit LCST transition phase sperate upon heating, whereas
polymers possessing UCST transition phase separate upon cooling. However, UCST and LCST
transitions are caused by different phenomena. ’* 7 According to the Flory-Huggins theory,
a phase separation occurs only in systems with unfavorable interaction enthalpy between
polymer segments and solvent molecules. The driving force behind the formation of a single
phase is the polymer-solvent mixing entropy which at low polymer concentrations outbalances
the positive enthalpic contribution. The phase separation in LCST is driven by a gain of overall
entropy when the highly ordered water solvation shell of the polymer chain is released into bulk
water with increasing temperature. In the case of UCST transition, the entropic contribution of
polymer-solvent mixing gradually decreases with decreasing temperature and the unfavorable
enthalpic term outweighs the entropic contribution. ”* 7 Arguably, one of the most prominent
examples of thermoresponsive polymers with LCST close to human body temperature is the
poly[(N-isopropyl)acrylamide] (PNIPAM). 7> 7® Some other examples of polyacrylamides
exhibiting LCST close to body temperature include poly[(N-2,2-difluoroethyl)acrylamide]
(PDFEA), poly[(N,N-diethyl)acrylamide] (PDEA), or poly[(N-acryloyl)pyrrolidine] (PAP). "’
It is noteworthy that LCST and UCST polymers can be also combined into diblock (or

multiblock) copolymers exhibiting dual thermoresponsive behavior. ’® 7

Light responsiveness of self-assembled polymer systems can be achieved via numerous
chemical and physical processes caused by irradiation at a specific wavelength. These processes
may be either reversible or irreversible and involve formation or cleavage of bonds,
rearrangement reactions or cis—trans isomerism. % For example, the hydrophobic block of an
amphiphilic poly(meth)acrylate copolymer can be hydrophilized upon UV-light irradiation
when the side chains of poly(meth)acrylate bear photodegradable hydrophobic ester groups
such as, poly(2-nitrobenzyl acrylate) (PNBA), 3! poly(1-pyrenemethyl methacrylate) ¥ or
poly([7-(diethylamino)coumarin-4-ylJmethyl methacrylate). ** A straightforward example of
photoisomerization reactions employed in light-responsive polymer systems is spiropyran

photoisomerization from its closed hydrophobic form to a hydrophilic zwitterionic open
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merocyanine. 3* This isomerization reaction can be initiated by UV-light and reversed by visible
light irradiation. ¥ %5 Another well-known examples of photoswitch polymer systems are based
on formation of polar cis-azobenzene induced by UV-light and reversed back to less polar

trans-isomer by visible light. %

The polymer systems responsive towards changes in pH are polyelectrolytes designed
to incorporate into the (partially) hydrophobic block basic or acidic functions whose ionization
depends on pH. ¥ These functional groups include for example carboxyl, phosphate,
phosphonate, boronic acids, pyridine, amines and basic heterocycles such as imidazole.
The pH-responsive polymers with basic functions are cationic polyelectrolytes under acidic
conditions and polymers with acidic functions are anionic polyelectrolytes under basic
conditions. 8”3 Depending on the type of the pH responsive polymer, the generated cations or
anions lead to electrostatic repulsion between the monomeric units of the polymer chain causing
extension of coiled chains and change in conformation, hydrophilicity, and solubility in an

> 90.91 of pH-responsive polymers

aqueous solution. 3 Furthermore, the “nanobuffering effect
means that they are able to maintain a local pH range around their nanoscale systems which can
differ from the environmental pH. °° One of the notable applications of pH responsive materials
is the class of Eudragit® polymers employed in selective dissolution of oral pharmaceutical
formulations. Eudragit® excipients are anionic, cationic, or neutral copolymers of methacrylic

acid and methacrylic co-monomers used for enteric coating and precise temporal release.

Redox-responsive systems can be divided into two basic groups — oxidation-responsive and
reduction-responsive polymers. This division predetermines the necessary toolbox of their
chemistries. The polymer systems responsive to redox potential changes are inherently
intriguing especially for biomedical applications because of their ability to distinguish
differences in redox potentials between intracellular and extracellular environment. !”>°3 The
strong reducing agent glutathione (L-glutamyl-L-cysteinyl-glycine; GSH) in its reduced form
(in contrast with the oxidized form GSSG) is the most abundant low-molecular-mass thiol in
animal and plant cells. °* *° Intracellular GSH concentrations can reach up to 10 mM, whereas
extracellular levels in animals are one to three orders of magnitude lower. °* Furthermore it has
been shown that tumor tissues shows at least 4-fold higher concentrations of GSH compared
with normal tissues. *® Reduction-responsive polymers usually employ disulfide (—~S—S-) or
less commonly diselenide linkages (—Se—Se—) that cleave to free thiols and selenols upon
reduction. °” Other more exotic functional group sensitive towards reduction is for example

trimethyl-locked benzoquinone (TMBQ). %% %
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Both physiological (cell signaling, immune response, and aging) and pathological (cancer)
processes are associated with reactive oxygen species (ROS). ROS include hydroxyl radicals
("OH), alkyl peroxy radicals (ROO"), superoxide radicals ("O2"),hydrogen peroxide (H20>),
hypochlorous acid (HCIO), and peroxynitrite (ONOO").!%-192 Cancer cells, in particular, may
exhibit increased levels of ROS. These increased levels of ROS stabilize hypoxia-inducible
factor 1-a (HIF-10), 1919 which is required for cell survival under the hypoxic conditions
of solid tumor microenvironments and for rapid tumor neovascularization. '° On the other
hand, human neutrophils selectively generate HCIO and ONOO- during oxidative burst and
netosis !’ 1% (production of neutrophil extracellular traps), which are vital defense mechanisms

against pathogens. '

Oxidation responsive polymers for biomedicine rely on the activity of ROS. ** The chemical
toolbox for design of oxidation-sensitive polymer systems includes poly(alkyl/aryl-sulfides) or
poly(alkyl/aryl-selenides) which are oxidized to more hydrophilic sulfoxides and sulfones or
selenoxides and selenones, respectively; !'° diselenides (both oxidation and reduction

responsive); ! boronic acid esters; ' !13; aromatic oxalates!'!* !> (oxidized to CO2 and the

116

corresponding phenols) and metallocenes’ '® with the most prominent congener being ferrocene

(oxidation to a more hydrophilic ferrocenium ion). 9% 117119

1.1.5 Pyrazinacenes and Upconversion Materials in Drug-Delivery Systems

Acenes are a class of polycyclic conjugated hydrocarbons composed of linearly fused benzene
rings. '2° For polycyclic hydrocarbons of the same size, acenes exhibit the smallest energy
difference between the highest occupied and lowest unoccupied molecular orbitals (HOMO-
LUMO gap) 2! 122 and attract significant attention because of their applications in organic
electronics. Acenes are most commonly exploited in devices such as organic field-effect/
thin-film transistors (OFETs/ TFTs) and organic light-emitting diodes (OLEDs) ' but it has to
be noted that pentacene and higher acenes usually suffer from chemical instability (e.g.,
cycloaddition reactions, instability towards oxygen, and light-sensitivity) that increases with
the number of fused benzene rings. '>*'?” However, the reactivity of these compounds
detrimental in optoelectronic applications can be of great value for designing stimuli-responsive
materials based on acenes (polymer crosslinking or grafting, singlet oxygen sensing, and

designing new drug delivery systems). '?’

Acene compounds are also employed in organic triplet-triplet annihilation upconversion'?

materials, i.e., systems which convert two or more lower-energy photons into one higher-energy
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photon. Triplet-triplet annihilation was first discovered in anthracene solutions'?® and

acene-based upconversion materials!3% 131

along with lanthanide upconversion materials are
being developed for biosensing, drug delivery, and theranostics. '2% 132 Upconversion materials
enable the use of lower energy photons for triggering processes that would otherwise require
high-energy photons that are not within the biological transparency window!?® (e.g.,
near-infrared light-triggered dissociation of poly(4,5-dimethoxy-2-nitrobenzyl methacrylate)

micelles!**).

Nitrogen substituted heteroacenes (N-heteroacenes!*) have electronic properties different from
acenes and enable additional possibilities for chemical modifications such as acid/base
reactions, reduction to amines, or N-alkylation. '*® Pyrazinacenes are a specific group of
N-heteroacenes that contain linearly fused 1,4-pyrazine units. *® !*7 In solid state, pentacene is
ap-type semiconductor, whereas pyrazinacenes are promising candidates for n-type
semiconductors with exceptionally high stability towards oxidation due to their high electron
affinities. %% 13 Pyrazinacenes are also being developed as potential fluorescent dyes for
bioimaging and for example tetradecaazaheptacene chromophore was found to have an
absorption and emission spectrum which overlaps with the biological transparency window

(650-900 nm). '**

In this thesis, we describe the one-pot synthesis of phenanthroline appended pyrazinacene from
commercially available reagents. '*7 The phenanthroline moiety in pyrazinacenes can be
employed to form complexes with Ru?" ions similarly to the well-studied [Ru(bpy).dppz]**
DNA molecular “light-switch” and intercalator. 1*” This thesis also presents a straightforward
N-alkylation strategy that was developed for potential future conjugation of pyrazinacene

materials with polymers. '3’

The N-alkylation approach presented in this thesis was now
recently used for solubilization of pyrazinacenes in aqueous/ polar solvents through
introduction of oligoethylene moieties to create pyrazinacene-based fluorescent colloidal

systems. 140

1.2 Synthesis of Highly Defined Polymers

Until the year 1920, many naturally occurring organic substances, such as cellulose, rubber or
proteins, seemed difficult to categorize. The most eminent chemists in Europe had long
proclaimed these materials consisted of small-molecule aggregates, loosely bound together by
noncovalent interactions. '*! The “Age of Polymers” dawned more than 100 years ago, when

the German chemist Hermann Staudinger published his seminal article “Uber Polymerisation”
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142,143 " \where he argued that polymer materials are composed of extremely large molecules

linked by “standard” covalent bonds. The 1920 publication “Uber Polymerisation” 4% 143
together with the Staundinger’s 1922 article “Uber Isopren und Kautschuk” ', where he
introduced the term “Makromolekel” (macromolekule) for the first time, are considered as the

founding stones of “macromolecular science” as a new field. '

The first ever purely synthetic polymers were prepared either by condensation reactions of
small di(poly)functional molecules or by free radical polymerization of vinyl monomers. '#°
Unlike biopolymers, for example most proteins, the chains of synthetic polymers prepared by
conventional step-growth or chain polymerization reactions are not the same length — i.e., such
synthetic polymers have a highly non-uniform number of mers (repeating units). Eventually,
polymer chemists realized that the properties of natural polymers (e.g., silk, tendons—collagen)
were in certain ways superior to synthetic polymer materials due to the nature’s ability to create
polymers with (almost)identical chain lengths. However, to achieve this goal, new synthetic

methods were needed. '+

1.2.1 Living and Controlled Polymerizations

The term “living polymerization” that is now central to contemporary synthetic polymer

146 who studied anionic styrene and isoprene

chemistry was coined in 1956 by Szwarc,
(co)polymerization. 4’ It denotes an ideal polymerization where an impurity-free monomer and
initiator are converted under thermodynamically favorable conditions into polymer chains, with
the same average growth rate for each chain and with no irreversible transfer or termination
reactions. Thus, the produced polymer has a narrow molecular weight distribution, and the
polymer end-groups are determined only by the choice of the initiating and terminating species.
In this case, the phrase “thermodynamically favorable conditions” means that the entropically
unfavorable joining of many monomer molecules together into just a few polymer chains must
be outweighed by the enthalpic gain of converting double bonds to single bonds or by the
release of ring strain through opening cyclic monomers. '*® Apart from the ability to prepare
polymers with a narrow molecular weight distribution, living polymerization techniques equip
polymer chemists with other powerful tools crucial for advanced polymer design: the synthesis
of (multi)block copolymers (sequential monomer addition) and the high end-group fidelity of

end-functionalized polymers (selective initiation and termination by appropriate reagents). '4°

The synthesis of polymers with precise functionalities, intricate architectures and well-defined

length and compositions has now long been of great importance in polymer chemistry. '#°
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However, only a few monomers polymerized by even fewer specific techniques fit the
description of living polymerization almost perfectly. Nevertheless, a large number of other
methods is now sufficiently close to living polymerization to be considered “good enough” and
immensely useful for the synthesis of a plethora of polymer chain structures. 4> 4% The
polymerizations which enable to at least partially achieve the main practical characteristics of
living polymerizations, such as high polymer uniformity and end-group fidelity but which
inherently include certain degree of termination and transfer reactions are sometimes also
described as “living” — or more preferably “controlled polymerizations” (e.g., controlled radical
polymerizations). 1*% ! Living and controlled polymerization techniques currently comprise

methods such as anionic, cationic, Ziegler—Natta, % 153

ring-opening metathesis (ROMP),
group transfer (GTP), nitroxide-mediated radical (NMP), reversible addition—fragmentation
chain transfer (RAFT), and supplemental activator and reducing agent atom transfer radical-/

single-electron transfer-living radical- (SARA-ATRP/ SET-LRP) polymerization. 148

In this thesis, we have prepared well-defined polymers by means of SARA-ATRP/SET-LRP
polymerization of acrylates, RAFT polymerization of acrylamides and by living cationic
ring-opening polymerization (LCROP or CROP) of 2-alkyl/aryl-2-oxazolines. Therefore, we

will discuss these methods in further detail.

1.2.2 Cationic Polymerization of 2-Alkyl/Aryl-2-Oxazolines

2-Oxazolines are commonly used in organic synthesis not only as protecting groups for
carboxylic acids'>* but also as coordinating ligands in asymmetric catalysis, and activating
moieties. ' The LCROP of 2-oxazolines and 2-oxazines, two specific examples of living ring-

opening polymerizations of heterocyclic monomers, '>¢

were reported for the first time
in 1966'7- 138 — ten years after the seminal work on ‘living’ (anionic) polymerization by Swarc.
147 Poly(2-alkyl/aryl-2-oxazoline)s (POx) can be regarded as synthetic peptidomimetics or
pseudo-peptides due to their structural analogy with polypeptides (isomeric polyamides). !>
There is a significant scientific effort dedicated to the use of POx in drug-delivery systems and

biomedical applications, for example as functional and more versatile alternatives to

poly(ethylene oxide) (PEG). '

Because most five- and six-membered rings are not strained, '®' the driving force behind
LCROP of 2-oxazolines overriding the unfavorable entropy of polymerization is the formation

of a tertiary amide that is comparably more stable than its parent cyclic imino ether. '®° The
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LCROP of 2-oxazolines follows a classical chain-growth polymerization mechanism
(Scheme 1). 160

Scheme 1. Basic mechanism of LCROP of 2-oxazolines (termination side reactions
omitted). '

'/_\ /E N K (\2 . K, —0 n mo::mers > S
T(X + ! O/ B C O/ " terminator %N
b N = o N':p D N
/

In the first reaction step, the electrophilic initiator (e.g., alkyl sulfonates, alkyl/benzyl halides,
Lewis acids, and oxazolinium salts) undergoes a nucleophilic attack by the nitrogen lone pair
of the monomer, resulting in the formation of an oxazolinium cation (initiation). In the
propagation step, the nitrogen lone pair of 2-oxazoline monomer attacks the cationic
oxazolinium intermediate at the —CH>— group next to the oxygen atom, leading to the formation
of an amide via ring-opening, while the living oxazolinium chain-end is regenerated. The
livingness of the 2-oxazoline polymerization results in a narrow molar mass distribution and in
low dispersity (D), provided that the initiation is fast. A B-elimination chain transfer reaction'®?
and oxazolinium chain-end tautomerisation'®* become an issue for high molar mass POx
causing divergence from the ideal living polymerization. However, if necessary, these chain
transfer reactions can be nearly mitigated by lowering the polymerization temperature to 40 °C
and increasing the reaction time to weeks, enabling the synthesis of low-dispersity polymers

with molar mass up to 300 kDa. '3

1.2.3 Controlled Radical Polymerization Methods (RAFT, ATRP)

The development and understanding of reversible deactivation radical polymerizations
(RDRP), also called controlled or living radical polymerizations (LRP), has equipped polymer
chemists with a control over polymer architecture comparable to traditional ionic living
polymerizations. 48 164195 However, at the same time RDRP modalities offer functional group
and reaction conditions tolerance similar to conventional radical polymerizations. ' The three
major RDRP methods include stable-radical-mediated polymerization (SRMP: for example
nitroxide-mediated polymerization - NMP'®7), reversible addition—fragmentation chain transfer
polymerization (RAFT), and atom transfer radical—/ single electron transfer living radical
polymerization (ATRP /SET-LRP). '® The SRMP mechanism is the simplest of the three
abovementioned RDRP methods: the propagating polymer radicals (P-) are reversibly
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deactivated through reaction with a stable radical (T-).!®” In this work, RAFT and
ATRP /SET-LRP were the two RDRP methods chosen for the synthesis of well-defined
acrylamide- and acrylate-based block copolymers and will, therefore, be discussed in further

detail.

The roots behind the discovery of many living polymerization reactions can be traced directly
to methods developed by synthetic organic chemists. The precise preparation of any given
well-defined polymer calls for a single highly efficient reaction that can occur many times over
without side reactions. This feature of living polymerizations is common also with the synthesis
of complex organic molecules. Successful synthesis of intractable organic molecules usually
requires efficient transformations of a broad spectrum of functional groups, and, at the same
time, such transformations have to be orthogonal to a plethora of different functionalities
present in complex organic molecules. '** The discovery of RAFT polymerization (also called
“macromolecular design via the interchange of xanthates” — MADIX; xanthate is the trivial
name for an O,S-dithiocarbonate) was based on a friendly argument between two respected
organic chemists (Sir D. H. R. Barton and A. L. J. Beckwith) about the exact mechanism behind

the Barton—McCombie deoxygenation reaction. '*

Barton—McCombie reaction involves deoxygenation of secondary alcohols via the reaction of
their S-methyl xanthates with tris(n-butyl)stannane (Scheme 2). '%% 170 In the first 1975 Barton
and McCombie report of the reaction, the Bu3Sn- radical was proposed to attack the thiono
sulfur. 7! In 1984, based on electron paramagnetic resonance experiments, Barker and
Beckwith suggested a different mechanism where the BuzSn- radical attacks the sulfide sulfur.
172° A mechanistic study was designed using cholestanyl-derived S-methyl and S-isopropyl
xanthates to compete for 1 equivalent of stannane, where the potential attack on the thiono
sulfur would not be affected by steric environment but a slower rate would be observed because
of the bulkier i-Pr group, provided the reaction took place on the sulfide sulfur. !7* In this
experiment, the S-isopropyl xanthate reacted unexpectedly much faster than S-methyl xanthate,
and the product was surprisingly stannyl xanthate and propane instead of the expected
cholestane resulting from reduction of cholestanyl radical by n-BusSnH. %% 173 This indicated
a fast but reversible reaction of the stannyl radicals on the thiono sulfur. This observation was
key in the discovery of RAFT /MADIX polymerization because at the time it was already
known that carbon-centered radicals react with thionocarbonyl derivatives at a similar rate as

do stannyl radicals. '6% 174
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Scheme 2. The mechanism of Barton-McCombie deoxygenation (reproduced from Zard,

2020 [ref. 169]).
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The mechanism of RAFT polymerization is depicted in Scheme 3. ' The control over the
molecular weight distribution in RAFT polymerization is enabled by a degenerative radical
transfer mechanism that allows fast and efficient switching between active and dormant
growing polymer chains. '®® This means the rate of addition/fragmentation at the functional
chain end-group (typically thiocarbonylthio compounds such as dithioesters, dithiocarbamates,
trithiocarbonates, and xanthates; Z—C(=S)S-R) is supposed to be higher than that of the
propagation. Ideally, less than one monomer unit is added per activation cycle and all growing
chains will necessarily have a similar degree of polymerization (DP) - that is, if we neglect
radical-radical termination reactions. !> Therefore, the overall process is a repeated insertion of
monomers between the R- and Z-C(=S)S-groups of the RAFT agent and the theoretical DP is
determined by the [Monomer]/[[CTA] ratio (CTA — chain transfer agent). '% 176 An
often-overlooked key aspect of RAFT polymerization is that the number of dead chains
resulting from bimolecular termination reactions in conventional RAFT directly corresponds to

the amount of the used radical initiator; i.e., number of radicals introduced into the system. !7
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Scheme 3. The mechanism of RAFT polymerization (reproduced from Perrier, 2017 [ref. 175]).
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RAFT is applicable for most monomers employed in free radical polymerization with exception
of monomers containing strongly nucleophilic substituents such as primary and secondary
amines (although this can be at least partially remedied for example by protonating the amino
group). ! The RAFT literature mostly focuses on polymerization of (meth)acrylates,
(meth)acrylamides, and styryl derivatives. However, RAFT can be used also for polymerization
of more challenging monomers including N-vinylpyrrolidone and vinyl acetate or even for
polymerization of ethylene under milder conditions'”” and a reduced extent of branching
through the “backbiting” mechanism. !> RAFT techniques allow for a straightforward synthesis
of block copolymers by sequential RAFT polymerization or by thiocarbonylthio
functionalization of a polymers prepared by other methods to form a macro-RAFT. Such
pre-synthesized macro-RAFT agents are subsequently used in a standard RAFT
polymerization. !’® RAFT chemistry also enables synthesis of polymers modified with a wide

range of - and w-end functional groups with a relatively high end-group fidelity. 17> 176179

Similarly to RAFT discovery, the roots of ATRP polymerization lie in a method originally
developed by synthetic organic chemists — atom transfer radical addition (ATRA) catalyzed by

Fe' or Cu"" salts. 1818 ATRP or more generally the so-called transition-metal-mediated living

184 182

radical polymerization (TMM-LRP) was first described by Sawamoto " and Matyjaszewski

in 1994. 19 In TMM-LRP the radical center necessary for polymerization reaction is usually
generated by a reversible reaction of an alkyl halide with a transition metal center. The first two

metals described in TMM-LRP by Sawamoto'®* and Matyjaszewski'®? were ruthenium and

copper, respectively. However, many other transition metals have been utilized as well, %

187 188 189
L,

namely iron, % nicke rhodium, °° or the comparably less efficient palladium, **” rhenium,
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%0 and molybdenum. '°! Because of its low cost, large availability and ease of handling, copper
is currently the most studied transition metal in TMM-LRP. When copper, rather than other

metals is used, the process is typically termed ATRP. '6°

Scheme 4. The mechanism of ATRA addition and ATRP polymerization (reproduced from
Matyjaszewski, 2016 [ref. 181]).

klact

R—X + MEfLy, R* + X-M£Z*IL,,

k'deact

Kadd Kp
R* + =\ ;;. R/\_/Y —_— R% .
Y n \

X-MEIL, X-MEL, X-MEH L, X-MtE* 1L,
kdeact kact kdta-ac:t a | KATRP = kacl"kdeact
ML MEL, Mtsz

Y
R/\‘/ R g
X

Y Y
ATRA ATRP

The general mechanism for ATRP is depicted in Scheme 4. ¥ 18! In ATRP the radicals (the
growing polymer centers), are created through a reversible redox reaction between a transition
metal complex (M"-Ly, where L is a ligand or the counterion) and an alkyl (pseudo)halide (R-X,
P-X). This metal complex undergoes a single electron transfer with a simultaneous abstraction
of a (pseudo)halide atom (X, ) from an initiator R-X or dormant polymer chains P-X. Polymer
chains (P-) are growing through the addition monomers to the generated radicals in the same
manner as in a conventional free radical polymerization but they are reversibly deactivated back
to P-X by a reaction with the higher oxidation state metal complex (X-M"!-Ly) . Termination
reactions occur in ATRP mainly by radical disproportionation and coupling. However,
in a properly optimized ATRP only a few percent of the growing polymer chains undergo

termination. '*°

ATRP is considered to occur through an inner sphere electron transfer mechanism (ISET),
where the formation of the radical and the higher oxidation state metal complex (deactivating
species) proceed through the concerted homolytic atom transfer of the halide radical from the
dormant species/initiator (R-X, P-X) to the activating species (M"-Ly). !> ISET mechanism has
been pointed out by ab initio calculations to be more energetically favorable compared to the
possible outer sphere electron transfer (OSET). 2 Interestingly, in “initiators containing

radically transferable groups” ATRP (ICRTG-ATRP) a dithiocarbamate or dithiobenzoate can
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be used as the “(pseudo)halide” group in the initiator molecule R-X, which allows for an elegant
synthesis of block copolymers through a sequential combination of ATRP and RAFT
polymerization with ATRP non-polymerizable monomers (e.g., vinyl acetate). '°* 194 Since its
discovery, also many other variations of ATRP methodology have been developed such as,
reverse-ATRP, activator generated by electron transfer (AGET-ATRP), activator regenerated
by electron transfer (ARGET-ATRP), initiators for continuous activator regeneration

(ICAR-ATRP), and supplemental activation reducing agent (SARA-ATRP).

In 2006, more than 20 years after the discovery of ATRP polymerization, Percec and
co-workers published the ultrafast synthesis of ultrahigh molar mass polymers from monomers
containing electron-withdrawing groups by SET-LRP using elemental copper. !> Percec
proposed the polymerization process was similar to ATRP but with the key difference that Cu’

was the activating species acting through outer sphere electron transfer mechanism (Scheme 5).

Scheme 5. The comparison of SARA-ATRP and proposed SET-LRP mechanism by Percec
(reproduced from Konkolewicz, 2014 [ref. 196]).
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However, the literature debate regarding whether the mechanism of controlled living radical
polymerization in the presence of Cu’ is consistent with SET-LRP or with SARA-ATRP!7-1%
is considerable. % 200202 The accumulated evidence now strongly leans towards the
SARA-ATRP mechanism but the Cu’-mediated polymerization systems are very complex and

the speciation of the present copper species is varied and rather complicated. 16> 202
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2 Aims of the Thesis

1. Development of a scalable one-pot synthetic procedure towards new phenanthroline-fused
pyrazinacenes. Demonstration of the ability of the phenanthroline-fused pyrazinacenes to form
complexes with Ru?* and testing their photosensitizing properties. Development of
a straightforward  derivatization strategy for solubilization or conjugation of

a phenanthroline-fused pyrazinacene with polymers.

2. Development of a controlled polymerization procedure for the preparation of well-defined
poly[ethylene oxide-block-(2-nitrobenzyl)acrylate] (PEO-block-PNBA) that could serve as
amodel light-responsive drug-delivery system. Demonstration of the PEO-block-PNBA

nanoparticle disassembly upon UV irradiation.

3. Studying the properties of thermoresponsive fluorinated copolymers based on
poly[N-(2,2-difluoroethyl)acrylamide] and assessing their potential as '"F MRI tracers and
drug-delivery systems. Introduction of ferrocene moieties into PDFEA copolymers to induce

redox responsivity.

4. Development of supramolecular fluorinated redox-responsive systems based on amphiphilic
poly(2-alkyl-2-oxazolines) with their redox state traceable by '°F MRI, namely:

Designing the structure of two fluorinated ferrocene compounds bearing a pendant amino
group and possessing different hydrophobicities and redox potentials. Developing a multigram
synthetic procedure towards these compounds.

Development of an amide coupling methodology for the block poly(2-alkyl-2-oxazolines)
modified with different ferrocene moieties and synthesis of polymers with various fluorinated
ferrocene contents.

Studying electrochemical properties of prepared polymers, nanoparticle formation and

disassembly by oxidation, testing of '°F MRI properties and probing the redox state by '°F MRI.

5. Synthesis and development of a scalable multigram procedure towards two new
2-aryl-2-oxazoline monomers. Studying the corresponding gradient and block copolymers of
2-aryl-2-oxazolines with 2-methyl-2-oxazoline and comparing the drug loading capacity of

their nanoparticles.
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3 Results and Discussion
3.1 Phenanthroline-Fused Pyrazinacenes

As outlined in the introduction of this thesis, pyrazinacenes are under development
as fluorescent dyes for bioimaging among other applications. Notably, the
tetradecaazaheptacene chromophore has demonstrated absorption and emission spectrum
overlapping with the biological transparency window (650-900 nm). Because acene compounds
are also utilized inorganic triplet-triplet annihilation upconversion materials,
pyrazinacene-based upconversion materials present significant potential for photoactivatable
DDSs by enabling tissue illumination using long-wavelength light in the biological
transparency window and subsequently generating more energetic short-wavelength photons
in situ. Furthermore, the upconversion process provides enhanced spatial precision for the
light-triggered DDS photoactivation, as the upconversion efficiency scales with the square of
the light flux. This ensures that the upconversion occurs almost exclusively in areas directly

targeted by the laser rather than in regions exposed to scattered laser light.

3.1.1 One-pot Synthesis and Derivatization of Phenanthroline-Fused Pyrazinacenes

The initial condensation of a  phenanthrene-9,10-quinone  with  substituted
1,2-phenylenediamine, although normally promoted by acid catalysts, can also proceed in polar
solvents  at  elevated  temperature.’®  This  dehydration  reaction  yields
a 1,4,5,8-tetraazanaphthalo-2,3-nitrile derivative, which is sufficiently electron deficient that its
nitrile groups act as effective leaving groups in nucleophilic substitution reactions. Bearing
these points in mind, we investigated the reaction of phenanthroline-9,10-quinone with

2,3-diamino-5,6-dicyanopyrazine (DADCP) in DMSO at different temperatures.

To our satisfaction, the main product of reactions performed at 140 °C was
6,13-dihydrodipyrido[3,2-a:2",3'-c]-5,6,7,8,11,12,13,14-octaazapentacene-9,10-dicarbonitrile

(2), when using two equivalents of DADCP in the presence of 2 equiv. of base (Na.CO3) to
neutralize the HCN generated during the 2" step of the reaction (Scheme 6). This reaction
represents a straightforward method for preparing unusual phenanthroline-appended
pyrazinacene compounds, whose attributes are incidentally suitable for applications mentioned
in chapter /.1.5. and chapter 3./. We also successfully prepared the corresponding bis(benzo)-
pyrazinacene derivative 1. Both compounds 1 and 2 are quite insoluble in common solvents (or
their mixtures) and are, therefore, difficult to purify. Nevertheless, 1 could be partially purified

by column chromatography but in turn became so insoluble that it was impossible to record
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satisfactory NMR spectra —only "H NMR spectrum in neat [D1]TFA could be recorded. The 'H
and *C NMR spectra of 2 could be obtained after purification either by column chromatography
followed by precipitation or by Soxhlet extraction. Compounds 1 and 2 could not be sufficiently

purified even by sublimation in ultrahigh vacuum.

Scheme 6. One-pot synthesis of substituted octaazapentacene derivatives 1 and 2 (reproduced

from Svec, 2018 [ref. 137]).

X
HN__N__cN | N
(\| i X A NN C
K HoN™ °N C I I
SRR VS 2 1
X N"Yo DMso/t40°c | [ N
l i Not isolated ]
X=N,CH
2N
“2”1”‘“" DMSO0/140 °C
HaN™ N C;N
N
I H =N
X7 | N\IN N\\I/N\IC
XY ONT NN N e,
I H N
N

X=CH(1);N(2)

3.1.2 Pyrazinacene Derivatization for Solubilization or Conjugation

Due to the relative insolubility of compounds 1 and 2 in common solvents, we considered
modification by N-alkylation to improve their solubility. These compounds can undergo protic

tautomerization?%% 205

and N-alkylation generally yields complex mixtures of isomeric products.
The isomeric products are generally restricted to isomers with one N-alkyl group on each side
of the pyrazinacene core with N-alkylation disfavored at end pyrazine groups of the
pyrazinacene molecule (even with a further fused benzo group present). We attempted the
N-alkylation of compound 2 using higher n-alkyl bromides or 3,4,5-tris(dodecyloxy)benzyl
chloride. However, the solubility sufficiently increased only with 3,4,5-tris(dodecyloxy)benzyl
derivatives and separation of the resulting isomer mixture remained unfeasible with both
n-CioHzs and 3.,4,5-tris(dodecyloxy)benzyl modified compounds. Nevertheless, the higher
solubility of the 3,4,5-tris(dodecyloxy)benzyl derivatives 3 opened the possibility to study the

isomeric composition and identities of the products.
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Figure 3 depicts the 'H NMR spectra of of bis[3,4,5-tris(dodecyloxy)benzyl] derivatives
isomeric mixture purified by gel permeation chromatography. The spectrum was decomposed
according to the magenta fitted spectrum. The isomer structures were assigned based on the
expected position of the NH protons in 2, which should be present on the pyrazine ring
neighboring to the ring with nitrile groups. However, the extension of donor—acceptor (D—A)
interaction over another pyrazine ring ought to further stabilize the molecule although existence
of the protons on a terminal pyrazinacene ring (i.e., one that does not have two adjacent fused
pyrazine groups) is not favored. '37-204205 Therefore, the protons reside with highest probability
on the third pyrazine ring remote from the nitrile groups. This assignment is supported
by an X-ray crystallographic study of a similar compound, which indicates that this shift occurs.
136,137 Using the assignment above, the calculated 3a, 3b, and 3¢ isomer ratio is 37:22:41. The
results of this initial pyrazinacene derivatization/solubilization study were used in a follow-up
research to prepare pyrazinacene-(oligoethylene glycol) conjugates that are soluble in polar

solvents. 40
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Figure 3. Analysis of the 3a-¢ isomer mixture based on 'H NMR spectroscopy. The fitted

spectroscopic data is shown in magenta and is based on the structures 3a—c at top. Other isomers
may be present in small quantities and were neglected for this analysis. Peaks in the ranges
7.2—7.0 and 5.8-5.3 ppm are signals of the N-substituent ortho protons and benzylic protons,
respectively. Expected percentage statistical composition is 3a:3b:3¢ =25 %:25 %:50 %. R = n-
C12Has (reproduced from Svec, 2018 [ref. 137]).

3.1.3 Ru"" Complexation and Photosensitizing Properties

Although our efforts towards obtaining pure examples N-alkylated 2 have not yet been
successful, we decided to explore the question whether the properties transition metal
complexes with pyrazinacene-based ligands could be of interest. For this reason, we have
designed and synthesized the ruthenium complex 6 (Scheme 7) with the pyrazinacene ligand 4,
which possesses a phenanthroline moiety at a fluorubine core. Compounds similar to compound
4 are known to form only centrally N-alkylated isomers®*® (N-alkylation of terminal pyrazines
is negligible in pyrazinacenes). The ruthenium complex 6 was prepared by treating
cis-bis(2,2'-bipyridine)dichlororuthenium(Il) complex with the alkylated compound 5 under

standard literature conditions.?”” Complexes similar to 6 have attracted considerable attention
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due to their DNA-intercalating properties*® 2%

and it is known that the replacement of the fused
benzo groups with fused pyrazino units can have a profound effect on the properties of the

resulting complexes. 2!

Scheme 7. Synthesis of compounds 4, 5, and 6. The product 4 was used as isolated without

further purification (reproduced from Svec, 2018 [ref. 137]).
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The compound 6 was obtained an orange amorphous powder soluble in common solvents
despite the large m-electron surface of the tetrabenzofluorubine core. The electronic spectrum
of 6 (Figure 4a) features bands assignable to the bipyridine ligands (300 nm) as well as to the
acene with a four-band structure with Amax at 472 and 503 nm. The weak fluorescence presents
a broad band at 600 nm. An excitation spectrum was recorded by holding the emission
monochromator at 531 nm and scanning the excitation monochromator revealed peaks at
460 and 492 nm (see Appendix 1 — Supporting Information), that largely resembled the
absorption spectrum. Compound 6 undergoes two reversible one-electron oxidations at 1.15,
1.51 and three reversible one-electron reductions at —1.10, —1.36 and —1.75 V vs. Ag/AgCl
(Figure 4b) some of them involving the pyrazinacene unit.'*® The electrochemical HOMO-
LUMO gap was determined to be 2.25 eV, which is similar to the values reported for Ru''(bpy);
in the literature. 2! O-dichlorobenzene served as the solvent for electrochemical measurements

because the use of acetonitrile led to surface adsorption and process irreversibility.
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Figure 4. a) Electronic absorption spectrum of 6 in o-dichlorobenzene (figure inset shows the
emission spectrum, Aex = 503 nm). (b) Cyclic voltammograms of 6 in o-dichlorobenzene

containing 0.1 M BusN(ClO4); (reproduced from Svec, 2018 [ref. 137]).

A dye-sensitized solar cell (DSSC) was prepared employing the compound 6 — the relevant data
is presented in Figure 5.2'? TiO, with adsorbed compound 6 and I/I3 as the mediator were used
in a typical DSSC configuration. It is noteworthy that the addition of a TiO> slurry to the
solution of compound 6 led to profound fluorescence quenching, suggesting that electron
injection from the excited state of 6 into the TiO> conduction band was taking place. The absent
anchoring groups (e.g., carboxyl groups) in 6 led to weaker adsorption onto TiO2, and resulted
in a rather modest performance of the DSSC. ?!? It is possible that 6 is chemisorbed at the TiO>
surface with the pyrazinacene moiety of our dye. This point will be investigated in future work
by introducing other anchoring groups such as pyridyl or carboxyl at different points on the
structure. The average performance metrics of two cells are presented in Figure Sa with open
circuit potential = 0.42 V, short circuit current = 0.58 mA cm™, fill factor = 0.45 and n = 0.11%.
Despite the modest DSSC performance, 6 proved to be a robust DSSC sensitizer, showing
excellent reproducibility of voltage and current switching. Figure 5b shows the visualization of

the calculated structures of the highest occupied molecular orbital (HOMO) and lowest
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unoccupied molecular orbital (LUMO) for compound 6. The HOMO lies predominantly on the
pyrazinacene ligand while the LUMO is accommodated on the Ru(bpy). moiety, suggesting

directional electron transfer by means of push-pull effect. 2'4
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Figure 5. a) Current density vs. voltage (J-V) curves of DSSC constructed from 6. Voltage and
current switching plots are shown in the righthand panels. (b) Structures of the HOMO and
LUMO for 6; (reproduced from Svec, 2018 [ref. 137]).

Improving photochemical properties of 6 could be addressed by various means that have
already been described by other workers. >!52!7 For example, the incorporation of extended
aromatic ligands has been thoroughly studied for the corresponding Ru'' complexes. Those

works have provided insight into the structural parameters affecting the materials'

218-220 t 221, 222

performances, and the studied compounds themselves remain highly relevan
The n-extended phenanthroline ligands have been extensively studied?*?® in relation to
dye-sensitizers. However, the introduction of ligands with pyrazinacene moieties to these dyes
presents some prospects for developing highly fluorescent compounds with easily modifiable
substituents both at the (bpy).Ru"" moiety (as has previously been done) and at the pyrazinacene
moiety where lateral substituents at the nitrogen atoms could be employed for tuning the
adsorption/interaction of the dye-sensitizer with TiO». Using different N-substituents could also
be important for reducing any detrimental aggregative processes. NMR spectroscopy of 6 at
different concentrations revealed its significant tendency to aggregate through interactions at

the pyrazinacene moiety (probably n—m stacking), as manifested by the upfield shift of the

corresponding NMR proton signals at higher concentrations. Our findings about the
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ruthenium-pyrazinacene complex 6 adds valuable extension to the previously reported

compounds.

3.2 Model Light-Responsive Drug Delivery System

In this section, we introduce a novel protocol for the rapid synthesis of light-sensitive
poly[ethylene oxide-block-(2-nitrobenzyl)acrylate] (PEO-b6-PNBA) amphiphilic diblock
copolymers with a narrow molar mass distribution, crucial for achieving tailorable, well-
defined, and reproducible micellar structures and uniform biological behavior. The synthesis
was performed using SET-LRP of the (2-nitrobenzyl)acrylate (NBA) monomer initiated by
a PEO-containing macroinitiator. Despite the previous reports on PEO-5-PNBA copolymers,
227228 this represents the first instance of synthesizing the PNBA block via a controlled radical
polymerization, resulting in copolymers with low dispersity. The micellization behavior of this
copolymer was analyzed using dynamic light scattering (DLS), and its light responsiveness was
demonstrated through the successful disassembly of its micelles in aqueous solutions upon UV
irradiation. This system could serve as a model for biologically excretable DDS systems or be
combined with upconverting materials to enable disassembly triggered by lower-energy

photons within the biological transparency window.

3.2.1 Highly Defined Poly[ethylene oxide-block-(2-nitrobenzyl)acrylate]

We performed a series of test polymerizations to explore the viability of SET-LRP
polymerization for the synthesis of amphiphilic PEO-b-PNBA copolymers (Table 1, Scheme 8,
Figure 6). PEO-Br was utilized as the macroinitiator while maintaining the weight/volume ratio
of NBA/DMSO at 1:2 to ensure full solubility of PEO-Br. CuBr; additive was employed to
eliminate the formation of high molar mass by-products. The length of the elemental copper
wire catalyst highly influenced the polymerization rate. High conversions and short reaction
times (81% in 60 min) were achieved using a 5 cm wire (d = 0.8 mm) but the dispersity of the
resulting polymer was relatively high (D = 1.57). In contrast, with a shorter copper wire

(1.5 cm) an excellent control over the polymerization was achieved (Table 1).
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Scheme 8. SET-LRP synthesis of PEO-b-PNBA copolymers (reproduced from Sedlacek,

2019 [ref. 81]).
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Table 1. Characteristics of PEO-b-PNBA copolymers

piepe
.,

Cu(0) wire Time Conversion® Mi(theo)® Mnsecy?
a) b) d)
Entry™ jength [em] [min] [%] DP(NBAY “pa)  [pa] PO
1 5 60 81 40 13500 26500 1.57
2 3 60 75 37 12300 20900 1.35
3 1.5 60 52 26 10500 12300 1.1
4 1.5 120 8.3 4 13700 19100 1.26

a) Initial monomer feed ratio [NBAJo:[PEO-Br]o:[MesTREN]o:[CuBr2]o = 50:1:1:0.1 in DMSO
[NBA]o = 1.61 m; b) Determined by 'H NMR spectroscopy; c¢) Calculated by formula Mpheo)
= [(INBA]o/[PEO-Br]p x conversion x Mnpa] + Mpeo-r; d) Determined by size-exclusion

chromatography (SEC).
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Figure 6. SET-LRP of NBA using [NBA]o:[PEO-Br]o:[MesTREN]o:[CuBr2]o = 50:1:1:0.1 in

DMSO at 25 °C, initiated with 1.5 cm 20-gauge copper wire, using 3 g of NBA. A) Conversion

plot of NBA monomer. B) Plot of molar masses and dispersities. C) SEC chromatograms of

PEO-b-PNBA copolymers; (reproduced from Sedlacek, 2019 [ref. 81]).
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The polymerization kinetics was studied by '"H NMR and size-exclusion chromatography
(SEC). Following an induction period, the polymerization proceeds by pseudo-first-order
kinetics with respect to the NBA monomer (Figure 6A). The apparent propagation rate constant
determined by the linear fit of the kinetic plot was k, = 8.6 £ 0.4 x 10> L mol ! s™!. The reported
in this work is approximately one order of magnitude higher than the previous results by Six et
al. who polymerized NBA using ethyl-2-bromoisobutyrate initiator. >** The herein described
polymerization rate constant as well as the shorter induction period (fina = 7 min) could
be explained by a more effective activation of the copper wire surface using hydrazine solution.
229,230 The first-order kinetics was observed for monomer conversions up to ~65%. At higher
than conversions, the chain-chain coupling led the molar mass deviation towards the higher
values and to increased polymer dispersity (Figure 6B). The final polymer, PEO114-b-PNB A2,
was also characterized by diffusion-ordered NMR spectroscopy (DOSY, Figure 7). The DOSY
spectra revealed identical diffusion coefficients for each '"H NMR polymer peak and confirmed

the block structure of the synthesized copolymer.
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Figure 7. 'H NMR (top) and DOSY (bottom) spectra of PEO114-b-PNBA3s in CDCl; (adapted
from Sedlacek, 2019 [ref. 81]).
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3.2.2 Nanoparticles and UV Induced Disassembly

The irradiation studies were performed with a diblock polymer of composition
PEO114-b-PNBA2s, where the weight ratio of hydrophilic to hydrophobic blocks is
approximately equal. Nanoprecipitation of the PEOi14-b-PNBA2s copolymer in water or
PBS (pH = 7.4) led to nanoparticles with an average hydrodynamic diameter of 25 nm.
The CAC of the block copolymer was obtained in PBS by fluorescence spectroscopy using
pyrene. The CAC value of PEO;14-b-PNBA2 (CAC = 8.1 mg L") was similar to previously

reported values for similar block copolymers. 2*!

Irradiation of the micellar solution by UV light (mercury lamp) led to the hydrophilization of
the whole polymer system by inducing photo-cleavage of the hydrophobic o-nitrobenzyl
groups. The photodecomposition of o-nitrobenzyl esters can be observed by UV-vis
spectroscopy. The intense o-nitrobenzyl ester absorption at 275 nm decreases, whereas the band
of the formed o-nitrosobenzaldehyde appears at 326 nm (Figure 8A). 22° Therefore, we used the
absorption at 326 nm to determine the extent of UV-triggered PNBA block photodecomposition
in both water and in PBS (Figure 8B). The disassembly of micelles irradiated in pure water was
slightly faster (but not statistically significant; p > 0.1). Furthermore, '"H NMR spectra of the
UV-irradiated (10 min) and subsequently freeze-dried samples were measured (Figure 9).
The part of the spectrum corresponding to aromatic photodecomposition products was
relatively complex but the signal at 6 = 104 ppm confirmed the presence of
o-nitrosobenzaldehyde. The degree of photodecomposition was calculated based on the change
in the intensity ratio of the PNBA signals (-O-CH2-Ph, 6 = 5.4 ppm) to the PEO signal at
0 =3.6 ppm.
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Figure 8. Absorption spectra measured following irradiation of PEO14-b-PNBA26 micelles in
PBS (c = 0.5 mg mL™") (A). The initial (blue line) and final (red line) spectra are highlighted.
Dependence of polymer absorption at 326 nm on irradiation time (B); (reproduced from

Sedlagek, 2019 [ref. 81]).
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Figure 9. '"H NMR spectra of PEO114-b-PNBA3s micelles before (top) and after (bottom) UV-

irradiation in water for 10 min. Spectra measured in CDCI; (reproduced from Sedlacek, 20198").

The UV-induced disassembly the polymer micelles was also studied by DLS (Figures 10 and
11). The scattered light intensity is the most intuitive parameter for analyzing nanoparticle

disassembly due to its power law dependence on the size of the nanoparticle/micelle. Indeed,
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Figure 10A gives proof of the disassembly process triggered UV-light irradiation. Considering
this finding, we have analyzed the hydrodynamic diameter distribution functions at different
irradiation timepoints. At short irradiation times, the PEO114-b-PNBAs copolymer in water
showed a monomodal peak with Dj approximately 25 nm (Figure 10B,C). We attributed this
peak to micelles. With longer irradiation times, the peak shifted to lower Dy, as a result of the
polymer hydrophilization and micelle disassembly. In the PBS-buffered solution, the D, value
rapidly dropped to =9 nm and did not change during further irradiation. This behavior can be
explained by constant pH of the buffered solution during irradiation, where the acrylic acid

units are ionized and negatively charged. This led to stronger hydrophilization and micelle

disassembly.
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Figure 10. UV-light responsive degradation of the PEO114-b-PNBA2¢ micelles in water in PBS
buffer. Dependence of the scattered light intensity (A) and hydrodynamic diameter (B) on the
irradiation time. Hydrodynamic diameter distribution functions at different irradiation times in

PBS (C); (adapted from Sedlacek, 2019 [ref. 81]).
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Figure 11. Hydrodynamic diameter distribution functions PEO114-b-PNBA2s micelles
irradiated 10 min in water before (blue) and after (red) consequential addition of PBS

(reproduced from Sedlacek, 2019 [ref. 81]).

On the other hand, irradiating the micelles in pure water led to a drop in pH, gradual micelle
disassembly and formation of larger objects with D; around 17 nm. We have experimentally
confirmed that the pH dropped below the pKa. of the acrylic acid units after 10 minutes
(pH = 4.26) and 20 minutes (pH =4.01) of irradiation. Moreover, low pH not only leads to
decreased hydrophilicity of the poly(acrylic acid) block but also promotes aggregation through
formation of the hydrogen-bonded poly(acrylic acid)-PEO polyplexes. Similar behavior was
described with mixtures poly(acrylic acid) and PEO homopolymers. ** To support this
hypothesis, we irradiated the micelle solution in pure water for 10 min and subsequently
adjusted solution pH to 7.4 by adding a PBS tablet. This led to a drop of D, value measured by
DLS from 18 to 8 nm (Figure 11). Surprisingly, with the sample irradiated for longer time
(20 min) the pH adjustment did not result in micelle disassembly, but larger objects with
an average D of 36 nm were observed (see Appendix 2 - Figure S3, Supporting Information).
This could be ascribed to a UV-mediated crosslinking of the assembled micelles during longer
irradiation at low pH. Similar UV-induced crosslinking was reported in the literature. 2%
The nanoparticle size increase (“swelling”) is caused by adjusting the pH to a higher value,
leading to ionization and repulsion of the carboxyl groups in the poly(acrylic acid) block.
In conclusion, PEO-b-PNBA micelles in pure water manifest a more complex behavior under
UV irradiation. However, for the intended applications in stimuli-responsive DDSs the system's

behavior in buffered media (PBS) is relevant.
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3.3 Responsive Fluorinated Polymers Based on
Poly|[N-(2,2-difluoroethyl)acrylamide]

Thermo-/pH- and thermo-/redox-responsive behaviors represent another approach
to self-assembled polymer systems. Carefully designed polymers, initially molecularly
dissolved at room temperature, may self-assemble into various nanoparticle architectures or
alternatively aggregate into bulk precipitate/polymer depots. However, this assembly occurs
only at the conditions fulfilling both the right interval of pH and temperature (thermo-pH) or
redox potential and temperature (thermo-redox). In this section, we describe a novel series of
fluorinated polymers, based on the previously published poly[ N-(2,2-difluoroethyl)acrylamide]
(PDFEA) '°F MRI tracers,?** 2*° designed for injectable implants with varying dissolution rates
under physiological conditions. By altering polymer compositions and including pH-responsive
imidazole moieties and hydrophilic N-(2-hydroxyethyl)acrylamide monomeric units, we
tailored different dissolution rates to meet various application demands. We also present novel
PDFEA-based polymers with incorporated ferrocene moieties oxidizable to the positively
charged and more hydrophilic ferrocenium species. These polymers were intended for dual

thermo- and ROS-responsive diblock copolymeric DDS that can be monitored by '°F MRI.

3.3.1 Synthesis and Properties of Thermo-/pH- and Thermo-/Redox-Responsive Polymers

The fluorinated multiresponsive copolymers poly{/N-(2,2-difluoroethyl)acrylamide-co-N-[3-
(/H-imidazol-1-yl)propyl]acrylamide-co-N-(2-hydroxyethyl)acrylamide} = (P(DFEA-ImPA-
HEA)) were prepared by statistical copolymerizations of the corresponding monomers using
RAFT technique with 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the
chain transfer agent (Scheme 9). While the N-(2,2-difluoroethyl)acrylamide monomeric units
provided the copolymers with LCST and '°F MRI contrast properties, the pendant imidazole
groups endowed them with pH-responsive character. Finally, we employed the
N-(2-hydroxyethyl)acrylamide units to tune the polymer hydrophilicity. We prepared the
copolymers in five different monomer unit ratios (Table 2) to achieve variable
dissolution rates in vivo. All studied copolymers had a molar mass of approximately 40 kDa
(near the glomerular filtration cutoff>*®) and a narrow dispersity (D < 1.20). The positive charge
of the polymer and molar mass near the glomerular filtration cutoff should allow renal excretion
after the injectable implant dissolves. Polymers with LCST properties have been demonstrated
to be excreted by the kidneys and bile, even when the LCST of the polymer is significantly
below body temperature. This occurs due to equilibration between the phase-separated and

dissolved phases. 2’
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Scheme 9: Structure and synthesis of multiresponsive fluorinated P(DFEA-ImPA-HEA)
copolymers F1-F5. Polymer chain-end groups were omitted for clarity (reproduced from

Kolouchova, 2020 [ref. 88]).

Thermoresponsivity
l 9F MRI tracer
0 NH
i l l CTA 16 h

+ HN™ "0 + HN
DMF 70 °C x
@ 0 HN
Hydroph|I|C|!y
pH-responsivity Tunable dissolution

Table 2. The composition and physicochemical properties of the prepared polymers.

Z

Polymer  Polymer Composition? Fluorine M, Dsecy® Tce (°O)*
[mol. %] [wt %] [kDa]®
DFEA ImPA HEA pH7.4 pHS5.0

FO >4 92 8 0 25.8 41.9 1.10 22 43
F1 88 7 5 24.8 37.8 1.12 27 60
F2 84 8 8 23.6 37.9 1.09 31 71
F3 76 9 15 21.4 32.8 1.19 37 >g85¢
F4 70 9 21 20.2 43.7 1.05 54 (85)¢
F5 58 9 33 16.3 47.4 1.09 (67  (85)1

Determined by 'H NMR spectroscopy,? SECP or turbidimetry.® Inaccurate data.¢

We analyzed the thermo- and pH-responsive behaviors of the polymers using turbidimetry
based on the temperature-dependent sample transmittance in two different buffer solutions
(PBS buffer with pH = 7.4 and acetate buffer with pH = 5.0). The polymers were designed to
exhibit a significant difference in Tcp (Table 2) under acidic versus physiological conditions.

The polymers were soluble in water at pH 5.0, at which the 7cp value of the copolymer was
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intended to be well above body temperature to prevent polymer aggregation and needle
obstruction during injection. *® In contrast, the Tcp at pH 7.4 must be below the body
temperature to ensure rapid aggregation and formation of the implant. The copolymers F1, F2,
and F3 exhibited 7cp values within the selected range. However, F3 precipitated at = 37 °C at
pH 7.4, which is too high for the formation of a sufficiently stable implant (body temperature
in rats is 36.5 °C?*). With increasing content of hydrophilic N-(2-hydroxyethyl)acrylamide
monomer units, the 7cp also increased, which is in accordance with the general trend observed
for LCST copolymers. 24 2*! The copolymers F4 and F5, with the highest amount of
N-(2-hydroxyethyl)acrylamide, exhibited 7cp far above the body temperature rendering them

unsuitable for injectable implants (Figure 12).
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Figure 12. Correlation among composition and physicochemical properties - cloud point
temperatures of each polymer at pH 5.0 and 7.4 as a function of the polymer (F0-F4)

composition (% of hydrophilic monomer); (reproduced from Kolouchova, 2020 [ref. 88]).

Next, we decided to design and study related PDFEA-based block polymers with
incorporated ferrocene moieties to obtain materials with thermo-/redox-responsive behavior.
The fluorinated copolymers based on poly[N-(2-hydroxypropyl)methacrylamide]-block-
poly{N-(2,2-difluoroethyl)acrylamide-stat-N-[2-(ferrocenylcarboxamido)ethyl]acrylamide}

(PHPMA-block-P(DFEA-stat-FcCEA) (HF1, HF2, and HF3) are amphiphilic diblock
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copolymers. The hydrophilic to hydrophobic block ratio was 1:2, and the ferrocene content
varied from 0.5 to 3.0 wt %. We prepared the polymers HF1-HF3 by polymerizing the
corresponding monomers in two subsequent RAFT reactions with the same chain transfer agent
as with FO-F5 and using the PHPMA-CTA as a macroinitiator for the second polymerization.
The ferrocene moieties were introduced by postpolymerization modifications (amine

deprotection followed by amide coupling with ferrocenecarboxylic acid; Scheme 10).

Scheme 10. Synthesis of Multiresponsive Fluorinated PHPMA-block-P(DFEA-stat-FcCEA)
Copolymers HF1, HF2, and HF3; the polymer chain end moieties were omitted for clarity
(adapted from Kolouchova, 2021 [ref. 117]).

(1) Synthesis of PHPMA macro initiator
COOH OH

HO Q )ﬁ
é NC
s tBuoH,AIBN HN. O ¢
NH
°=}_ s=(s 70°C,7h SJ-LS,(CHz)uCHs

HyC(H,C)yq
HPMA CTA MacroCTA
(2) Synthesis of diblock copolymers HF1, HF2 and HF3 /«/ . g
/ e/l °
F, BocHN :
F 1. MacroCTA, DMF, AIBN \
70 °C, overnight -
e
NH *+  NH 5 7FA,1h,RT .

°=§ O=( ' 3.FcCOOH, DCC, NHS, 0 °C
/ /

DFEA BocAEA HF1-3
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Table 3. Composition and Physicochemical Properties of Polymers

block My My® bP fluorine™d ferrocene?
ratio® [kDa]  [kDa] [wt %] [wt %]
PHPMA 4 8.68 8.02  1.09 - -
HF1 1:1.8 323 26.3 1.22 16.7 0.49+0.12
HF2 1:1.9 29.1 26.0 1.12 18.0 0.80+0.12
HF3 1:1.8 34.0 27.9 1.22 16.6 2.63 £0.66

Determined by 'H NMR spectroscopy;* Determined by SEC;? Determined by ICP-MS-MS;*
Not applicable (—).¢

The PDFEA component of HF1-HF3 with its high fluorine content ensures the LCST
properties and enables particle self-assembly at increased temperature as well as suitability for
YF MRI. The N-[2-(ferrocenylcarboxamido)ethyl]acrylamide units (FCCEA) incorporated into
the PDFEA block are responsible for the redox-responsive behavior and potential control over
the drug release in a DDS. The PHPMA hydrophilic block colloidally stabilizes the
nanoparticles formed increased temperature (close to body temperature). The varying ferrocene
contents in polymers HF1-HF3 (approximately 0.5, 1.0, and 3.0 wt %, Table 3) were used to
assess the effects of these redox-responsive moieties on the general physicochemical behavior

of these polymers.

The self-assembly induced by temperature change was measured for neat copolymers
(Figure 13, black trends) and for polymer formulation with a hydrophobic drug (GSK 429286,
0.1 mg-mL"!, Figure 13, gray trends).
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Figure 13. Graphs (A—C) show the particle size (determined by DLS) as a function of
temperature for HF1, HF2, and HF3 in their reduced forms in PBS (black trends), in their
oxidized forms in acetate buffer (red trends), and in their reduced drug-loaded form in PBS

(GSK 429286, 0.1 mg mL™!, gray trends); (adapted from Kolouchova, 2021 [ref. 117]).
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The ROS-responsive behavior was studied by oxidizing the polymer ferrocene moieties and
measuring the hydrodynamic diameter distributions as a function of temperature (Figure 13).
Plethora of ferrocene oxidation methods has been reported such as H>O; in the presence of
enzymes and metal ions and acids.?*?>* The ferrocene oxidation by H,O. or oxygen without
added catalyst has an induction period, a relatively slow kinetics and is autocatalytic.!®> 242
The ferrocene oxidation can be directly observed by the naked eye as the yellow-orange
ferrocene (Fc®) changes to greenish and finally deep blue ferrocenium (Fc*). We decided to
simulate the conditions for our in vifro measurements using acidic pH to simulate the
environment tumor endosomes (pH 5.0).2%° To circumvent the slow ferrocene oxidation kinetics
we employed Fenton oxidation conditions.?*” Our measurements confirmed that the polymer
oxidation prevents particle formation within the measured temperature range for all HF1-HF3
polymers (Figure 13, red trends). These results indicated that ferrocene moiety oxidation

triggered the particle disassembly and shifted the particle formation temperature outside of the

physiological range.

3.3.2 Assessment of ’F MRI and Biological Properties

The PDFEA-based tracers have a relatively unique '°F chemical shift (—124 ppm) allowing
a parallel imaging with the more “traditional” perfluorocarbon tracers (shifts from —80 ppm to
—70 ppm). The 71 and 7> relaxation times of F1-F4 were measured at the magnetic field of
4.7 T, temperature of 37.0 °C and two pH values 5.0 and 7.4, respectively. Both 71 and 7> were
approximately 380 £ 50 ms (7} and 7> were equal within the margin of the experimental error)
for the F1-F4 polymers in both their non-aggregated (pH =5.0) and aggregated forms
(pH = 7.4). This makes F1-F4 polymers suitable even for the most common MRI sequences.
248 It has to be noted, that the minor difference in the relaxation times of the aggregated and
non-aggregated samples (pH 7.4 and 5.0, respectively) indicates high mobility even in the
aggregated state.

Despite numerous theoretical and experimental studies on the prospective use of LCST
polymers for implant drug formulations and controlled drug release, very little is known about
the dissolution rates ad pharmacokinetics of these polymer implants. We injected polymers
F1-F4 subcutaneously and intramuscularly into healthy rats. Subsequently, we used the MR
spectroscopy (Appendix 3 — Table S2) and MRI signal intensity data (signal-to-noise ratio,
Appendix 3 — Table S4, S6) combined with MRI-assessed implant volume (Appendix 3 —
Figure 3, Table S3, S5) to extract specific pharmacokinetic data (Figure 14).
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Shortly after administration (simultaneous intramuscular and subcutaneous) a fast decrease in
the 'F MR signal intensity over 2 to 3 days was observed. The initial decrease was more
pronounced with the more hydrophilic polymers, possibly due to their faster dissolution and
subsequent excretion during the first phase. After this initial period, the '°F MR signal intensity

decrease closely followed pseudo-first-order kinetics (Figure 14).
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Figure 14. The non-localized '°F MR spectroscopy from thigh part of rat body performed with
4 cm circular 'H/'F RF surface coil dissolution kinetics of polymers FO-F4 as a function of
time. Parameters Amrs and #12 of the polymers, the fitting-based SD, the fitting R?; (reproduced
from Kolouchova, 2020 [ref. 88]).

To summarize, the Tcp of the polymer at the given pH grows linearly with increasing amount
of the hydrophilic monomer (in agreement with previous studies®*') and its dissolution rate
increases (f12 decreases). In order to demonstrate the clinical potential of our polymers, a rat
was scanned using a commercial 3 T MRI scanner equipped with a custom rat 'H/"°F volume
coil, capable of measuring both '"H MRI and '"F MRI. The merged image is presented in
Figure 15.
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Figure 15. In vivo experiment with the clinically used 3 T MRI showing a merged '°F MRI
(red) and 'H MRI (grayscale); (reproduced from Kolouchova, 2020 [ref. 88]).

Although aggregation of the PDFEA copolymers F1-F4 does not induce changes in their MR
properties, their MR properties may be influenced by the surrounding environment. 8 249
The oxidation of the ferrocene-containing HF1-HF3 polymers that transforms its diamagnetic
ferrocene moieties into paramagnetic ferrocenium may affect the °F MRI signal. To address
this question, we recorded the NMR spectrum of the ferrocene-containing polymer HF1 before
and after oxidation. No change in chemical shift or signal broadening (indicating no significant
change in 7>*) was detected. No observable changes in the NMR spectra are most likely
attributable to the relatively minor ferrocene content, whose oxidation affects only the
surrounding DFEA monomeric units. Most fluorinated moieties remain unaffected, and thus
the ”F NMR signal remains virtually unchanged. To further support applicability of these
polymers, we also performed "H/'"°F MRS and MRI imaging with the polymer HF1 (Figure 16).

The phantom visualization HF1 was possible with polymer concentrations as low as

12.5 mg-mL".
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Figure 16. In vitro phantom 'H MRI and '°F MRI images with decreasing HF1 polymer

concentrations. Signal-to-noise ratio (SNR) = 6.9; (reproduced from Kolouchova,

2021 [ref. 117)).

3.3.3 Assessment of Drug-Delivery Properties

To investigate the potential of our pH-responsive polymer F1 for depot drug formulations, we
performed an in vitro experiment using dexamethasone (polymer F4 with high 7cp above body
temperature served as a control). Dexamethasone was selected based on its high biological
potency (low concentrations necessary) and, although relatively hydrophobic (logP = 1.8), %>°
dexamethasone was sufficiently soluble for a convenient analyzing its aqueous concentration
by means of UV-HPLC. In this experiment, we dissolved the polymer (F1 or F4) dissolved in
a saturated dexamethasone solution. The resulting solution was transferred into a mini-dialysis
kit and placed into a pre-heated (37 °C) PBS solution. The polymer F1 immediately aggregated
and formed a “depot”, whereas no change was observed with polymer F4. Aliquot samples of
the solution at the outer dialysis membrane side were analyzed using UV-HPLC to quantify the

concentration of the released dexamethasone.

With both polymers F1 and F4, a fast release phase (commonly referred to as the “burst” release
with depot formulations) was observed during the first 10 h. This corresponds to the release of
the non-polymer bound portion of dexamethasone. After this fast initial phase, a significantly
slower gradual release was observed with the polymer F1. The release from F1 was sustained
and accounted for approximately 10% of the contained drug per day (the #1,2 of the release was
2.2 days). The drug release rate may depend on the drug hydrophobicity, as reported in similar

systems. 2°!"2>* Given that the in vivo dissolution of the PDFEA polymer depots is considerably

59



slower than in vitro dissolution, *® the drug release rate in vivo may also be significantly slower
than in our in vitro model. > %3¢ Our results indicate that the F1 polymer depot with can
incorporate a portion of the drug (determined by the logP of the drug) and sustain its gradual
release (see Figure 17). In contrast, the polymer F4 with 7cp well above the experimental
temperature was not able significantly extend the drug release time. Based on our in vitro
results, we conclude that our systems may be suitable for designing extended-release depot

formulations of hydrophobic drugs.
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Figure 17. Drug release from a 50 mg depot in vitro; the graph shows the concentration of

dexamethasone released from the depot F1 and the control F4 as a function of time (the data

were fitted with the Formula 7, see Appendix 3); (reproduced from Kolouchova, 2020 [ref. 88]).

3.4 Poly(2-alkyl-2-oxazolines) Functionalized with Fluorinated Ferrocenes

Strong '°F MRI signals require materials with mobile magnetically equivalent fluorine atoms
and high fluorine content. 243237 In the pursuit of novel redox-responsive materials for DDSs
traceable by '°F MRI, we designed polymers containing trifluoromethylated ferrocenes as the
sensing units. Unlike our previously studied systems, these polymers were anticipated to change
their '°F MRI signal in response to ROS species, due to the proximity of fluorine atoms to the
ferrocene moiety. Simultaneously, the oxidation of the ferrocene moieties to charged
ferrocenium species was expected to trigger nanoparticle disassembly and potential drug

release.
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3.4.1 Design and Multigram Synthesis of Fluorinated Ferrocenes

F nuclei will experience the strongest changes in relaxation times and chemical shift when
they are close to the ferrocene moiety that is being oxidized. However, introducing strong
electron-withdrawing groups, such as the trifluoromethyl group, to the ferrocene moiety can
significantly increase its redox potential. The resulting redox potential of the polymer-bound
ferrocene derivative could thus impact the ease and rate of oxidation/disassembly of
nanoparticles formed from these amphiphilic polymers. Furthermore, fluorinated groups tend
to increase material lipophilicity markedly, and highly fluorinated materials may even exhibit
both hydro- and lipophobicity (i.e., fluorophilic behavior). ?°® Therefore, we prepared polymers
based on different fluorinated ferrocene chemotypes 9 and 12, with two or one -CF3 group,

respectively (Scheme 11). 1%

Scheme 11. Synthesis of fluorinated ferrocenes with a pendant amine (MW — microwave);

(reproduced from Svec, 2022 [ref. 109]).
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Compound 7 was synthesized by a previously reported microwave-assisted Friedel-Crafts-like
reaction. 2°° After optimizing the reaction conditions, we scaled up the fluorinated precursor
synthesis to multigram amounts. The amine group necessary for amide coupling with the
polymer was introduced by Williamson ether synthesis using the alkylating agent 8 with
a Cbz-protected amine. The hydroxyl group in compound 7 is considerably acidic due to the
two geminal electron-withdrawing -CF3 groups (the pKa of hexafluoroisopropanol is 9.3, 2%
and the phenyl analog of 7 has a pKa = 8.8%°!:29%), This led to the relatively high yield of the
Sn2 reaction leading to the desired product 9 (63%). The Cbz amine protecting group in
compound 9 was chosen for its fast and clean cleavage by hydrogenation and the subsequent

straightforward free amine isolation by simple filtration.
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The synthesis of the second fluorinated ferrocene with a pendant amino group (12) started with
2,2 2-trifluoroacetylferrocene (11), which can be prepared by acylation of ferrocene with
trifluoroacetic anhydride in the presence of AICI; as the catalyst (Friedel-Crafts-like reaction).
263 Unfortunately, this approach had very low yields (=15%). Furthermore, the product
purification on a larger scale was rather demanding. Therefore, we prepared 11 on a larger scale
by selective ferrocene monolithiation®®* followed by a reaction with the Weinreb amide of
trifluoroacetic acid (10). This reaction yielded the product on a multigram scale and allows

further upscaling.

In the next step towards the final amine 12, the ketone moiety had to undergo reductive
amination. Reductive amination is commonly performed through in sifu imine formation and
subsequent reduction with sodium cyanoborohydride or related agents. However, under these
conditions only the product of ketone reduction ((2,2,2-trifluoro-1-hydroxyethyl)ferrocene)
was isolated. Perfluoromethylated ketones are known to perform poorly in reductive amination

with sodium cyanoborohydride. 2%

However, a previously reported procedure for
1-aryl-2,2,2-trifluoroethylamine synthesis from the corresponding ketones?% finally allowed us
to prepare more than 1 g of pure 12 during a single run. Compound 12 was isolated by
a relatively simple flash chromatography on silica without any basic additive in the mobile
phase, which indicates the low basicity the amino group, vide infra. We also converted amine
12 converted into its corresponding acetamide 13 (for structure see Figure 18C) in order to
study its electrochemical behavior (low-molecular weight counterpart for polymers modified

with compound 12).

3.4.2 Block Poly(2-alkyl-2-oxazolines) with Fluorinated Ferrocene Moieties

A series of three diblock copoly(2-oxazoline)s (Ame, Bme and Cwme; Scheme 12) was targeted to
have a first block consisting of a statistical MeOx (2-methyl-2-oxazoline)/ MestOx

) 266

(2-(3-methoxy-3-oxopropyl)-2-oxazoline copolymer intended for coupling with the

fluorinated ferrocene moieties (the hydrophobic block) and a second hydrophilic PMeOx block.

The block copolymers were prepared by the cationic ring-opening polymerization (CROP) of
the respective monomers using acetonitrile as a solvent and MeOTs (methyl
4-methylbenzenesulfonate) initiator at 140 °C. To avoid excessive hydrophobicity of the
ferrocene-containing block, statistical copolymerization of MestOx with hydrophilic MeOx
was used to prepare the first block. Furthermore, hydrophobic statistical copolymers may offer

certain advantages over block copolymers (see also section 3.5), such as higher mobility and
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hydration of the core, which potentially leads to longer 7>°°” and higher drug loading capacity.

268

After complete consumption of both monomers, the second portion of MeOx was added, and
the polymerization was continued to yield the second block of hydrophilic MeOx homopolymer
ensuring water solubility and colloidal stabilization. The content of MestOx repeating units in
the three copolymers was different, whereas the target block molar ratio and the target total
theoretical degree of polymerization (DP =100) was kept the same in all polymers
([MeOx-MestOx]:[MeOx] = 40:60). The methyl ester side chains were then hydrolyzed into

carboxylic acids (polymers A-C; for polymer dispersities and molecular weights see Table 4).

Scheme 12. Synthesis of starting polyoxazolines with a pendant carboxyl group; (reproduced

from Svec, 2022 [ref. 109]).
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The free carboxyl groups in the three polymers A-C were subsequently coupled
with the fluorinated ferrocenes using (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyBOP). The amine 14 (Scheme 13) with two -CF3 groups was prepared
by deprotecting 9 by hydrogen with a Pd/C catalyst in MeOH directly prior to coupling with
polymers. Amide coupling proceeded smoothly with compound 14 and PyBOP leading to
virtually full conversion of the carboxyl groups (polymers FcF6-A, FcF6-B, and FcF6-C with
5, 10, and 15 mol% fluorinated ferrocene moiety content; determined by 'H NMR). These
values translate to 5-11 wt% fluorine content (Table 4). Polymers FcF6-A and FcF6-B were
soluble/dispersable in water at room temperature, and polymer FcF6-C dissolved/dispersed in
water after brief heating to approximately 50 °C without any apparent precipitation when

cooling to room temperature (¢ = 20-30 mg - mL'). '%
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Scheme 13. Synthesis of the final polymers: amide coupling with 8 (R =-CF3, Y =-CH>CH>0-)
or 6 (R = -H, Y= void; racemate); (reproduced from Svec, 2022 [ref. 109]).
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The fluorine content in compound 12 due to the presence of only one -CF3; group. For this
reason, only polymer C with the highest amount of free carboxyl groups was chosen for
modification with this fluorinated ferrocene moiety. By applying the same conditions as with
14, the carboxyl group conversion in the reaction of C with 12 was always incomplete.
Furthermore, a relatively high amount of (2-hydroxyethyl)amide moieties (coupling reactions
were quenched with 2-hydroxyethylamine) was observed. Polymer FcF3-C1 (Table 4)
contained 6.8 mol% of ferrocene moieties and 5.8 mol% of N-(2-hydroxyethyl)amide moieties.
This phenomenon is most likely caused by low nucleophilicity (and basicity, as mentioned
above in section 3.4.7) of the amino group in compound 12. Therefore, we decided to employ
a more reactive coupling agent (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyAOP) and added the agent separately in two portions. This modified
coupling procedure yielded polymer FeF3-C2 with a high functionalization degree (13 mol%),
but the high functionalization was unfortunately accompanied by higher polymer dispersity
than in FcF6 A-C and FcF3-C1 (Table 4). As with the FcF6 polymers, the most hydrophilic
polymer of the FcF3 chemotype (FcF3-C1) was soluble/dispersable at room temperature,
whereas the polymer with the highest ferrocene content (FcF3-C2) required heating to 60 °C
for dissolution/dispersion (no apparent precipitation occurred after cooling to room
temperature). Although FeF3-C2 should be theoretically less hydrophobic than its FeF6-C
analog, the former is almost insoluble in water without heating the sample but apparent
precipitation takes place upon cooling. This kinetically impeded solubility could be explained
by a higher structural rigidity in FeF3-C2 (7 = 98 °C for FcF3-C2 vs. 80 °C for FcF6-C; see
Table S5 and Figure S36 in Appendix 5).!%
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Table 4. Molecular weight and dispersity as determined by SEC-MALS, proportion of
ferrocene-containing repeating units (Fc % r.u.) as determined by NMR in DMSO-d6, and the

corresponding calculated weight content of fluorine in the polymers.

Polymer My * pa FerroceI;e % Fluorine [wt
[kDa] r.u. %]

A 11 1.03 - -

B 9.66 1.03 - -

C 8.52 1.03 - -
FcF6-A 12.8 1.03 5 53
FcFo6-B 14.2 1.04 10 8.9
FcF6-C 16.8 1.01 15 11

FcF3-C1 14.9 1.02 6.8 34
FcF3-C2 25.8 1.14 13 5.8

“ Determined by SEC; the dn/dc in a mixture (80:20 vol.%) of MeOH and aqueous AcONa
buffer (0.3 M, pH = 6.5) at 620 nm and 29 °C: dn/dc (FcF6-C)=0.183 +0.005 mL - g;
dn/dc (FcF3-C1) =0.187 £ 0.005 mL - g'!'; dn/dc (FeF3-C1) = 0.182 £ 0.009 mL - g'!;

b determined by '"H NMR in DMSO-d6

3.4.3 Electrochemistry, Self-Association, Redox-Responsiveness, and ’F MRI
Cyclic Voltammetry

The redox properties of the amphiphilic polymers and low-molecular-weight fluorinated
ferrocene precursors were studied by cyclic voltammetry. Our results revealed that both the
alcohol 7 and ether 9 undergo simple redox transitions attributable to reversible oxidation of
the ferrocene moiety at 0.25 and 0.22 V vs. ferrocene/ferrocenium (Figure 18A). The oxidations
of 7 and 9 occur at more positive potentials than the oxidation of parent ferrocene due to the

electron-withdrawing groups, which hinder oxidation.
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Figure 18. [A, C] Cyclic voltammograms of 7 and 9 (A) and 12 and 13 (C) as recorded in
dichloromethane (0.1 M BusN[PF¢]) on a glassy carbon disk electrode at 0.1 V - s™! scan rate
showing the first scans; the reversible nature of the redox transitions is maintained over the
following scans except for 12, for which the second scan is also shown by a dashed line. [B, D]
Representative cyclic voltammograms recorded over different potential ranges for FcF6-C (B)
and FcF3-C2 (D) in dichloromethane under the same conditions; (reproduced from

Svec, 2022 [ref. 109]).

The oxidation of compound 12 (one -CF3 group), was also reversible (E°' 0.10 V) but followed
by an irreversible process at more positive potentials (Figure 18C). The second wave, possibly
caused by an irreversible amine moiety oxidation, 2%° was associated with a weak reduction
counter wave and changed its position and intensity in repeated scanning. In contrast, the
amide 7 oxidation was electrochemically reversible and occurred at a more positive potential

(£°" 0.13 V) than for the parent amine.
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The FcC(CF3)OCH>CH2NHC(O)- moieties in FcF6-C polymer were oxidized independently
during a single redox event at potentials similar to that of compound 9 (anodic peak potential
0.19 V, see Figure 18B). However, the associated reduction was strongly affected by adsorption
of the oxidized polymer on the electrode surface. The redox behavior of polymers FeF6-C and
FcF6-B was virtually identical. Similarly, the redox responses of the polymers FeF3-C2 and
FcF3-C1 did not differ from each other and were comparable to those of FcF6-C and FcF6-B,
except for the lower oxidation potential of the amido-ferrocene pendants in FcF3-C2 (Figure
18D) and FcF3-C1. This shift to lower potentials stems from the presence of only one -CF3
group and a less electronegative nitrogen atom at the pivotal carbon atom (anodic peak

potentials: 0.08 V). %

Dynamic Light Scattering and Cryogenic Transmission Electron Microscopy

Polymer responsivity to ROS (oxidation) in aqueous environments was assessed using DLS and
cryogenic transmission electron microscopy (cryo-TEM). Polymers with fluorinated ferrocene
moieties can be oxidized using hydrogen peroxide. However, similarly to the oxidation of
ferrocene with H,Os, this reaction is autocatalytic, with relatively slow kinetics. 24
Furthermore, the ferrocenium species decompose by atmospheric oxygen or by reactions with
nucleophiles on a longer timescale. 27°*’* To perform a fast and controlled oxidation, we used
ammonium peroxydisulfate (APS) as the oxidant together with a CuCl, catalyst. Under these
Fenton-like conditions, the polymers of the FcF3 chemotype were fully
oxidized almost instantaneously, whereas polymers of the FcF6 chemotype with two CF;
groups on the ferrocene moiety became gradually oxidized with an induction period of

approximately 1 min. '

The polymers FcF6-A and FcF6-B formed micelles with a hydrodynamic diameter (Dy) from
10 to 20 nm, whose size did not change significantly upon oxidation (possible slight swelling
observed during FcF6-A oxidation, Figure 19A). In contrast, the Dy of FcF6-C polymer
particles was close to 100 nm (Fig 19B). This value does not correspond to the size of
a “classical micelle” because the maximum theoretical diameter of a classical micelle is limited
by the fully stretched polymer chain contour length (L), and, therefore, cannot exceed 2 L (for
MeOx DP=100 approx. 70 nm). >’> Upon oxidation, the hydrodynamic diameter of the FcF6-C
nanoparticles changed to approximately 20 nm, which is similar to that of unoxidized FcF6-A

and FcF6-B (Figure S2, Appendix 5) nanoparticles. '%
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To better understand the DLS results, we examined the morphology of these nanoparticles by
cryo-TEM. Cryo-TEM images of unoxidized FcF6-C revealed approximately 100-nm-long,

268 and flake objects of a similar

thin “rod-like” particles resembling rod/worm-like micelles
size (Figure 19C). The flake objects could be either different nanoparticles of FeF6-C or an
artifact resulting from the cryogenic sample preparation process (such as the occasionally
occurring “leopard skin” artifact of unclear origin). 2’®2”7 In contrast, oxidized polymer FeF6-C
resembled classical micelles, as shown by the isometric objects, approximately 20 nm in size,

observed in the cryo-TEM images (Figure 19D) and in line with our DLS results. '%°
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Figure 19. [A, B] Hydrodynamic diameter of FcF6-A and FcF6-C polymer samples
(2mg - mL") dissolved in citrate buffer (0.08 M, pH = 6.2) before oxidation, after Cu?"
(catalytic amount) addition, and after APS addition at different timepoints. [C] Cryo-TEM
image of FcF6-C dissolved in citrate buffer (0.08 M, pH = 6.2). [D] Cryo-TEM image of FcF6-
C dissolved in citrate buffer (0.08 M, pH = 6.2) after oxidation with APS; (reproduced from
Svec, 2022 [ref. 109]).
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The Dpn of FcF3-C1 and FcF3-C2 nanoparticles was lower than that of FcF6 samples
(approximately 10 nm). In contrast to the nanoparticles (NPs) derived from FcF6 polymers, the
NPs formed from FeF3-C1 and FeF3-C2 at least partly disintegrated to unimers upon oxidation
(Figure 20A and Figure S8 in Appendix 5). However, after 6 min, the Dy returned to higher
values indicating a gradual re-association process. The cryo-TEM images of aqueous FcF3-C1

sample (Figure 20B) showed micelle-like particles, which disappeared after oxidation (image
not shown). '%
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Figure 20. [A] Hydrodynamic diameter of FeF3-C1 polymer samples (2 mg - mL™) dissolved
in citrate buffer (0.08 M, pH = 6.2) before oxidation, after Cu?" (catalytic amount) addition, and
after APS addition at different timepoints. [B] cryo-TEM image of FeF3-C1 dissolved in citrate
buffer (0.08 M, pH = 6.2); (reproduced from Svec, 2022 [ref. 109]).

The substantially different behavior of FcF6 and FcF3 polymer chemotypes during oxidation
suggests that the (hexafluoroisopropyl)ferrocenyl moiety remains significantly hydrophobic
after its oxidation to ferrocenium and/or that the oxidation of the ferrocene moieties in FcF6
polymers is incomplete even when using a strong oxidating agent such as peroxydisulfate.
These two proposed mechanisms may act together, as the ferrocene redox potential increases
significantly in a non-polar environment. *> Furthermore, high hydrophobicity decreases the
amount of reactive oxygen species available in the nanoparticle core. During the oxidation, the
aqueous polymer samples changed from orange-brown (ferrocene) to blue (ferrocenium); more
specifically, the FcF3 samples turned deep blue instantaneously after adding APS, whereas
FcF6 always reached only a faint blue-green hue even when using a high excess of APS (the

incomplete oxidation was also supported by the results of the NMR/MRI experiments,
see section NMR and MRI Properties). %
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Cytotoxicity

Cytotoxicity of the FcF3 and FcF6 polymers was assessed using the standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. We selected
a human prostate cancer PC3 cell line known for its considerably high ROS levels®’® and
normal human dermal fibroblast (NHDF) line served as the “ROS-negative” control. In general,
the polymers had no negative effect on cell viability of the NHDF line, but the two highest
polymer concentrations (1.0 and 0.75 mg-mL™) had a minor, albeit significant, negative
impact on the viability of PC3 cells after 24 h incubation for 24 h (Figure S30-S31 in
Appendix 5). These results indicated that both FcF3 and FcF6 polymers were slightly cytotoxic
to cancer cells that produce high amounts of ROS. This could be explained by the fact that both
the oxidation of the ferrocene moieties to ferrocenium and the subsequent, gradual release of
Fe(Il) by hydrolysis may cause cytotoxicity by generating additional ROS species through

Fenton-type pathways. 27°-28!

NMR and MRI Properties

Fluorinated ferrocenes 14 and 12 are diamagnetic, while their corresponding oxidized
ferrocenium counterparts are paramagnetic. Similarly to (tert-butyl)ferrocene and
isopropylferrocene, the trifluoromethyl groups in 14 and 12 should exhibit low rotational
barriers, thus allowing high group mobility at room temperature. 23 Accordingly, the DMSO-d6
solutions of FcF6 and FcF3 polymers exhibited sharp signals in "’F NMR (FWHM = 0.02 kHz)
at -72.3 and -75.8 ppm, respectively (Figure 21B). The ’F NMR peak of the polymer was
always accompanied by two 'F NMR signals with low integral intensities but distinctively
sharp peaks. These minor signals likely derived from slow oxidation and decomposition of the
ferrocene moieties by atmospheric oxygen and therefore represent unavoidable impurities.
Higher impurity signal was observed in the more hydrophilic polymers (Figure 21A), which
further supported our hypothesis of “hydrophobically hindered” ferrocene moiety oxidation
(see also section Dynamic Light Scattering and Cryogenic Transmission Electron Microscopy).

When dissolved in water, FcF6 and FcF3 polymers formed nanoparticles. With a few

88,249 polymer aggregation significantly decreases T» (and/or T>") and increases T}

exceptions,
due to the lower mobility of the polymers. This is generally an undesirable effect for MRI
imaging because the decrease in the 7>-to-71 ratio lowers the signal-to-noise ratio and leads to
longer acquisition times. As expected, the decrease in 7> due to FcF6 and FcF3 polymer

aggregation strengthened with the increase in polymer hydrophobicity. Consequently, FcF6-C
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and FcF3-C2 exhibited shorter spin-spin relaxation times (7> 0.4 and 1.6 ms, respectively) than
their more hydrophilic counterparts FcF6-A and FcF3-C1 (7> 8.2 and 6.9 ms, respectively). !%
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Figure 21. [A] F NMR spectra of FcF6-A, -B, -C, FcF3-C1, and FeF3-C2 in citrate buffer
(0.08 M, pH=6.2) at Bo = 11.75 T. The timepoints indicate the time elapsed after adding APS
to the sample. The '°F chemical shifts are referenced to external CFCls. [B] 'F NMR spectra
of FeF6-C and FcF3-C2 in DMSO-d6; (reproduced from Svec, 2022 [ref. 109]).

The polymer oxidation effect on '’F NMR parameters differed between FcF3 and FcF6
chemotypes. However, these chemotypes follow a similar reaction pathway via a short-living
(~10 min) intermediate stage with the sharpest changes in NMR lineshape and 7' relaxation.
For the FcF6 chemotype, this stage of oxidation manifests as broadening and shifting of the '°F
peak around -73 ppm to a lower frequency (upfield) and as a second peak that
emerges around -82 ppm (Figure 21A). For the FcF3 chemotype, the peak at -77 ppm
shifts to a higher frequency (downfield), and the second peak emerges at -73 ppm (Figure 21A).
These changes are accompanied by a decrease of more than one order of magnitude in the 7

relaxation time. '®°

The second !°F peak emerging during oxidation is attributed to the newly formed paramagnetic
ferrocenium. Paramagnetic metal centers are known to shift the NMR frequency of the nucleus,
and the value and sign of this shift is determined by the electron spin — nuclear spin coupling.
231,283 The second °F peak appeared at opposite sides to the original peaks in FcF6 versus FcF3

polymers (upfield vs. downfield, respectively). At the early stage of oxidation (Figure 21A),
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these two !°F signals may be interpreted as a transient coexistence of both ferrocenium and
ferrocene moieties. The concomitant faster 7' of the '°F signal is attributed to the paramagnetic

M of ferrocenium (Fe' in ferrocene

relaxation enhancement (PRE) caused by the Fe
is diamagnetic). The moieties with unoxidized ferrocene also exhibited enhanced ""F Ti
relaxation resulting from the surrounding paramagnetic species and higher mobility due to
polymer hydrophilization/nanoparticle disassembly, which caused the 77 distribution to spread
to 100 ms and lower values. In contrast, the 7> relaxation did not exhibit dramatic changes at
this early stage of oxidation. This observation could be explained by two opposing oxidation
effects on 72 — PRE of the ferrocenium moieties (lowering 7>) and by polymer hydrophilization/
nanoparticle disassembly (increasing 7> and/or 7>"). Considering the high 73/T> ratio and the
micelle size, unlike in smaller dendrimer systems, 2** in our FcF3 and FcF6 systems, the '°F
relaxation conditions approach the solid-state limit where 77 and 7> have an opposite
dependence on the molecular mobility. In other words, polymer nanoparticle disintegration and
the concomitant increase in molecular mobility would lead to longer 7> and shorter 7' values.
The formation of paramagnetic ferrocenium upon oxidation further shortens the 7 values while

counteracting the increase in 75. '%°

As the reaction proceeded, the newly formed peak gradually disappeared in both FcF3 and
FcF6, whereas the parent peak was shifted and broadened compared to the reduced polymer
(except for the initially broad spectrum of FcF3-C2 where the oxidation effect on the FWHM
may be disregarded because the peak is already broad) (Figure 21A). Two different phenomena
may explain the displacement of this peak from the original '°F chemical shift. On the one hand,
both polymer micelles and “free” unimers are present but a fast chemical exchange now gives
rise to an average signal. This explanation is also supported by DLS measurements, especially
for FcF3 polymers. In FeF3-C1 and FcF3-C2, after their initial “oxidative” disintegration, the
nanoparticles gradually re-associate, albeit considerably less so than in the starting polymers.
On the other hand, ferrocenium compounds gradually decompose similarly to ferrocenium.
Ferrocenium reacts with common nucleophiles (e.g., water and chloride ions) and oxygen.
These reactions partly regenerate ferrocene and form Fe'' and Fe'' ions together with other
byproducts such as, cyclopentadiene, cyclopenta-2,4-dien-1-one, and cyclopent-4-ene-1,3-
dione, which can further react through Diels-Alder reactions leading to complex mixtures of
products. 7% 271- 27 A small amount of regenerated ferrocene units on the polymer chain
inevitably leads to fast ferrocenium-ferrocene electron self-exchange, as shown by NMR line

broadening.”> 7 The '°F NMR signals did not change any further 60 min after oxidation and
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the blue color caused by ferrocenium had dissapeared completely. 71 relaxation times increased
at the late stage of the reaction towards the initial values but exhibited a wider distribution. In
some samples of oxidized polymers, 7' determination was negatively affected by minor
impurities, which, however, display long 77 and very sharp peaks compared to the significantly

broadened signal of the redox tracers. '

Contrast in MR images is most often achieved by spatial variation of nuclear spin relaxation
properties. In general, 3 quantities can be used: 71 (spin-lattice relaxation time), 7> (spin-echo
decay time) and T>" (free induction decay time, 7>~ < T»). The short '°F 75 relaxation times of
the FcF3/ FcF6 polymers in aqueous medium render the most common echo-based MRI pulse
sequences impractical and require FID-based techniques (free induction decay). Hence, we
employed the ultrashort echo time (UTE) MRI sequence in FID mode. 2% 2% The difference in
chemical shift of the reduced and oxidized state is an excellent tool for probing the redox state
of our tracers by '°F MRS (magnetic resonance spectroscopy) and '°F MRI. Yet, this property
also presents a challenge because chemical shift is used to encode spatial information in MRI.
The first approach to resolve this issue was late-stage imaging of the oxidized sample because
only a single '’F NMR peak was present 60 min after sample oxidation. The second approach

included selective excitation to exclusively visualize '°F signal of the ferrocenium species. %’

Figure 22 shows axial views of a 5-mm NMR tube filled with FeF6-A in aqueous medium
before and after oxidation (late stage, >60 min). The top two images were acquired with the
UTE parameters for MRI contrast based on 77 relaxation enhancement upon oxidation. The
bottom images show MR images of the same sample, exploiting the difference in signal FWHM
(note the respective '°F NMR spectra shown above the images). In FcF6 polymers, the '°F line
broadening resulting from oxidation yielded a significantly better contrast than the 77 relaxation

enhancement (6:1 vs. 1:2). 1%
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Figure 22. FcF6-A: '°F NMR spectra and '°F UTE images of a polymer sample (18 mg - mL™")
in citrate buffer (0.08 M, pH=6.2) before (A) and after oxidation (B) with APS (> 60 min). The

UTE provides a circular field of view (d = 5 mm, the inscribed circles in the square images),
the tube position is slightly shifted with respect to the center (tube inner diameter d = 4.2 mm).
A blurring of sample edges in (B) is due to the greater FWHM of the "’F NMR signal. Top:
UTE parameters set in favor of the oxidized sample with a shorter 77: 22 us acquisition delay;
10.5 ms repetition time; 90° flip angle. The brighter image is displayed in the full range of a
16-bit grayscale, whereas the darker image is rescaled according to its true intensity ratio.
Bottom: UTE parameters set in favor of the reduced sample with a slower '°F FID (a narrower
spectral peak): 680 pus acquisition delay; 11.2 ms repetition time; 12° flip angle; (reproduced
from Svec, 2022 [ref. 109]).
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FcF3-C1 and FcF3-C2 polymers offered good contrast when exploiting the 77 relaxation
enhancement (>4:1), but unlike FcF6-A and FcF6-B, showed no contrast related to differences
in FWHM because the '°F signal of FcF3 polymers is already broad in the reduced state. The
short 7> relaxation of the diamagnetic reduced polymers results from the low mobility of the
nanoparticle core and may be improved by altering the polymer composition or changing the
structure of the fluorinated ferrocene moieties. For example, switching the trifluoromethyl

287, 288 and,

substituents for difluoromethyl groups may significantly reduce the hydrophobicity
therefore, increase mobility and make the tracers suitable for echo-based MRI pulse sequences

when using of a 7> contrast scheme. %

Of all our polymers, FcF6-A gave the highest contrast '°F images. The Figure 23A illustrates
the contrast between the reduced and oxidized state of this polymer within a single image - axial
view of coaxial NMR tubes (the inner tube is filled with the reduced polymer and the outer tube
with the oxidized polymer). The Figure 23B shows '"H MRI contrast caused by paramagnetic

relaxation enhancement of 'H water signal in a common gradient echo experiment.

OoX

Figure 23. [A]: '°F UTE image of a composite sample of FeF6-A (30 mg - mL™) in citrate
buffer (0.08 M, pH=6.2) comprising two coaxial NMR tubes; the inner tube is filled with the
reduced polymer and the outer with the oxidized polymer. The UTE parameters are identical to
those shown in Figure 22 favoring the reduced sample. [B]: 'H 64x64 FLASH image of the
same sample, demonstrating paramagnetic relaxation enhancement of the 'H water signal in the
oxidized sample and outlining the geometry of the setup; (reproduced from

Svec, 2022 [ref. 109]).

Furthermore, selective excitation may enable us to selectively detect ferrocenium species in
FcF6-A or FcF6-B formed at an early stage of the oxidation process by exploiting the large

(~10 ppm) difference in '°F chemical shift between ferrocene and ferrocenium. In fact, we
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briefly tested this option in 2D UTE without performing any slice selection (Figure 24). When
using selective excitation, the '"F MRI signal derives solely from the “paramagnetic”
ferrocenium species at -82 ppm. These selective pulses can be applied without any resolution
restriction in the 3D UTE pulse sequence as long as the whole imaging experiment can be

performed within the lifetime of the paramagnetic molecular tracer. '%

A FCF6-A reduced B FCF6-A, oxidized
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Figure 24. [A] '°F UTE images of FcF6-A (16 mg - mL') in citrate buffer (0.08 M, pH=6.2)

before oxidation recorded with a frequency-selective pulse of a Gaussian shape. The carrier
frequency of the pulse is indicated by the arrow and the excitation bandwidth by the brace in
the spectra above the image. [B] '°F UTE image of the sample shortly after oxidation with APS
(~10 min), recorded with the same pulse sequence parameters as in Figure 24A. The MRI signal
derives solely from the “paramagnetic” '°F signal at -82 ppm, which enables us to detect the
onset of FcF6-A oxidation directly from the emergence of the new peak; (reproduced from

Svec, 2022 [ref. 109]).

The initial in vitro UTE experiments establish the link between MRI and redox-triggered FcF3/
FcF6 changes necessary for their potential biomedical applications as hybrid drug-delivery/
tracer materials. Based on these findings, suitable MRI methods may be thus further developed

to fully exploit the properties of these new redox-responsive tracers.
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3.5 Synthesis of Novel 2-Aryl-2-oxazolines: Gradient and Block Copolymers

This section directly compares the physicochemical properties of analogous gradient and block
POx copolymers advantageously synthesized by living cationic copolymerization of
2-methyl-2-oxazoline (MeOx) with novel 2-aryl-2-oxazolines, evaluating their potential
applications as drug delivery systems. We hypothesized that larger micelles with outer layer
denser than the core (“bitterball” micelles), 27 formed by gradient copolymers, would exhibit
higher drug loading (DL) than “traditional micelles” of analogous block copolymers. To test
this hypothesis, we prepared three series of gradient and analogous block POx
copolymers using MeOx as the hydrophilic monomer, and 2-phenyl-2-oxazoline (PhOx),
2-(4-butylphenyl)-2-oxazoline (BuPhOx), or 2-(4-butoxyphenyl)-2-oxazoline (BuOPhOx) as
hydrophobic monomers. We also conducted copolymerization kinetic studies between MeOx
and the respective co-monomers. This approach allowed us to assess the effect of substituents

on the benzene ring on the polymer properties.

3.5.1 Scalable Multigram Procedure Towards Novel 2-Aryl-2-oxazoline Monomers

The two novel monomers BuPhOx and BuOPhOx were designed to increase side chain mobility
compared to the relatively rigid poly(2-phenyl-2-oxazoline) (PPhOx). We have synthesized
these monomers by 3 approaches. In the first unoptimized route (Scheme 14),
4-butyl/butoxybenzonitrile (15, 16) were formed by a Sandmeyer reaction, **° albeit in low
yields (25% for 4-butylbenzonitrile and 4% for 4-butoxybenzonitrile), starting from
commercially available 4-butyl/butoxyaniline. The Sandmeyer reaction is exothermic, but the
cyanation of the unstable intermediate diazonium salt must be performed near 0 °C to eliminate
thermal decomposition. ?*° In our case of a 50 g-scale reaction mixture (=~ 900 mL), insufficient

reaction heat removal capacity possibly caused a formation of side products and low reaction

yields (Scheme 14).
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Scheme 14. The unoptimized syntheses of BuPhOx (A) and BuOPhOx (B); (reproduced from
Loukotova, 2021 [ref. 291]).

A)  NH, N. O
1. NaNQ2, HCI NH2CHZCH20H
2. CuCN Cd(OAC)2 130 °C

BuPhOx
B)  cn
CH3(CH2)3Br NH2CH2CH20H
K2C03 Cd(OAC)Z 130 °C
OH \H

BuOPhOx

Alternatively to the Sandmeyer reaction route, 4-butoxybenzonitrile was synthesized by
alkylating commercially available 4-cyanophenol with quantitative yield (99%, Scheme 14).
The obtained nitriles 15 and 16 were reacted with ethanolamine using a Lewis-acid catalyst
(cadmium acetate) according to Witte and Seeliger, > producing BuPhOx and BuOPhOx in
mediocre yields (47% and 42%, respectively). To improve the unsatisfactory overall monomer
yields (11% for BuPhOx and 42% for BuOPhOx) and to eliminate the toxic
cadmium(II) acetate, the monomer synthesis was redesigned (Scheme 15). Acid chlorides were
transformed into the corresponding 2-chloroethylamide derivatives 17 and 18 using
2-chloroethylamine. Subsequently, the intramolecular ring-closure promoted by a strong base
(NaH) yielded the desired 2-oxazolines. ®® This method led to significantly improved overall
yields (57% for BuPhOx and 63% for BuOPhOx). The structures of the intermediate amides
were confirmed by '"H-NMR (Figure 25, the presence of multiplet signals at 3.70-3.85 ppm for
17 and at 4.00-4.55 ppm for 18, corresponding to the ethylene protons of the 2-chloroethyl
moiety. The "TH-NMR spectra of the final oxazoline monomers showed the characteristic triplet
signals at 4.0 and 4.4 ppm, which correspond to the protons of the two methylene groups next

to the nitrogen and oxygen atoms in the oxazoline ring, respectively.
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Scheme 15. The  synthesis of BuPhOx and BuOPhOx  (reproduced  from
Loukotova, 2021 [ref. 291]).
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Figure 25. 'H-NMR spectra of the intermediate products 17 and 18, and BuPhOx and
BuOPhOx. The spectra were recorded in CDCI3 (reproduced from Loukotova, 2021 [ref. 291]).
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3.5.2 Polymer Synthesis and Polymerization Kinetics

All POx copolymers were synthesized by living cationic ring-opening polymerization
(CROP, LCROP). The block copolymers are formed when a single 2-oxazoline monomer
is polymerized first, and the second monomer is added only after the first monomer has been
consumed (Scheme 16A). In contrast, when two monomer species are present at the initiation
(Scheme 16B), they both participate in the polymerization reaction yielding statistical
copolymers. When the reactivities of the two monomers differ significantly, the resulting
polymers will have a varying composition along the polymer chain. Such polymers are

therefore referred to as gradient copolymers.

NsO" P
R R ] N\/_/O Yo

MeONs ) :
NJ\O —_— JrN/\)'TNb — {‘m/\%—bfcck—m\/ﬂm
— R RN 2. NH; N m] T2

N” "0 1

/

NsO

O

,RQ . MeONs G Rz NH Y
/& min_y /& " mj 2
R1

R0 o)

R1 - CH3 MeONs = SOQOCH3

PhOx O\H NOZ

BuPhOx
BuOPhOx

Scheme 16. General scheme of cationic ring-opening polymerization (CROP) of 2-aryl-2-
oxazolines to produce block (A) and gradient (B) POx; (adapted from Loukotova,
2021 [ref. 291)).

To investigate the novel monomers, the kinetics of their homopolymerization (see
Appendix 6 — Supporting Information) and copolymerization with MeOx were studied.
The copolymerization kinetic experiments were performed using different monomer ratios
([MeOx]o/[BuPhOx/BuOPhOx]o =90/10, 80/20, 70/30, 50/50, 30/70 and 15/85).
All copolymerization reactions displayed pseudo-first-order kinetics, while showing a linear
increase in the measured M, against the theoretical M,, thus confirming the living character of

these polymerizations. For both BuPhOx and BuPhOx copolymerization reactions, the faster
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consumption of MeOx and the slow incorporation of the 2-aryl-2-oxazoline were monitored.
The monomer reactivity ratios in LCROP are usually determined based on the incorporated
monomer fractions (F1) at low conversion (~ 30%). The monomer fractions are plotted against
the theoretical monomer fractions (fi) and the 1 and > values are then calculated using
nonlinear least squares fitting. > When the reactivity ratios are significantly different, the
composition determination may be challenging due the negligible incorporation of the less
reactive monomer. This is the literature-described case for the copolymerization of MeOx and
PhOX (rmeox > 1 and rpnox < 1).2%* Thus, we implemented the approach described by Schubert
et al. ?%’ using kinetic plots (In([M]o/[M];) versus time; see Appendix 6 — Figures S4-S15) for
copolymerizations at different initial monomer ratios. The reaction time was set to achieve 30%
MeOx conversions (In(Mo/M;) = 0.357), and the actual second monomer conversion was
determined at these time points. The monomer reactivity ratios were calculated by nonlinear
least squares fitting of Fi (incorporated fraction) versus fi (fraction in solution), see
Figure 26A,B. A slightly lower rmeox was observed in the copolymerization with BuPhOx
(rmeox = 7.56, rauphox = 0.13) in comparison with BuOPhOx (mecox = 8.91, rBuphox = 0.12),
indicating a steeper chain composition gradient for copolymers of MeOx and BuOPhOx. To
visualize the distribution of the monomeric units along the polymer chains, we simulated the
microstructure composition for monomer feed ratios MeOx/BuPhOx or BuOPhOx = 70/30
using the Skeist model**® %7 (Figure 26C). This simulation revealed that the initial part of the
copolymer is rich in MeOx, while the final 10 to 20% of the chain consists of a BuPhOx or
BuOPhOx homopolymer.
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Figure 26. A) and B) Relationship between the fraction of BuPhOx/BuOPhOx in the monomer
feed (fi) and the fraction of BuPhOx/BuOPhOx incorporated into the copolymer (F1) at
30 mol% MeOx conversion. C) Microstructure of the copolymers resulting from a feed
containing monomers at a 70/30 ratio (based on the Skeist model) The white squares correspond
to the real data. For the microstructure of PhOx copolymer, the literature data was used

(rmeox = 10.02, rauphox = 0.02); 2® (reproduced from Loukotova, 2021 [ref. 291]).

Furthermore, three series of copolymers were prepared to directly compare properties of
analogous gradient and block copolymers. In all copolymers, MeOx was used as the hydrophilic
monomer, the hydrophobic monomer was different in each series: a) PhOx, b) BuPhOx, and
¢) BuOPhOx. In each series, polymers with varying hydrophobic/ hydrophilic monomer ratios
were synthesized to assess the effects of each hydrophobic monomer on the polymer properties
(10/90, 20/80, and 30/70 ratios). All obtained polymers had monomer compositions and
molecular weights (My = 8,260 — 12,980 Da) close to the intended values and acceptable
dispersity. With only a few exceptions, the dispersity of the final gradient polymers
(D =1.03 — 1.21) was lower than that of the block copolymers (P = 1.09 — 1.28). This could be
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explained by the introduction of impurities during the addition of the second monomer in block

copolymerization reactions.

3.5.3 Comparison of Gradient and Block Copolymers — Nanoparticles and Drug Loading

Because the samples of gradient and analogous block copolymers exhibited similar molecular
weights and ratios of hydrophilic and hydrophobic monomeric units (MUSs) incorporated into
the chain, we were able to investigate how their properties depend on the structure of the
hydrophobic monomer and on the ratios of specific MUs in each macromolecule. !
The general advantage of gradient copolymers is their straightforward one-pot single-step
synthesis, whereas the preparation of block copolymers is a two-step process. Another

literature-described advantage of gradient copolymers is their better solubility, 2 which we

also observed in our study (Table S1 in Appendix 6).

PMeOx-grad-PhOx polymers form a specific type of nanoparticles with an outer layer denser
than the core (the so-called “bitterball-core” micelles). 27 Thus, we investigated the
incorporation of a drug inside the looser core of such NPs in comparison with the incorporation
of the same drug into the “traditional” micelles of analogous block polymers. We chose
the antibiotic drug rifampicin (log D = 1.3) *® the model compound. The rifampicin-loaded

polymeric nanoparticles were prepared by nanoprecipitation (#2polymer/Perifampicin = 1/1).

The hydrodynamic diameter of the rifampicin-loaded NPs was determined by DLS. In general,
the gradient polymer NPs (D = 27 to 225 nm) were much smaller than their block counterparts
(Dnh =66 t0 302 nm), and all NPs displayed a relatively narrow hydrodynamic diameter
distribution (Figure 27 and Table 3 in Appendix 6). We also observed that the formed NPs tend
to be larger with increasing content of hydrophobic MUs in the polymer. The BuPhOx
copolymers were significantly larger (Dn = 24 to 283 nm) than the analogous PhOx copolymers
(Dn =32 to 163 nm), which points to the higher hydrophobicity of BuPhOx caused by the butyl
substituent on the phenyl ring. This effect was most pronounced in gradient copolymers with
the highest amount of the hydrophobic monomer — Dy (PMeOx7o-grad-PhOx30) = 72 nm and
Dn (PMeOx70-grad-BuPhOx30) = 225 nm. %! Interestingly, in polymers with the low ratio of
hydrophilic/hydrophobic MUs = 90/10, the hydrophobic monomer type had negligible effect
on the nanoparticle size with the gradient polymers (Dn = 20 to 32 nm) but strongly affected the
size in the case of the block analogs (Dn= 66 to 187 nm, Figure 27A). All nanoparticle
formulations displayed high colloidal stability upon 14-day storage (no change of the observed

hydrodynamic diameter Dy after 14 days at room temperature), see Figure 27B. It should be
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noted that the polymeric NPs without rifampicin had a consistent Dy around 5 nm in when
prepared from water-soluble copolymers. However, the NPs prepared from water-insoluble
polymers varied more in size and their size reproducibility was lower.

A) PMeOx,,-grad-PhOx,

PMeOx, -block-PhOx,
PMeOx, -grad-BuPhOx,

1.0 -
e PMeOX,-block-BuPhOx,
= os PMeOx,,-grad-BuOPhOX,
; e PMeOx, -block-BuOPhOX,
2
2 06
2]
c
3
£ 04-
©
[})
N
® 0.2-
£
|
Q
Z 0.0 M S

10 100 1000 10000
size (nm)

B) PMeOx, -grad-BuOPhOx,

PMeOx, -grad-BuOPhOXx, - 14 days
—— PMeOx, -grad-BuOPhOXx,,
---------- PMeOx_ -grad-BuOPhOXx,, - 14 days

1.0

0.8 1

0.6 1

0.4

0.2

Normalized intensity by volume

0.0

40 100 1000 10000

size (nm)
Figure 27. A) NPs size distributions by volume obtained by DLS - comparison of block and
gradient polymer NPs loaded by rifampicin. A) NPs size distributions by volume obtained by
DLS - comparison of block and gradient polymer NPs loaded by rifampicin and their stability
upon 14 day storage; (reproduced from Loukotova, 2021 [ref. 291]).
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The NP morphology of was observed by transmission electron microscopy (TEM). The samples
were negatively stained in the presence of trehalose to stabilize the structure of NPs and mitigate
material shrinkage caused by sample drying. *! The PhOx copolymers formed spherical
micelles with diameters similar to those obtained by DLS (Figure 28). However, the diameters
detected by TEM were smaller than the diameters obtained by DLS which is caused by polymer
shrinkage in its dry state (trehalose does not completely prevent the deformation of the NPs
upon dehydration). Furthermore, DLS systematically overestimates NPs diameter because of
the hydration layer. Despite having the same monomer ratios (MeOx/PhOx or BuPhOx or
BuOPhOx = 80/20) and the same polymer architecture, the BuPhOx and BuOPhOx copolymers
formed rod-like micelles with the lengths in line with the diameters detected by DLS
(Figure 28; Figure S22-S23 and Table S5 in Appendix 6). In the BuPhOx and BuOPhOx
copolymers, the number of spherical particles was ranging from minor to undetectable (except
for the sub-10 nm fraction which was present in all samples). The monomeric unit of BuPhOx
and BuOPhOx has 50% higher volume than the PhOx monomeric unit, and thus, the
hydrophobic parts of PMeOxgo-BuPhOx29 and PMeOxgo-BuOPhOx20 have significantly higher
volume compared to PMeOxgo-PhOx20. This results in the formation of rod-like micelles
because the shape of NPs containing a single amphiphile is controlled by the packing factor p
proportional to the volume of the hydrophobic part (0 < p < 1/3 — spherical micelles, 0.406 <

p < 1/2 — rod-like micelless**> 3%%), 21
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Figure 28. TEM images of rifampicin-loaded NPs. Scale bar represents 200 nm ; (reproduced
from Loukotova, 2021 [ref. 291]).

Using the same drug (rifampicin) we have also studied the copolymer drug loading capacity
(DL,%) and drug entrapment efficiency (EE,%). The micelle content of rifampicin was
determined by UV-Vis spectroscopy, and we analyzed the effect of the substituents on the
aromatic ring of hydrophobic monomeric units as well as the influence of the

hydrophilic/hydrophobic MU ratio on EE and DL (Figure 29).

EE was higher with the increasing content of hydrophobic MUs in P(MeOx-grad-PhOx) but
remained almost constant in P(MeOx-block-PhOx). Consequently, P(MeOx7o-grad-PhOx30)
showed significantly higher EE (47.8%) than P(MeOx70-block-PhOx30) (33.0%). This is most
likely because the gradient copolymer NPs have a less dense core (“bitterball-core”) than their

block counterparts, as already mentioned above. The results were similar for copolymers of
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MeOx and BuPhOx, with P(MeOx7o-grad-BuPhOx30) also showing a significantly higher EE
(43.3%) than P(MeOx70-block-BuPhOx30) (35.4%). In contrast, gradient and block copolymers
of MeOx and BuOPhOx had comparable EEs, albeit with slightly higher absolute values
(43.2to 51.9%) than PMeOx-PhOx and PMeOx-BuPhOx, possibly due to rifampicin

interactions with BuOPhOx monomeric units. 2°!

In general, DL reproduces the trends of EE. DL grew with the content of hydrophobic MUs in
the gradient copolymers. The effect was stronger in P(MeOx7o-grad-PhOx30) (32.3%) and
P(MeOx7o-grad-BuPhOx30) (30.2%) than in their block counterparts (24.8% and 26.1%,
respectively). Similarly, the BuOPhOx copolymers had the highest absolute values of DL

(30.2 to 34.2%), most likely due to rifampicin interactions with BuOPhOx monomeric units. >!
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Figure 29. Comparison of entrapment efficiency between gradient and analogous block

copolymers — effect of substituents and of ratios of monomeric units incorporated into the
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polymer chain. All data are presented as mean =+ standard deviation (n = 3); (reproduced from

Loukotova, 2021 [ref. 291]).

4 Conclusion

This doctoral thesis presents advancements in the field of responsive polymer materials,
focusing on their design, synthesis, and characterization to enhance polymer-based DDSs and
develop theranostic materials. By utilizing a bottom-up approach, we aimed to create novel,
well-defined responsive polymers, thereby improving and contributing to better efficiency and

functionality of DDSs in the future.

One of the achievements of this thesis was the development of synthetic and derivatization
strategies for new pyrazinacene-based materials. Pyrazinacenes, a type of heteroacenes formed
from linearly-fused 1,4-pyrazine units, are redox-active, strongly colored, and fluorescent
compounds with characteristics that make them promising candidates for designing new
upconverting materials. Upconverting materials convert lower-energy photons to higher-energy
photons, enabling the use of low-energy photons within the biological transparency window for
processes that would otherwise require high-energy photons. We successfully described a novel
and scalable one-pot synthesis of phenanthroline-fused pyrazinacenes from relatively
inexpensive starting materials. The phenanthroline moiety was employed to form pyrazinacene
complexes with Ru?* ions, and a straightforward N-alkylation strategy was developed for the

potential future conjugation of pyrazinacene upconversion materials with polymers.

This thesis also explored light-responsive micelle-like DDSs, based on a model amphiphilic
block copolymer of (2-nitrobenzyl)acrylate. We reported the first controlled polymerization of
(2-nitrobenzyl)acrylate using SET-LRP, leading to polymers with narrow dispersity. These
block copolymers formed micelle-like particles in aqueous environment and readily
disassembled upon UV irradiation. The UV-triggered disassembly makes these systems
a valuable model for light-responsive, excretable micellar DDSs. Furthermore, by combining
these polymers with upconverting materials in the future, not only UV but also low-energy

photons within the biological transparency window could be used to trigger their disassembly.

We also presented fluorinated poly[(N-(alkyl)acrylamide)] and poly(2-oxazoline) polymer
systems that are responsive to multiple physical and/or chemical stimuli. These fluorinated
polymers were designed as potential theranostic materials applicable for stimuli-responsive

DDSs traceable in vivo by 'F MRI. The thermo-/pH- and thermo-/redox-responsive systems
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based on PDFEA have demonstrated both highly favorable '°F MRI imaging properties and
biocompatibility.

However, with thermo-/redox-responsive PDFEA polymers incorporating ferrocene, there was
no observable change in the '"F MRI signal upon oxidation. To address the possibility of
F MRI redox sensing, we synthesized two novel ferrocene derivatives with fluorine atoms in
direct proximity to the ferrocene core and used them to modify POx copolymers. The resulting
POx copolymers, decorated with fluorinated ferrocene moieties, formed nanoparticles that
disassembled upon oxidation. They also exhibited significant changes in both the relaxation

times and chemical shifts of the '°F nuclei, which could be distinguished by '°F MRI.

Finally, we described the synthesis of novel 2-aryl-2-oxazoline monomers and a first direct
comparison of analogous amphiphilic gradient and block POx copolymers containing these
monomers. Nanoparticles based on MeOx/2-aryl-2-oxazoline gradient copolymers exhibited

improved drug loading capacity and higher hydration/mobility of the micelle core.

In conclusion, this doctoral thesis significantly contributes to the fields of light-, pH-, thermo-,

and redox-responsive materials; polymer-based DDSs; and polymer-based '°F MRI tracers.
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