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Motivation and Objectives

Motivation and Objectives

Motivation

This thesis presents aliphatic poly(phosphonate)s (PPns) as degradable and
polyfunctional polymers for biomedical applications. A library of novel cyclic phosphonate
monomers has been designed and used in the ring-opening polymerization process.
These poly(phosphoester)s (PPEs) bear a P-C bond in the side-chain and can be
synthesized with high control. The obtained polymers are generally water-soluble, non-
cell toxic materials with adjustable degradation rates. Previous studies from our group
revealed that PPEs exhibit a “stealth effect” in in vitro studies for polymeric nanocarriers
similar to that of PEG, making them promising candidates for biomedical applications in

need of soluble and degradable polymers.

Synthetic PPEs are inspired by the DNA, the most essential natural PPE. DNA benefits
from the unique properties of phosphorus as the PPE backbone provides stability,

functional diversity (side-chains and charge), precise synthesis, and targeted degradation.

Compared to traditional poly(carboxylic acid ester)s synthetic PPEs provide several
benefits: The pentavalent phosphorus contributes one bond per repetition unit for side-
chain modifications. An additional modification of the phosphorus binding sphere gives
access to an even more extensive chemical diversity (P-O, P-C, P-N, P-S). Finally, aside
from the P-C bond, all P-X binding motives are hydrolytically cleavable, affording a

completely biodegradable polymer backbone.

Since the pioneering works of Carraher et al. in the 1960s, synthetic PPEs have, apart
from the use of ill-defined polycondensates as flame retardants, only found limited
attention in academic and industrial research. This limited awareness was partially due to
the problematic synthesis and moderate polymerizability of monomers required for a
controlled synthesis via living polymerization techniques. However, PPEs experienced a
comeback in the 215t century, when modern organocatalytic systems became available

for polymer synthesis.
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Motivation and Objectives

These catalysts, typically strong, non-nucleophilic organic bases, paved the way for the
efficient ring-opening polymerization of the long known cyclic phosphoester monomers.
As a living polymerization, the organocatalytic anionic ring-opening polymerization
(0AROP) provides excellent control over the molecular weight by simple adjustment of the
monomer to initiator ratio. Due to the absence of termination- and (under certain
conditions) side-reactions, polymers with narrow molecular weight distributions and
control over the end-groups are obtainable. Furthermore, the utilized organocatalysts are
non-toxic, and the absence of metal ions facilitates purification of the final product and

use in demanding medical applications.

The “gold standard” for soluble polymers in biomedical applications, even after 50 years
of progress, is still poly(ethylene glycol) (PEG). PEG is non-toxic, biocompatible, does not
show an acute immune response, and exhibits a distinct “stealth” behavior. The beneficial
effect of PEGylation on the pharmacokinetics of drugs has been proven in vitro, in vivo,
and in clinical applications. However, PEG has presented some disadvantages over the
years. PEG is not hydrolytically degradable, leading to accumulation of high molecular
weight material after repeated administration. Furthermore, PEG shows a distinct lack of
functionality, limiting the variation of properties by chemical means. Finally, potentially
owned to the constant exposure to PEG, anti-PEG antibodies have been detected in
patients treated with PEGylated drugs on a regular basis and healthy blood donors,
leading to accelerated blood clearance of the drug and decreasing its pharmacological
efficacy.

As a consequence, polymer chemists have worked extensively on the development of
polymers to complement the use of PEG in biomedical applications. Promising results are,
upon others, shown by poly(glycerol)s, poly(2-oxazoline)s, and poly(saccharide)s which
show excellent results under in vitro, and in vivo conditions. Importantly, no antibody
formation was detected so far even though some formulations containing these polymers
are already tested in clinical trials. However, it is only a matter of time until patients develop
antibodies against these polymers when they are used on a larger scale. Therefore, the
development of new polymer classes like PPEs is essential to provide complementary

drug delivery systems for clinical use.

12



Motivation and Objectives

An increasing number of reports highlight the promising performances of PPEs and the
previously hypothesized properties (e.g., degradability, chemical versatility, and control
during the polymerization) were proven. Especially experiments aiming for drug delivery
applications show encouraging results. Several groups report excellent biocompatibility
and low cell toxicity. Just recently, our group was able to prove the reduced immune
system recognition (“stealth effect”) of nanocarriers which are surface modified with PPEs.
This demonstration of the “stealth effect” of PPEs marks an essential step towards their

efficient use in biomedical applications.

However, poly(phosphate)s, the mainly used class of PPEs have a critical issue during
their synthesis: the polymerization needs to be terminated at moderate conversions to
prevent transesterification reactions in the backbone and side-chain. Alternatively, the use
of co-catalysts is necessary, increasing the cost and the toxicity and impeding the

purification process to meet the strict requirements for medical applications.

In our attempts to overcome the transesterification issue our group revived the long
forgotten polymer class of poly(phosphonate)s (PPn) in 2014. These polymers bear a
hydrolytically non-cleavable P-C bond in the side-chain. This small structural change
efficiently suppresses transesterification reactions. The polymerization proceeds with
unprecedented control, providing well-defined polymers even at high monomer
conversions without the use of toxic co-catalysts. Additionally, the attachment of a non-
cleavable side-chain prevents potential loss of functionality over time by hydrolysis.
Furthermore, the investigated parental polymer was found to be non-toxic, water-soluble
and degraded rapidly under slightly basic conditions.

13






Motivation and Objectives

Objectives

The primary objectives of the work presented herein are therefore as follows:

1.

Increase the diversity of available PPns by the synthesis of hew monomers,
copolymerization, and side-chain variation/modification. Investigation of the
respective PPn’s (co-) polymer properties: particular focus is put on the solubility
and stimuli responsiveness in water, the hydrolytic degradability, and the
modification of fundamental polymer properties like the glass transition
temperature. This objective is thoroughly discussed in the Chapters 2, 3, 5, 6, and

the first part of Chapter 7.

Transferring these stimuli-responsive poly(phosphonate)s into “smart” drug
carriers for future use in biomedical applications. The focus on this part is put on
aqueous UCST type stimuli responsiveness as this phenomenon is much less
investigated in the literature compared to the LCST stimulus. This objective is dealt

with in the second part of Chapter 7.

Evaluation of the in vitro “stealth” behavior of poly(phosphonate) against selected
cells of the immune system with regard to future biomedical applications.
Furthermore, fundamental investigation of the chemical origin of the “stealth effect”
and which physical polymer properties induce or influence the protein corona
formation associated the with “stealth effect”. Special focus is put on model
nanocarriers which were surface modified with PPns of different hydrophilicity. The
influence of hydrophilicity on the “stealth effect” is investigated. This objective is
debated in Chapter 8.

15



Motivation and Objectives

Chapter 2 covers the synthesis of cyclic phosphonate monomers with varying alkyl side-
chain length. The polymerizability and polymerization behavior of the monomers as well
as the solubility and degradation of the polymers in water is investigated. Furthermore,
the toxicity towards HelLa cells and potential inhibition of the enzyme acetylcholine

esterase is discussed.

Chapter 3 introduces a cycloalkyl-substituted phosphonate monomer and presents the
first phosphonate copolymerization. The homopolymers are investigated regarding the
thermal bulk properties. Copolymerization with a monomer from Chapter 2, known to
produce water-soluble polymers with low glass transition temperature, is used to adjust
the copolymers glass transition temperature and water-solubility. Finally, the copolymer

toxicity towards the macrophage cell-line RAW 264.7 is evaluated.

Chapter 4 introduces the first side-chain crystalline poly(phosphonate) and afterward
discusses the copolymerization behavior with known phosphonate monomers. Ring-
opening copolymerization is utlized to vary the water-solubility and thermo-
responsiveness of the non-cell toxic (RAW 264.7) copolymers. An LCST phase separation
behavior with adjustable phase separation temperature is described and the phase

transition mechanism thoroughly investigated on different length scales.

Chapter 5 presents a cooperative study with the University of Stavanger, Norway. The
group of Prof. Dr. M. A. Kelland strongly focusses on the inhibition of gas hydrate
formation in natural gas pipelines, a feat usually performed by polymers with a low LCST
phase transition temperature. The goal of the cooperation is the evaluation of PPn
copolymers previously introduced in Chapter 3 and Chapter 4 as gas hydrate inhibitors.
Furthermore, to emphasize the value of using degradable polymers in an application that
may easily leak material in the surrounding, the copolymers biodegradability is assessed.
An OECD certificated biological oxygen demand (BOD) test is used, evaluating PPn
microbial degradation in water of the North Sea.

16



Motivation and Objectives

Chapter 6 introduces the first side-chain modifiable phosphonate monomer and the
subsequent co- and terpolymerization with phosphonate monomers from the previous
chapters. The focus is again put on the water-solubility and thermal response of the
copolymers. In addition to the variation of the copolymer composition, the polymer

properties are altered by side-chain modifications via thiol-ene reaction.

The first part of Chapter 7 presents the random copolymerization of monomers previously
described in Chapter 2 and Chapter 6. The non-cell toxic (RAW 264.7) pre-copolymers
are side-chain modified via thiol-ene reaction to introduce UCST phase separation
behavior in the copolymers, contrary to all previously discussed LCST copolymers. The
UCST phase separation behavior and its dependency on copolymer composition,

concentration, pH value and salt concentration in solution are thoroughly investigated.

Objective 2 is dealt with in the latter part of Chapter 7. After the investigation of the UCST
behavior in the first part of the chapter, a UCST responsive carrier system is designed.
Commercially available PEG is used as a macroinitiator for the ROP of phosphonates as
a non-functional, permanently hydrophilic segment. The obtained block copolymers are
side-chain modified to induce UCST behavior in the PPn block. These UCST block
copolymers are investigated in regards to their agueous self-assembly behavior as well
as the thermo-responsiveness of the formed structures.

Objective 3 is discussed in a cooperation project with Johanna Simon from our group in
Chapter 8. The influence of PPn hydrophilicity on the “stealth” behavior of PPn coated
nanoparticles was investigated. First, the PPns with varying hydrophilicity introduced in
Chapter 4 are o-functionalized in a one-pot reaction and grafted onto polystyrene
nanoparticles. These PPn coated particles are analyzed regarding their protein adsorption

in human plasma and subsequently to their uptake into macrophages.
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Abstract

Abstract

Chapter 1
Chapter 1 gives a general introduction to the field of poly(phosphoester)s (PPES). As

PPEs center around the medical field, first an introduction to the use of polymers in
biomedical science is given, discussing the fundamental requirements for soluble
polymers to be used in the human body. Afterwards, the more sophisticated properties of
stimuli-responsive “smart” materials are discussed with a focus on thermoresponsive

materials.

Afterwards, the current “gold standard”, PEG, is introduced to determine the base of its
success and its drawbacks, highlighting the need for complementary alternatives. The first
part of Chapter 1 closes with benefits and disadvantages of a selected few promising

alternatives for PEG that are already used in vivo or clinical trials.

The second part of Chapter 1 introduces poly(phosphoester)s. First, a short introduction
of phosphorus, concerning its omnipresence and importance in nature, is given. This part
is followed by a short historical background on the research of synthetic PPEs before
summarizing some of the more recent literature on the controlled synthesis and

applications of PPEs in the biomedical field.

Finally, poly(phosphonate)s (PPns) are introduced, which is the primary focus of the
following (experimental) chapters. Based on a short historical background and a
comprehensive review on synthetic PPns, this thesis is put in the right perspective and

context.
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Abstract

Chapter 2

Chapter 2 presents the synthesis and characterization of PPns carrying different alkyl
side chains. Three novel cyclic monomers for the ring-opening polymerization (ROP) are
introduced. The polymerization is promoted by the organocatalysts 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),
proceeds with high control over molecular weight and produces polymers with narrow
molecular weight distributions even at full monomer conversion. The polymers with
methyl-, ethyl- and i-propyl- side chains are soluble in water without a temperature-
dependent phase separation. They show no toxicity against HeLa cells at any tested
concentration. Polymers with n-butyl side chains exhibit decreased solubility in water,
concentration-dependent cloud point temperatures, and show increased toxicity against
Hela cells. All polymers exhibit significantly different degradation times under both neutral
as well as basic conditions, enabling tuned degradation rates in water by side-chain
variation. None of the polymers show inhibition of the enzyme acetylcholinesterase.

Chapter 3

2-Cyclohexyl-2-ox0-1,3,2-dioxaphospholane (°*HexPPn), a new monomer for the ROP
towards poly(phosphonate)s is presented in Chapter 3. The organo-catalyzed
polymerization with TBD as catalyst produces homopolymers with good control over
molecular weight and rather narrow molecular weight distributions. The homopolymer
exhibits a glass transition 60 °C higher compared to all previously reported
poly(phosphonate)s. Copolymerization with the water-soluble 2-isopropyl-2-oxo-1,3,2-
dioxaphospholane (‘PrPPn) produces water-soluble, well-defined copolymers. The
copolymer composition matches the theoretical value in all cases, and the Tq shows a
linear correlation with the amount of 'PrPPn incorporated. The copolymers exhibit only low

cell-toxicity towards the sensitive murine macrophage-like cells RAW264.7.
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Abstract

Chapter 4

Thermoresponsive polymers are promising materials for the development of drug carriers
with a temperature-controlled release of the payload. Such “smart” polymers change their
hydrophilicity upon a change in temperature and phase separate from aqueous solution.
Chapter 4 presents the design of random poly(phosphonate) copolymers with either high
solubility in water or a finely tunable hydrophilic-to-hydrophobic phase transition upon
heating (“LCST”). Polymerization via ROP provides high control over molecular weight
and copolymer composition and produces polymers with narrow molecular weight
distributions. The phase separation temperature can be adjusted in water and depends
mainly on the copolymer composition. The phase transition mechanism was thoroughly
investigated on different length scales via complementary methods: electron
paramagnetic resonance spectroscopy (EPR), dynamic light scattering (DLS), UV-Vis
spectroscopy, and confocal laser scanning microscopy (cLSM). The step-wise formation
of aggregates near the cloud point temperature and subsequent growth up to macroscopic

coacervates is proven.

Chapter 5

Chapter 5 presents a collaborative work with Prof. Dr. M Kelland from the University of
Stavanger, Norway. The ability of PPn copolymers presented in Chapter 3 and Chapter 4
to inhibit gas hydrate formation is evaluated. The copolymers are investigated for their
performance as kinetic methane hydrate inhibitors (KHIs) in high pressure rocking cells.
All of the copolymers give better KHI activity than tests with no additive. However, none
of the PPns give lower onset temperatures than the benchmark, poly(N-vinyl
caprolactam), a well-known commercial KHI. Furthermore, the biodegradation of the
copolymers is evaluated using the marine OECD306 test protocol, proving microbial

degradation in seawater of PPns for the first time.
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Abstract

Chapter 6

Coacervates are partially hydrated, colloidal polymer droplets in water held together by
hydrophobic interactions and are considered promising candidates for drug delivery
applications. Chapter 6 presents the first simple coacervates made from temperature-
induced phase separation of aqueous PPn terpolymer solutions. Such coacervates are
interesting for drug carrier applications as they are non-toxic, fully biodegradable and form
spontaneously upon heating above a threshold temperature (LCST). The investigated
terpolymers are synthesized via the ROP of cyclic phosphonate monomers, ensuring high
control over molecular weight, terpolymer composition, physical, and chemical properties,
and providing polymers with rather narrow molecular weight distributions. Functional
pendant groups for further modifications are randomly distributed over the whole chain to
finely tune the balance of hydrophilic and hydrophobic side-chains. These functional
terpolymers spontaneously phase separate into a polymer rich coacervate phase in water
upon heating above the LCST, providing an elegant method to prepare degradable and

non-toxic carrier system.

Chapter 7

Temperature-induced self-assembly of block copolymers allows the formation of smart
nano-dimensional structures. Degradable UCST block copolymers that allow the swelling
or even disassembly at elevated temperatures with eventual backbone hydrolysis have
not been reported to date. Chapter 7 first presents well-defined degradable PPns with
adjustable UCST. The pre-copolymers obtained by ROP are modified by thiol-ene
modification to introduce pendant carboxylic acids. By this means non-cell-toxic,
degradable polymers exhibiting UCST behavior in water are produced. After a thorough
investigation of the UCST behavior, block copolymers with PEG as a non-responsive
water-soluble block are synthesized via the macroinitiator route. These block copolymers
self-assemble into well-defined polymersomes with narrow size distribution. Depending
on the block length ratio and degree of substitution, these structures either swell or

disassemble entirely upon temperature increase.
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Abstract

Chapter 8

Increasing the plasma half-time is an essential goal in the development and improvement
of drugs and drug carriers. Attachment of polymer chains, especially poly(ethylene glycol)
(PEG), the so-called PEGylation, is a well-established and effective method to increase
the plasma half-time (“stealth effect’). However, the reasons for PEG’s success are still
widely unknown and are speculated to be the result of a decreased overall protein
adsorption on the hydrophilic surface. Chapter 8 presents a cooperative study with
Johanna Simon from our group to investigate the influence of surface properties of PPn-
coated nanocarriers on the “stealth” behavior. The focus is put especially on the protein
adsorption behavior of carriers modified with PPns of different hydrophilicity to control the
“stealth” properties. We combine the precision of ROP with the grafting-onto process to
obtain nanocarriers with precise control over the surface hydrophilicity. We present that
the overall protein amount is unchanged despite the different hydrophilicity of the
investigated surfaces. However, the protein type is dramatically altered upon falling below
a certain threshold hydrophilicity. This change in protein adsorption correlates well with

the observed change of the interaction with immune cells in vitro.
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Zusammenfassung

Zusammenfassung

Kapitel 1

Kapitel 1 gibt eine allgemeine Einfihrung in das Gebiet der Poly(phosphoester) (PPES).
Da sich ein Grof3teil der Forschung rund um PPEs auf den medizinischen Bereich
konzentriert, wird anfangs eine Einfihrung in die Verwendung von Polymeren in der
biomedizinischen Forschung gegeben. Hierbei werden zuné&chst die grundlegenden
Anforderungen an losliche Polymere zur Verwendung im menschlichen Kérper erértert.
Im Anschluss werden die spezialisierten Eigenschaften und Anforderungen von mittels
eines Stimulus ansprechbaren, "intelligenten” Materialien mit Fokus auf temperatur-

sensitiven Materialien diskutiert.

Danach wird der derzeitige ,Gold-Standard®, PEG, diskutiert um die Grundlage fir seinen
Erfolg und seine Nachteile zu bestimmen und den Bedarf an komplementaren,
alternativen Polymeren hervorzuheben. Der erste Teil von Kapitel 1 schlief3t mit Vor- und
Nachteilen einiger aussichtsreicher Alternativen fir PEG die bereits als komplementéare

Polymere in vivo oder in klinischen Studien eingesetzt werden.

Der zweite Teil von Kapitel 1 fihrt die Poly(phosphoester) ein. Zunachst wird eine kurze
Erorterung des Elements Phosphor beziglich seiner Allgegenwart und Wichtigkeit in der
Natur gegeben. Auf diesen Teil folgt eine kurze Zusammenfassung tUber den historischen
Werdegang der Forschung an synthetischen PPEs, bevor ein relevanter Teil der
moderneren Literatur Uber die kontrollierte Synthese und Anwendung von PPEs im

biomedizinischen Bereich zusammengefasst wird.

Abschlieiend werden Poly(phosphonate) (PPns) vorgestellt, die im Mittelpunkt der
folgenden (experimentellen) Kapitel stehen. Ausgehend von einem kurzen historischen
Hintergrund und einer umfassenden Ubersicht tiber synthetische PPns wird diese

Dissertation so in den richtigen Kontext gebracht.
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Kapitel 2

Kapitel 2 stellt die Synthese und Charakterisierung von PPns vor, die verschiedene
Alkylseitenketten tragen. Drei neue cyclische Monomere fur die Ringo6ffnungs-
polymerisation (ROP) werden eingefihrt. Die Polymerisation wird durch die Katalysatoren
1,8-Diazabicyclo [5.4.0] undec-7-en (DBU) und 1,5,7-Triazabicyclo [4.4.0] dec-5-en (TBD)
katalysiert, verlauft mit hoher Kontrolle Uber das Molekulargewicht und es werden sogar
bei vollem Umsatz Polymere mit engen Molekulargewichtsverteilungen erhalten. Die
Polymere mit Methyl-, Ethyl- und i-Propyl Seitenketten sind ohne temperaturabhéngige
Phasenseparation in Wasser I6slich. Sie zeigen keine Toxizitat gegeniber HeLa-Zellen.
Polymere mit n-Butylseitenketten zeigen eine verminderte Ldslichkeit in Wasser mit
konzentrationsabhangiger Phasenseparation und eine erhdhte Toxizitdt gegenuber
HelLa-Zellen. Alle Polymere zeichnen sich sowohl unter neutralen als auch unter
basischen Bedingungen durch signifikant unterschiedliche Abbauzeiten aus. Hierdurch
wird eine genau abgestimmte Abbaurate in Wasser durch Variation der Seitenketten

ermdglicht. Keines der Polymere zeigt eine Hemmung des Enzyms Acetylcholinesterase.

Kapitel 3

2-Cyclohexyl-2-ox0-1,3,2-dioxaphospholan (¢YHexPPn), ein neues Monomer fir die ROP,
wird in Kapitel 3 vorgestellt. Die organokatalysierte Polymerisation mit TBD als
Katalysator liefert Homopolymere mit guter Kontrolle Uber das Molekulargewicht und
engen Molekulargewichtsverteilungen. Die Homopolymere zeigen einen um 60 °C
hoheren Glasibergang im Vergleich zu allen bisher beschriebenen Poly(phosphonaten).
Die Copolymerisation mit 2-lIsopropyl-2-oxo-1,3,2-dioxaphospholan (‘PrPPn) aus
Kapitel 2 ergibt wasserlosliche, wohldefinierte Copolymere. Die Copolymer-
zusammensetzung stimmt in allen Fallen mit dem theoretisch ermittelten Wert tberein
und die Glasubergangstemperatur zeigt eine lineare Korrelation mit der Menge an
eingebautem 'PrPPn. Die Copolymere zeigen nur eine geringe Zelltoxizitat gegeniiber den

empfindlichen murinen Makrophagen RAW264.7.
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Kapitel 4

Thermoresponsive Polymere sind vielversprechende Materialien fir die Entwicklung von
Wirkstofftragern mit einer temperaturgesteuerten Freisetzung der eingeschlossenen
Substanz. Solche "intelligenten" Polymere verandern ihre Hydrophilie beim Erhitzen und
fallen aus wassriger Losung aus. Kapitel 4 stellt die Synthese von statistischen
Poly(phosphonat) Copolymeren, entweder mit hoher Ldslichkeit in Wasser oder einem
fein einstellbaren Ubergang von hydrophil zu hydrophob beim Erwarmen ("LCST"), vor.
Die Polymerisation tber ROP bietet hohe Kontrolle tber das Molekulargewicht und die
Copolymerzusammensetzung und stellt Polymere mit engen Molekulargewichts-
verteilungen dar. Die Temperatur an der Phasenseparation auftritt, hangt hauptsachlich
von der Copolymerzusammensetzung ab und kann in Wasser gezielt eingestellt werden.
Der Phasenibergang wurde auf verschiedenen Lé&ngenskalen mit zueinander
komplementaren Methoden untersucht: Elektronenspinresonanzspektroskopie (EPR),
dynamische Lichtstreuung (DLS), UV-Vis-Spektroskopie und konfokale Laser-Scanning-
Mikroskopie (cLSM). Die stufenweise Bildung von Aggregaten nahe des Trubungspunktes
und deren anschlieBendes Wachstum bis hin zur Bildung von makroskopischen

Koazervaten werden gezeigt.

Kapitel 5

Kapitel 5 prasentiert eine gemeinschaftliche Arbeit mit Prof. Dr. M. A. Kelland von der
Universitat Stavanger, Norwegen. Die Fahigkeit von PPn Copolymeren, die in Kapitel 3
und Kapitel 4 vorgestellt wurden, die Gashydratbildung zu hemmen, wird untersucht. Die
Copolymere werden auf ihre Leistung als kinetische Methanhydrat Inhibitoren (KHIs) in
Hochdruck-Schwingzellen geprift. Alle Copolymere ergeben eine bessere KHI-Aktivitat
als Tests ohne Additiv. Keines der PPns liefert jedoch niedrigere Start-Temperaturen als
der Benchmark Vergleich, Poly(N-Vinylcaprolactam), ein bekannter kommerzieller KHI.
Dartber hinaus wird der biologische Abbau der Copolymere anhand des marinen
OECD306-Testprotokolls evaluiert. So wird zum ersten Mal der mikrobielle Abbau von

PPns im Meerwasser nachgewiesen.
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Kapitel 6

Koazervate sind teilweise hydratisierte, kolloidale Polymer-Tropfchen in Wasser, die
durch hydrophobe Wechselwirkungen zusammengehalten werden. Sie werden als
aussichtsreiche Kandidaten fur Arzneimittelabgabeanwendungen angesehen. In
Kapitel 6 werden die ersten einfachen Koazervate aus der temperaturinduzierten
Phasenseparation von wassrigen PPn-Terpolymerldsungen vorgestellt. Solche
Koazervate sind als Arzneimitteltrager interessant, da sie nicht toxisch und vollstandig
biologisch abbaubar sind und sich beim Uberschreiten einer Schwellentemperatur (LCST)
spontan bilden. Die untersuchten Terpolymere werden tber die ROP von cyclischen
Phosphonat-Monomeren synthetisiert, was eine hohe Kontrolle Gber Molekulargewicht,
Terpolymer-Zusammensetzung, sowie physikalische und chemische Eigenschaften
gewahrleistet und Polymere mit engen Molekulargewichtsverteilungen erhalten werden.
Um das Gleichgewicht von hydrophilen und hydrophoben Seitenketten fein abzustimmen,
sind funktionelle Seitengruppen fir weitere Modifikationen statistisch Uber die gesamte
Kette verteilt. Die Mikrostruktur wird durch 3!P{H}-NMR-unterstiitze Kinetik Messungen
untersucht und die Bildung von statistischen Copolymeren nachgewiesen. Diese
funktionellen Terpolymere lagern sich beim Erhitzen tGber die LCST spontan in eine
polymerreiche Koazervat-Phase in Wasser ab, wodurch ein elegantes Verfahren zur

Herstellung eines abbaubaren und nicht toxischen Tragersystems bereitgestellt wird.

Kapitel 7

Die temperaturinduzierte Selbstorganisation von Blockcopolymeren ermdglicht die
Bildung nanodimensionaler Strukturen. Abbaubare UCST-Blockcopolymere, die das
Quellen oder sogar Auflosen der Uberstrukturen bei erhéhten Temperaturen in
Kombination mit eventueller Polymer-Hydrolyse erlauben wirden, wurden bisher nicht
berichtet. Kapitel 7 stellt zunachst abbaubare PPns mit einstellbarer UCST vor. Die durch
ROP erhaltenen Copolymere werden in thermoresponsive Polymere umgewandelt, indem
Carbonsaure-Gruppen durch Thiol-En-Modifikation in die Seitenketten eingeftihrt werden.
Auf diese Weise werden nicht zelltoxische, abbaubare Polymere erzeugt, die in Wasser

ein UCST-Verhalten zeigen. Nach einer grindlichen Untersuchung des UCST-Verhaltens
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werden Blockcopolymere mit PEG als nicht adressierbaren, wasserléslichen Block
hergestellt indem der Phosphonat-Block auf einen PEG-Makroinitiator auf polymerisiert
wird. Diese Blockcopolymere ordnen sich selbst zu Polymersomen mit enger
GroRRenverteilung an. Abhangig von Blocklangenverhéltnis und Substitutionsgrad quellen

oder zerfallen diese Strukturen bei einer Erhéhung der Temperatur.

Kapitel 8

Die Erh6hung der Plasmahalbwertszeit ist ein wichtiges Ziel in der Entwicklung und
Verbesserung von Medikamenten und Wirkstofftragern. Die Anlagerung von
Polymerketten, insbesondere Poly(ethylenglykol) (PEG), die sogenannte PEGylierung, ist
eine etablierte und effektive Methode zur Erh6hung der Plasmahalbwertszeit ("stealth-
Effekt"). Die Grunde fur den Erfolg von PEG sind jedoch noch weitgehend unbekannt und
es wird spekuliert, dass dies das Ergebnis einer verminderten Gesamtproteinadsorption
an der hydrophilen Oberflache ist. Kapitel 8 stellt eine kooperative Studie mit Johanna
Simon aus unserer Arbeitsgruppe vor, um den Einfluss von Oberflacheneigenschaften
von PPn-beschichteten Nanotragern auf den ,stealth® Effekt zu untersuchen. Der Fokus
liegt insbesondere auf dem Proteinadsorptionsverhalten von Tragern, die mit PPns
unterschiedlicher Hydrophilie modifiziert wurden, um die "stealth" -Eigenschaften zu
kontrollieren. Wir kombinieren die Prazision von ROP mit dem Aufpfropfverfahren, um
Nanotrager mit praziser Kontrolle der Oberflachenhydrophilie zu erhalten. Wir zeigen,
dass die Gesamtproteinmenge trotz der unterschiedlichen Hydrophilie der untersuchten
Oberflachen unverandert bleibt. Die Art der adsorbierten Proteine wird jedoch dramatisch
verandert, wenn eine bestimmte Schwellen-Hydrophilie unterschritten wird. Diese
Anderung der Proteinadsorption korreliert mit der in vitro beobachteten Veranderung der

Wechselwirkung mit Immunzellen.
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Chapter 2: A library of well-defined and water-soluble poly(phosphonate)s with
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Chapter 4: Poly(phosphonate) copolymers with lower critical solution
temperatures: from single chains to macroscopic coacervates.
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Chapter 5: Poly(alkyl ethylene phosphonate)s: A New Class of Non-amide Kinetic
Hydrate Inhibitor Polymers.
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Chapter 6: Thermoresponsive coacervate formation of random

poly(phosphonate) terpolymers.
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Chapter 8:
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Chapter 1: Introduction

Polymers in Biomedical Applications

During the 50 years since the first use of synthetic polymers in biomedicine in the 1960’s,
the field has prospered tremendously from synthetic advances in polymer science as
evidenced by the numerous polymer containing drug formulations in clinical trials or

already available on the market by now (a few selected examples, Table 1.1).1

Table 1.1: Selected choice of some commercially available or clinically tested polymer-
drug formulations.

formulation drug polymer carrier type status reference

PEGasys interferon PEG polymer-protein market A
alpha-2A conjugate

Oncaspar asparagase PEG polymer-protein market .
conjugate

Krystexa porcine-like PEG polymer-protein market 6
uricase conjugate

Genexol paclitaxel PEGylated AB type block market .

PLA copolymer micelle
POxsol paclitaxel poly(2- ABA type triblock pre- o
oxazoline) terpolymer micelle  clinical

FCE28068  doxorubicin HPMA copolymer-drug  phase Il o
conjugate

PG-TXL paclitaxel Poly(L- polymer-drug phase Il o
glutamic acid) conjugate

The flexibility in polymer design, functionality, topology, and microstructures give rise to a
great diversity of physical properties, which can be used in biomedical applications.?3

This enables fine tuning of each polymer to suit a selected application through
sophisticated polymer synthesis and rational design of materials. Especially in the fields
of surface coatings, drug delivery, and tissue engineering, polymers are an indispensable

asset for many applications (Table 1.1).13
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Advantages of polymer-conjugation

Attachment of polymers onto drug carriers or the drug itself provides significant
advantages over the non-modified versions. Conjugation with a suitable polymer provides
increased water-solubility and reduces the toxicity of many hydrophobic drugs.31° The
resulting steric shielding protects against hydrolytic and enzymatic degradation.!310
Furthermore, nonspecific interactions with or adsorption of blood components (so-called
‘opsonization”) are significantly altered and in most cases reduced. This effectively
prevents the uptake by cells of the immune system. Finally, the increased hydrodynamic
radius of the conjugate reduces the renal excretion rate, as the glomerular filtration is size
dependent. In total, all these factors amount to a significant increase in plasma half-time,
increasing the pharmaceutical efficacy of the respective drug.?310

The reduced recognition by the immune system and the slower blood clearance is referred
to as “stealth effect”. Previous studies attributed the effect solely to the observable
reduced overall protein adsorption. However, recent studies from our department proved
that reducing the protein adsorption alone is not sufficient to induce “stealth” properties.
Rather, the specific adsorption of certain blood proteins (the so-called “dysopsonins”) is
necessary for a reduced cellular uptake.!* Upon coming in contact with blood, proteins
and other blood components adsorb on the surface of foreign objects like drug carriers,
forming the so-called “protein corona”.!?

This protein layer alters the carrier’s properties such as size, charge or aggregation and
affects the body distribution, toxicity, and especially cellular interactions.'®'4 Today,
controlling the protein corona in blood is considered to be crucial to design therapeutically
effective nanocarriers. Specific corona proteins were identified as either opsonins
(enhancing phagocytosis, e.g., immunoglobulins and complement proteins) or
dysopsonins (decreasing phagocytosis, e.g., albumin, clusterin).® These dysopsonins
were detected in high amounts on typical “stealth polymers” and are currently discussed

as potential sources of the “stealth effect” (schematic representation in Figure 1.1).11.16
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Figure 1.1: Schematic illustration of the formation of the protein corona from the
bloodstream and the influence on the cellular uptake: Top row) “Non-stealth” surfaces
adsorb large quantities of blood proteins non-specifically. This opsonization leads to
an increased recognition and internalization by cells of the immune system. Bottom
row: Modification of the surface with “stealth” polymers leads to a reduced overall and
specific adsorption of blood proteins onto the surface. The adsorbed dysopsonins
reduce the recognition and internalization by cells of the immune system.

The increased plasma half-time furthermore passively exploits the enhanced permeability
and retention effect (EPR effect). This effect, first presented by Maeda et al. in 1984
describes the increased uptake of high molecular weight materials into cancerous and
inflamed tissue.”1° These tissues are characterized by hyper-vascularization, and a leaky
vasculature due to the tissues increased metabolic activity. This increased growth of blood
vessels with leaky walls results in the passive accumulation of long-circulating, high
molecular weight materials like drug conjugates. The EPR effect thus further increases
the therapeutic efficacy of the drug by providing a passive targeting towards inflamed and

cancerous tissue.1819
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Requirements for polymer applications in vivo

All polymers envisioned for use inside the body have to fulfill several requirements:
The polymers have to be non-toxic; meaning cell-viability of the surrounding tissue must
not suffer. Furthermore, the polymers must be non-immunogenic, hence not provoke a
response of the immune system. Finally, the polymer synthesis has to provide control over
molecular weight, and the polymers should have narrow molecular weight distributions.
Molecular weight was found in many studies to strongly influence the biocompatibility and
“stealth behavior”.?%2! Narrow molecular weight distributions are necessary to establish
distinct structure-effect relationships.??

Depending on the specific applications additional properties are often demanded. In the
case of drug delivery, the polymers need to be water-soluble or amphiphilic under
physiological conditions. This prevents aggregation and increases the water-solubility of
the drug. Degradability of the polymers may be desired to induce the timed release of
cargo or prevent accumulation of polymeric material in the body after repeated
administration. Especially accumulation is a significant issue for many currently used

polymers due to potential damage to immune cells and excretory organs.
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“Smart” stimuli-responsive polymers

More sophisticated carriers or coatings depend on the use of “smart” polymers. Such
materials react to an external stimulus with a property change. Both the nature of the
stimulus and the varied property can be addressed. Morphology, color, shape,
hydrophilicity, solubility, conductivity, and redox potential are typically addressed. The
most often used stimuli are pH23-2526, temperature®*26.27 light?’, redox potential®>25,
application of an external electric/magnetic field®®, and the addition of small molecules?®.
Through the rational design of the polymer structure, more than one stimulus can be used.
Two selected examples for multi stimuli-responsive materials (pH, T, and redox; T, and
light) are shown in Figure 1.2. Due to the widespread success of such materials especially

in biomedical applications, several excellent review articles are available today.?72%:30
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Figure 1.2: Selected examples of multi stimuli-responsive materials. a) pH,
temperature and redox triple responsive polymers on the basis of ferrocene containing
PEG. Copyright @ 2015 American Chemical Society. Reprinted with permission from
ACS Applied Materials & Interfaces, free access Author Choice article.?®5 b)
Temperature and light dual responsive block copolymers on the basis of side-chain
azobenzene containing P(NIPAM). Copyright @ 2010 The Royal Society of Chemistry.
Reprinted with permission from Chemical Communications.3!

The best understood and most often used stimulus is a change in temperature.
Temperature can easily be varied from the outside, either by phototherapy or simple
cooling. Additionally, inflamed or cancerous tissue intrinsically has an increased
temperature due to the higher metabolic activity.®? Typically, a temperature responsive
polymer changes its solubility behavior upon the stimulus. Two cases are to be

distinguished: decreased solubility and increased solubility (e.g., in water) at elevated

temperature.
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The first case describes the behavior of polymers showing a lower critical solution
temperature (LCST), a temperature above which they become insoluble (Figure 1.3, top).
The effect is widely observed for many water-soluble polymers with poly(N-isopropyl
acrylamide) (P(NIPAM)) as the best-characterized example.?” 293334 The inverse case
describes polymers that become insoluble in water below the critical temperature (upper
critical solution temperature, UCST) (Figure 1.3, bottom). The UCST case, for agqueous
systems, is much less frequently observed than the LCST case.*® The schematic,
idealized phase diagram (volume fraction vs. temperature) of a binary mixture for both
cases are shown in Figure 1.3. When starting with a clear polymer solution, the chains
are likely to exist in a random coil structure and be maximally solvated (middle of
Figure 1.3). Upon crossing the coexisting curve (blue line) by heating (for LCST) or cooling
(for UCST), respectively, the system becomes metastable. In this condition, minimal T-
fluctuations can be tolerated without phase separation. Upon further T-change and
crossing of the spinodal curve (brown line), phase separation is inevitable due to entropic
(LCST) or enthalpy (UCST) reasons. The LCST and UCST are defined as the maxima or
minima of the spinodal curves, respectively. Each other point in the phase diagrams on
the spinodal curve is referred to as a composition dependent cloud point temperature
(Tep). Both phenomena have different physicochemical origins, which shall be briefly

discussed in the following.36

To induce LCST behavior, usually, a balance of hydrophilic and hydrophobic segments in
the polymer backbone is needed. Increasing the number of hydrophobic segments
typically decreases the phase separation temperature. The process is mainly entropy
driven. At low temperature, the polymer backbone is well-solvated, typically via H-bond
interactions and the polymer-polymer interactions are shielded. As temperature increases,
the H-bonding becomes weaker, and the T-dependency of the entropy term forces a
release of polymer-bound (low degree of freedom) solvent into the bulk solvent (higher
degree of freedom), resulting in a favorable gain of entropy. The hydrophobic polymer-
polymer interactions, which tend towards polymer aggregation are less affected by
temperature. As a combined result, the polymer chains undergo a coil-to-globule transition
and precipitate from solution. This is accompanied by an increase of entropy of liberated
water molecules previously bound to the polymer.36:37.38
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Figure 1.3: Schematic presentation of the phase diagrams of an LCST (top) and a UCST
polymer (bottom). Blue lines represent the coexisting curves, brown lines the spinodal
curves. Between the coexisting and the spinodal curve, the system is in a
metastable condition in which minor T fluctuations are tolerated. Upon crossing the
spinodal curve, phase separation is inevitable. Coil-to-globule phase separation and
inverse case illustrated by stretched and collapsed “polymer” chain (blue coils).
Copyright @ 2017 Multidisciplinary Digital Publishing Institute (MDPI). Reprinted and
modified from Open Access journal Gels.3®

To induce UCST behavior, temperature-sensitive intra- and inter-chain interactions are
needed, which break upon heating of the solution, resulting in the solubilization of the
polymer aggregates. Unlike the LCST-, the UCST phase separation is an enthalpy-driven
process and typically relies on strong polymer-polymer and weak polymer-solvent
interactions, respectively.®® H-bond interactions are mostly utilized for temperature
responsive aggregation/dissociation of the polymer chains. An increase in temperature
decreases the effectiveness of inter- and intra-chain H-bonding and promotes interactions

with the highly mobile solvent, thus solvatization of the polymer.3°39
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The respective critical temperature (cloud point temperature Tcp) is easily obtained by UV-
Vis turbidity measurements (Figure 1.4 and Figure 1.5). In these measurements, a light
beam is passed through a cuvette, and the transmission is detected. For a clear solution
(below LCST or above UCST, respectively) the transmission is 100%. Upon surpassing

the critical temperature, transmission drops due to precipitation of the polymer from
solution.
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Figure 1.4: Schematic illustration of a UV-Vis turbidity measurement of an LCST
polymer.
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Figure 1.5: Schematic illustration of a turbidity measurement of a UCST polymer.
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Poly(ethylene glycol): the “gold standard”

The benchmark polymer every new material needs to compete with is poly(ethylene
glycol), PEG. Since its first use in the 1970’s, the attachment of PEG to surfaces, carriers
or drugs (a process nowadays termed “PEGylation”) serves as the “gold standard” for
hydrophilic polymers that are used in medicine today (Table 1.1).1194° The advantages of
PEG are numerous. From the synthetic side, PEG is a low-cost material that is
synthesized industrially on a large scale (~450 kt per year, 2016, Figure 1.6)* and

pharmaceutical purity, as it is also used in cosmetics and as a food additive.#14?
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Figure 1.6: Global market production of PEG in kt per year and differentiation of PEG
usage in different markets. Data collected till 2015, data from 2016 onwards predicted
in 2015.4¢
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The anionic ring-opening polymerization of ethylene oxide (Scheme 1.1) provides control
over molecular weights ranging from 400 g mol* to about 50,000 g mol' and narrow

molecular weight distributions (b < 1.10).
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Scheme 1.1: The anionic ring-opening polymerization of ethylene oxide. Top: Initiated
with cesium alkoxides as typically used in academics to produce a-functional PEG.
Bottom: Initiated with potassium hydroxide as used in industrial synthesis to produce
PEG-diol.

Despite its polyether structure, PEG is water-soluble due to H-bonding between the
ethylene glycol units and water. Furthermore, it is soluble in a wide range of organic
solvents, simplifying synthesis and end-group modification and it precipitates from
solvents with low dielectric constants, facilitating purification. From the biological side,
PEG is biocompatible, non-cell-toxic and triggers no acute immune-responds.'® PEG also
features a pronounced “stealth effect” when attached in sufficient amounts.120
Consequently, many studies have shown the increased plasma half-time, decreased
toxicity and improved pharmacokinetics of PEGylated substances, like drugs, proteins,
micelles, and carriers.692143-45 A|| these assets have made PEG an indispensable

polymer in biomedical applications and our dalily life.

However, PEG still faces limitations: Regarding the synthesis and chemical structure of
PEG, the lack of functionality is striking. Two functional groups, at the a- and w-end of the
polymer, but no further groups along the backbone are available for functionalization. The
a-group is mostly a non-functional methoxy group originating from the synthesis. The ©-
group is usually used for conjugation chemistry and blocked for sophisticated features like
labeling, active targeting or stimuli responsiveness. Furthermore, the inherent stability of
the polyether backbone towards hydrolysis and enzymatic degradation presents an issue

concerning accumulations in vivo.1°
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Biodegradation of PEG was so far only demonstrated using sludge microbes in 2005 by
Huang et al.*¢ Consequently, the renal excretion limit determines the highest usable
molecular weight. The exact value is difficult to determine, but studies suggest a
suitable range of 20,000 g mol* to 60,000 g mol*.22 This issue is being addressed by the
rational incorporation of degradable linkers in the PEG chains.*”#8 However, the insertion
of the cleavable sites needs to be carefully designed, as low Mn fragments of PEG
(~ 400 g molt) were found to be susceptible towards oxidation by the enzyme alcohol
dehydrogenase forming toxic aldehyde products. This oxidative metabolism rate

decreases significantly with increasing molecular weight.4°

The final issue of PEG very likely arises due to the omnipresence of PEG in daily
applications and drug formulations: despite the fact that PEG triggers no acute immune-
responds, long-term exposure to PEG can lead to the formation of anti-PEG antibodies.
First detected in 1983 by Richter et al. in rabbits, several studies report a change in the
pharmacokinetics of the second injection of PEGylated carriers. These antibodies are
today, upon others, accounted for hypersensitivity reactions observed in some patients

treated with PEGylated formulations.5%51

Furthermore, the “accelerated blood clearance phenomenon” (ABC) is also suggested to
occur due to anti-PEG antibody formation. This effect describes the drastic increase in
blood clearance of PEGylated carriers after the first treatment. Rat models treated with
PEGylated liposomes showed a 52% clearance 4h after the second injection (compared
to 0.6% clearance 4h after the first injection, Figure 1.7).52 However, also a growing
amount of clinical studies struggle with the effects of this increased clearance. Importantly,
recent studies identified anti-PEG antibodies in 22-25% of healthy blood donors that were
not treated with PEGylated drugs. Two decades earlier, only 0.2% of healthy blood donors

were found positive for anti-PEG antibodies. 53-56
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Figure 1.7: Blood clearance of PEG-liposomes in rats after the first (black dots) and
second i.v. injection (open dots). The mean value of 6 rats presented. Copyright @
2000 The American Society for Pharmacology and Experimental Therapeutics.
Reprinted with permission from The Journal of Pharmacology and Experimental
Therapeutics.®?

As a consequence of the emerging issues of PEGylation and due to the wide variety of
potential applications and obstacles to overcome in the field, it becomes apparent, that
one polymer(class) is not enough to cover all applications. Therefore, synthetic chemists
are continually being pressed to find complementary alternatives for PEG and novel, more
specialized materials to improve existing and create new polymers for biomedical

applications.?57
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Alternatives to PEG

Some of the most promising alternatives currently discussed are poly(glycerol)s (PG)?°,
(modified) polysaccharides'0:16:58-60, poly(2-oxazoline)s (POXx)10.61.62, and
poly(phosphoester)s (PPEs).118% Possessing a similar polyether backbone as PEG with
an additional hydroxyethyl side-chain at each repetition unit, linear and/or hyperbranched
PG’s share many beneficial traits of PEG (Scheme 1.2).%4
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poly(ethylene glycol), PEG linear poly(glycerol), inPG hyperbranched poly(glycerol), hbPG

Scheme 1.2: Structures of PEG, |linPG, and hbPG.

The biocompatibility of PG was found to be slightly superior to PEG®%%%6, and no significant
immunogenicity was detected.®® The “stealth effect” is observed as expected®’, and the
ABC phenomenon has not been reported for PG formulations, indicating no formation of
anti-PG antibodies yet.%8 Furthermore, the side-chains enable polymer property variation
and a high degree of diversity. This is usually achieved either by rational design of
functional glycidyl ether monomers or by post-polymerization functionalization of the final
polymer.5489The anionic ring-opening polymerization of these glycidyl ether monomers
offers the synthesis of “functional PEG” with excellent control over molecular weight,
copolymer composition, knowledge of the microstructure, and narrow molecular weight
distributions.5470 Still, PG’s are non-degradable in vivo, as they are polyethers and

especially high Mn PG’s were found to accumulate in liver and spleen of treated mice.”*
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(Modified) polysaccharides bring the benefit of being derived from natural resources.
Wholly natural saccharides like, e.g., dextrin or partially modified saccharides like hydroxyl
ethyl starch (HES) have been used in biomedical applications for years. In addition to their
inherent degradability and biocompatibility, they were found to efficiently induce a “stealth

effect” and positively modify the pharmacokinetics of modified drugs.”>"3

A class of fully synthetic polymers are the poly(2-oxazoline)s, which have been extensively
investigated for the last 50 years.”* These polymers can be synthesized with excellent
control over molecular weight, copolymer composition, polymer microstructure, polymer
topology, and narrow molecular weight distributions via the living cationic ring-opening

polymerization (cCROP, Scheme 1.3).
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Scheme 1.3: Schematic living cationic ring-opening polymerization (cROP) of a 2-alkyl
oxazoline initiated with methyl p-toluene sulfonic acid to form poly(2-alkyl oxazoline).
Exhaustive research has been done in the development of functional monomers and
today, o, ®-and side-chain modifications make poly(2-oxazoline)s an impressively
diverse polymer class, that is already commercially available (Aquazol®). Polymer
properties concerning, e.g., solubility and functionality, are easily modified, enabling the
design of “smart” polymers with, e.g., targeting or labeling units in the backbone.0:62.75-77
A wide range of drug carriers, ranging from AB or ABA block-copolymer micelles
(Figure 1.8) to “POxylated” liposomes, have been developed and show promising results,
indicating excellent “stealth behavior” both in vitro and in vivo.857.627882 PQOx’s are
biocompatible, generally non-toxic and up to date, no anti-POx antibodies have been
reported.”®8384 However, like PG’s, POx’s are non-degradable under physiological
conditions and show a tissue accumulation similar to that of PEG in the liver, spleen, and
kidney.®?
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Figure 1.8: Structure of amphiphilic poly(2-oxazoline) ABA triblock copolymer and
schematic formation of drug-loaded micelles for drug delivery. Copyright @ 2012
American Chemical Society. Reprinted with permission from Molecular
Pharmaceutics.®

Despite the development of these and many more polymers used and discussed for
biomedical applications, no polymer has been identified to perfectly fulfill all requirements.
It stands to debate if a material like this will ever be designed. Furthermore, owning their
more frequent use, it is only a matter of time until the inevitable discovery of the first
antibodies against the polymer classes mentioned above. Therefore, the development of
new polymers for biomedical applications needs to keep up with the rising demands on
such materials.

One class of polymers, which was recently added to the portfolio of interesting materials
in biomedicine are poly(phosphoester)s (PPEs). These polymers have been initially
designed to mimic the most essential natural macromolecule, DNA. Consequently, they
were expected to fulfill many requirements for use in biomedical applications:
biocompatibility, non-toxicity, non-immunogenicity, water-solubility, and degradability.
Furthermore, the pentavalent phosphorus offers a diverse synthetic platform for property

modifications.
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Phosphorus-Containing Polymers: Poly(phosphate)s

Phosphorus and Phosphates in nature

Phosphorus compounds are omnipresent in nature, either bound in inorganic salts, or
organic compounds and Phosphorus is the 11" most abundant element on the planet.
Without phosphoric acid esters, in particular, life as we know it, would not be possible.®
The most fundamental requisites for life are all governed by or with the help of phosphoric

acid derivatives:

The universal energy storage system preserved in all living organisms, ATP, is based on
the potential energy stored in phosphoric acid anhydride bonds, i.e., pyrophosphates
(Scheme 1.4, a). Cleavage of this bond provides energy for active biochemical synthesis,

active transport through cells, nerve transport, growth mechanisms, and movement.8586

Apart from energy storage, the activity of many enzymes is tightly regulated by active
phosphorylation or dephosphorylation of crucial amino acids. In many, but not all, of these
cases, ATP serves as a direct phosphorylation agent and simultaneously provides the

necessary energy via anhydride cleavage.8>86

Furthermore, a large part of biological redox reactions depends on the redox potential of
the NAD* / NADH coenzyme (Scheme 1.4, b, NAD* form). While not being involved in the
redox reaction, phosphoric acid esters serve to enhance solubility and link two essential

functional parts together in one molecule.®’
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Scheme 1.4: Structures of the most important naturally occurring phosphoesters: a)

Universal energy “currency” ATP. b) Redox-responsive system NAD*. ¢c) DNA, the only
naturally occurring PPE.
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Finally, probably the most essential phosphoric acid esters are DNA (Scheme 1.4, ¢) and
RNA, respectively. The carriers of the genetic information are sequence defined
polycondensates of phosphoric acid and substituted (deoxy-)ribose derivatives. Here, the
PPE’s perform several tasks. They serve as the backbone to retain the sequence
definition and provide the necessary stability towards hydrolysis. Furthermore, the
backbone can be cleaved on demand under enzymatic catalysis to repair, e.g., defects.8
The negative charge distributed on the backbone prevents passive, undesired diffusion
through membranes, and enables ionic complexation with components of the transcription
apparatus necessary to “read” the genetic information, some enzymes of the DNA
replication tools, and histones, positively charged proteins necessary for DNA storage and

protein expression.®
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Due to this omnipresence and significance in nature, chemists started to work on the
development of synthetic poly(phosphoester)s. Their potential biodegradability,
biocompatibility, and high structural diversity make them attractive especially in the field
of biomedical applications. In comparison to poly(carboxylic acid ester)s, PPEs contain
the pentavalent phosphorus atom, increasing the structural diversity by the addition of an
additional side-chain. Different binding patterns can be incorporated in the backbone or
side-chain (P-C, P-N), further broadening the property bandwidth of these materials
(Scheme 1.5).
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Scheme 1.5: Structures of the most commonly used PPEs with varying P-X bonds in
the side-chain.

Today, several reviews concerning the different synthetic routes towards and applications
of PPEs are available.®%-%* This chapter will give a short historical background regarding
the synthesis of PPEs, but the primary focus will lie on the current organocatalytic ring-

opening polymerization procedure.
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Poly(phosphoric acid ester)s: Poly(phosphate)s

Phosphates are the most abundant phosphorus derivatives in nature. Also in synthetic
polymers, poly(phosphate)s are by far the best-studied sub-class of all PPEs. While the
first PPEs were synthesized via polycondensation reactions, the pioneering work on the
ring-opening polymerization towards poly(phosphate)s has been conducted by Penczek
et al. in the 1970s.% They focused their initial investigations on the cationic polymerization
of 2-alkoxy-2-oxo0-1,3,2-dioxaphosphorinanes, six-membered cyclic phosphates, to

synthesize synthetic oligonucleotides via a controlled route (Scheme 1.6).
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Scheme 1.6: Proposed cationic polymerization of 2-methoxy-2-0x0-1,3,2-

dioxaphosphorinane initiated with the triphenyl methyl cation (anions omitted).®®

ROP was carried out in the presence of triphenyl methyl salts and was prone to
transesterification processes, thus resulting only in the formation of oligomers.% This work
was complemented in 1977 by the detailed kinetic investigation of differently substituted
monomers. The same anionic initiators as in the previous studies were used with a strong
tendency towards chain-transfer reactions.®® The anionic polymerization of these
monomers initiated with sodium and potassium alkoxides, published in the same year,
produced only low molecular weight compounds of around 1,000 g mol. High degrees of
transesterifications reactions limited the propagation, a result further confirmed by parallel

work of Vogt et al..®”:%8
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Parallel to Penczeks work on six-membered monomers, Vogt et al. studied the
polymerization of five-membered 2-alkoxy-2-oxo0-1,3,2-dioxaphospholanes. Following the
initial works of Munoz et al. they presented the alkoxide initiated ROP of these monomers.
In contrast to the six-membered homologs, rapid monomer conversion was found at room
temperature. However, kinetic studies pointed towards a pronounced tendency for

transesterification reactions.%

Around the 1980s, a shift towards the use of the five-membered dioxaphospholane
monomers occurred, and the six-membered rings vanished from the following literature,
probably due to their lower ring-strain, making a controlled ROP without chain transfer
difficult. In the following decades, several 5-membered cyclic monomers and detailed

mechanistic studies were reported. (see Scheme 1.7).
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Scheme 1.7: Representative 2-alkoxy-2-ox0-1,3,2-dioxaphosphorinanes used in the
ring-opening polymerization.
Polymerizations before 1998 were performed mainly with organo-aluminum or -magnesia
reagents resulted in higher molecular weight polymers (Mn > 10,000 g mol?).2% As a
consequence the use of easy to synthesize organo-aluminum compounds dominated the

field for many years.1%?
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The first non-metal catalysis for PPE preparation was reported by Wen et al. in 1998 when
they used lipase to polymerize 2-isopropoxy-2-o0xo0-1,3,2-dioxaphsopholane (Scheme 1.7,
structure 3) enzymatically. Unlike the alkoxide or aluminum-catalyzed reactions, the
polymerization needed high temperature and long reaction time (up to 170h) to proceed
to high conversions (94%). Even then, materials with molecular weights below

2,000 g mol! were obtained.1%?

Wang et al. achieved higher degrees of polymerization (molecular weights up to 5,000 g
mol-1) in 2006 when they utilized Sn(Oct)2 as a catalyst for the insertion polymerization of
2-ethoxy-2-0x0-1,3,2-dioxaphsopholane (Scheme 1.7, structure 2; Scheme 1.8, proposed

mechanism).103
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Scheme 1.8: Proposed mechanism of initiation and propagation of EEP polymerization
with Sn(Oct),.103

The polymerization proceeded to high conversions (90%) within 30 min in THF at 40 °C.
Only low conversion of less than 40% was achieved at 0 °C. However, a more detailed
analysis of the polymerization and the resulting polymer showed that the reaction was
prone to transesterification and depolymerization as side-reactions. The molecular weight
distribution broadened significantly over time (1.31, 20 min to 1.69, 24h) and became
bimodal after 4h of reaction (Figure 1.9). Furthermore, the apparent molecular weight
deviated from the initial monomer to initiator feed ratio, indicating side-chain

transesterifications and the formation of branched structures.193
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entry Time Mn PDI

a 20min 3140 1.31
b 60min 3690 1.41
c 4 h 4300 1.53
24h 4680 1.69
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Figure 1.9: SEC elugrams of EEP polymerization with Sn(Oct), in THF at 40 °C.
Copyright @ 2006 American Chemical Society. Reprinted with permission from

Macromolecules.13

Around that time, the first attempts to use well-defined PPEs as materials in biomedical
applications were undertaken by Leong et al.. They synthesized copolymers composed of
lactide and 2-ethoxy-2-oxo0-1,3,2-dioxaphsopholane with yields of 70% and molecular
weights of 10,000 g mol* to produce degradable, non-toxic drug carriers. However, no
data concerning the microstructure of the polymer was shown. The copolymers showed
little to no toxicity towards Hela-cells, indicating the biocompatibility of PPEs. Furthermore,
they presented the diffusion-controlled release of a model compound, BSA, from porous
microspheres made of their copolymer (Figure 1.10).1%4
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Figure 1.10: SEM image (left) and cumulative release profile of BSA from PLA-EEP

microspheres in PBS (pH 7.4) at 37 °C. Copyright @ 2003 Elsevier. Reprinted with
permission from Journal of Controlled Release.%*
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The first organocatalytic anionic ring-opening polymerization (0AROP) of cyclic phosphate
esters was presented in 2010 by Iwasaki et al. They were the first to use the well-known
organic bases DBU and TBD (Scheme 1.9, top and middle row) to polymerize 2-
isopropoxy-2-o0xo0-1,3,2-dioxaphsopholane in the presence of a primary alcohol as an

initiator.
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Scheme 1.9: Catalysts for the oAROP of cyclic phosphate monomers and their
activation mechanism. Top: activation of initiator/active chain end ROH via DBU.
Middle: Dual-activation of initiator/active chain end and monomer via TBD. Bottom:
Activation of initiator/active chain end via DBU and activation of monomer via thiourea
as a binary catalyst mixture.

Iwasakis investigations showed that this cyclic monomer can be rapidly polymerized with
TBD to high conversions (90%) within 20 min at 0 °C. Exceptionally high control over
molecular weight and narrow molecular weight distributions (B < 1.10) were achieved. A
linear dependence of the molecular weight evolution of the polymers to the monomer
conversion indicated the absence of side-reactions like transesterifications and

depolymerization, a further side-reaction not discussed in the synthesis of PPEs so far.1%®
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The polymerization with DBU only gave moderate conversions (up to 60%) and needed
reaction times up to 6h, especially for the high monomer to initiator ratios. Nonetheless,
for 2-isopropoxy-2-oxo-1,3,2-dioxaphospholane, excellent control over molecular weight
and narrow molecular weight distributions were obtained without the occurrence of side-

reactions (Figure 1.11).105
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Figure 1.11: Plot of My / M, and M, versus monomer conversion for the polymerization
of 2-isopropoxy-2-0xo0-1,3,2-dioxaphospholane catalyzed with DBU for different
[Mo] / [lo] values. Copyright @ 2010 American Chemical Society. Reprinted with
permission from Macromolecules.%®

After this pioneering work on organocatalysis of phosphoesters, bases like DBU and TBD
became the state of the art for the polymerization of cyclic phosphate monomers. In the
same year, Liu et al. presented the synthesis of PPEs with varying topology, ranging from
linear diblock copolymers over star diblock copolymers to hyperbranched PPEs by use of
the inimer method (Scheme 1.7, structure 8, inimer).1% While they synthesized their
respective PPE macroinitiator conventional with Sn(Oct)2, the second block was grown
via modern DBU catalysis. This combination resulted in moderate molecular weight
distributions (b < 1.4) and yields (< 78%). Furthermore, they investigated the cell-toxicity
of such polymers against NIH 3T3 fibroblasts. This cell line is much less resistant than

HeLa cells, but still, no significant toxicity was observed for all copolymers.196
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In 2012, Zhang et al. presented their DBU-catalyzed oAROP of an alkynyl functional
phosphoester (Scheme 1.7, structure 6), offering the first side-chain modifiable PPE at
that time (Figure 1.12). Polymerization was performed in dichloromethane and proceeded
up to near quantitative conversion within 6 min following a first-order kinetic, despite the
presence of the acidic alkynyl protons. However, using DBU as a base, molecular weight

distributions broadened at conversions above 60%.107

——5, PBYP,  after thiol-yne reaction 34 1.4
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Figure 1.12: Left) SEC traces of alkynyl functional poly(phosphate) before (blue) and
after modification via thio-yne (black) and Huisgen cycloaddition (blue). Right) Plot of
M, and My / M, versus monomer conversion for the polymerization of alkynyl functional
monomer catalyzed with DBU for [Mo] / [lo] = 100. Copyright @ 2012 American Chemical
Society. Reprinted with permission from ACS Macro Letters.%7

An essential breakthrough in synthetic procedures was presented in the same year.
Clement et al. published a detailed kinetic analysis of the oAROP of 2-ethoxy-, 2-
isobutoxy-, and 2-butenoxy-2-oxo-1,3,2-dioxaphospholanes.1®® As catalysts, they used
DBU, TBD, and a binary DBU / thiourea mixture, which has become popular for the ROP
of lactones.° Here, the thiourea (Scheme 1.9, bottom row) activates the monomer via H-
bonding interactions. They impressively show that these catalytic systems are able to
polymerize a variety of dioxaphospholanes following first-order kinetics. However, only
the DBU / thiourea mixture effectively suppresses transesterification reactions
(Scheme 1.10) at high conversions leading to narrowly distributed (B < 1.10), high
molecular weight (up to 70,000 g mol?) polymers for conversions above 90%
(Figure 1.13).
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Scheme 1.10: Possible intra- and intermolecular
poly(phosphoester)s during ROP. Copyright @ 2012 American Chemical
Reprinted with permission from Macromolecules.%8
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Figure 1.13: SEC
dioxaphospholane catalyzed with the binary DBU/TU mixture at 0 °C in toluene with
[Mo] / [lo] = 100 (left) and [Mo] / [lo] = 400 (right). Copyright @ 2012 American Chemical

Society. Reprinted with permission from Macromolecules.%®
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The TBD-catalyzed reactions were equally fast as the DBU/TU catalyzed reactions.
However, all monomers tend towards transesterifications even after reaching nearly

guantitative conversions over time in the presence of TBD (Figure 1.14).
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Figure 1.14: SEC traces of the polymerization 2-isobutyl-2-0x0-1,3,2-
dioxaphospholane catalyzed with TBD at 0 °Cin toluene with [Mo] / [lo] = 200. Copyright
@ 2012 American Chemical Society. Reprinted with permission from
Macromolecules.08

The DBU catalyzed reactions, again, need to be terminated at low conversions (around
50 to 60%) to avoid side-reactions and broadening of the molecular weight distributions
for all monomers (Figure 1.15).1%8 Since the publishing of these results, several research
groups have focused their work on the synthesis and biomedical applications of PPEs and
have either used DBU, TBD or the binary DBU / thiourea (TU) mixture as the respective
catalysts. In all cases the binary catalyst system or TBD have proven to be superior to the

(much less expensive) DBU catalysis.
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Figure 1.15: SEC traces of the polymerization 2-isobutyl-2-0x0-1,3,2-
dioxaphospholane catalyzed with DBU at 0 °C in toluene with [Mo] / [lo] = 50 (left),
[Mo] / [lo] = 100 (middle) and [Mo] / [lo] = 200 (right). Copyright @ 2012 American
Chemical Society. Reprinted with permission from Macromolecules.%8

The following paragraphs feature and shortly discuss a few selected publications showing

the potential of oAROP for PPE synthesis and respective applications:

In 2013, Steinbach et al. investigated the copolymerization behavior of
dioxaphospholanes with 4-exo-substituted dioxaphospholanes via TBD catalysis to gain
insight into the microstructure of such copolymers. A random incorporation of 2-ethoxy-2-

oxo-1,3,2-dioxaphospholane and the 4-exo-substituted dioxaphospholane was proven.10

Lim et al. expanded the scope of side-chain functional PPEs by the DBU-catalyzed
polymerization of a vinyl ether functional dioxaphospholane. They utilized different side-
chain modifications, ranging from acetalization over thioacetalization to thiol-ene
reactions. The polymers aggregation behavior into polymeric nanoparticles, their
degradation in water and negligible cell-toxicity against RAW 264.7 macrophage cells as

well as OVCAR-3 human ovarian adenocarcinoma cells was reported.*!!

An interesting work was presented in 2015 when Gao et al. used the DBU/TU mixture to
catalyze the polymerization of 2-ethoxy-2-oxo-1,3,2-dioxaphospholane initiated from
polyethylene-OH with a Pn of 680, showing the effectiveness of this catalytic mixture even
for difficult initiator systems. In all cases molecular weight distributions below 1.15 and
good control over the molecular weight up to 44,000 g mol* was achieved. The obtained

polymers showed no cell-toxicity against HeLa-cells.11?
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Zhang et al. synthesized a block copolymer composed of an alkynyl substituted PPE and
poly(lactic acid) by sequential polymerization. Their goal was the synthesis of an
amphiphilic, degradable polymer with anionic charges in the side chain for complexation

of antimicrobial active silver complexes (Figure 1.16).1%3
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Figure 1.16: Schematic illustration of the work presented by Zhang et al.: Formation of
PPE-b-PLLA block copolymer, the formation of micelles in solution and complexation
of antimicrobial active silver complexes. Copyright @ 2015 American Chemical
Society. Reprinted with permission from ACS Nano.!!?

In parallel, they presented the sequential synthesis of a PPE-b-PPE block copolymer with
hydrophobic and alkynyl side-chains for paclitaxel incorporation and potential for click-
side-chain modification. The high polymerization rate of the TBD catalyzed reaction made

these polymers available within 10 min of total synthesis time. 4

In 2016, Baeten et al. deviated from the traditional batch chemistry in glass reactors. They
demonstrated dioxaphospholane polymerization either with the DBU/TU mixture or TBD

and with subsequent thiol-ene reaction under continuous flow conditions (Figure 1.17).115
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Figure 1.17: Schematic representation of the microfluidic cascade consisting of a two-
stage microreactor. First, polymerization of the alkene-functional cyclic phosphate
with DBU/TU in toluene and subsequent photochemical thiol-ene reaction with 1-
dodecane thiol. Copyright @ 2016 Elsevier. Reprinted with permission from European
Polymer Journal.15

Wu et al. developed a tandem strategy to synthesize ABA triblock copolymers starting
with the B block being synthesized by metal-catalyzed CO2 / epoxide polymerization

followed by DBU catalyzed oAROP of a dioxaphospholane.!6

Schottler et al. proved in 2016 that poly(2-ethoxy-2-0x0-1,3,2-dioxaphospholane) can be
covalently attached to and stabilize polystyrene nanoparticles. Furthermore, they
demonstrated that these polymers exhibit the same stealth behavior as poly(ethylene
glycol), both regarding their cell-uptake and the protein adsorption in human blood
plasma.t! In a follow-up work, Miiller et al. prepared PPE surfactants and similarly reduced

the protein adsorption to the covalently attached PPEs.1’

In 2017, Becker et al. introduced furfuryl containing dioxaphospholanes and used this
platform for the first reversible PPE side-chain modification via Diels-Alder reaction. The
hydrophilicity of the resulting polymers was analyzed via UV-VIS turbidity measurements
regarding the attached side-chain. Furthermore, they presented the first detailed
copolymerization online-NMR-kinetics of dioxaphospholanes, showing a preferred

incorporation of the furfuryl monomer over the sterically less demanding ethyl monomer
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(Figure 1.18). The formation of such a gradient microstructure needs to be considered

during copolymerization as the microstructure greatly alters the polymer properties, such

as solubility or distribution of reactive groups in the backbone.8
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Figure 1.18: Real-time 3'P{H} NMR kinetics of the copolymerization of 2-ethoxy-2-o0xo0-
1,3,2-dioxaphospholane (EEP, red) and the furfuryl functional cyclic phosphate (FEP,
green): a) overlay and zoom-in into 3'P{H} NMR measurements, b) monomer conversion
vs. time, and c) normalized monomer concentrations in the reaction versus total
conversion. Copyright @ 2017 American Chemical Society. Reprinted with permission

from Macromolecules.118

63



Chapter 1: Introduction

A potential alternative to the abovementioned catalysts DBU, TBD and DBU/TU was
presented in 2014 by Stukenbroeker et al.. They reported the zwitterionic ring-opening
polymerization of 2-isopropoxy-2-o0xo-1,3,2-dioxaphospholane initiated with an N-
heterocyclic carbene in the absence of alcohol initiators. Molecular weights up to
200,000 g mol* with moderate molecular weight dispersity (B < 1.3) and mainly cyclic

topology were obtained within minutes (Scheme 1.11).1%°

Scheme 1.11: Proposed mechanism for the zwitterionic ring-opening polymerization of
2-isopropoxy-2-oxo0-1,3,2-dioxaphopspholane catalyzed with various N-heterocyclic
carbenes. Copyright @ 2014 American Chemical Society. Adapted and reprinted with
permission from Macromolecules.!®

In conclusion, poly(phosphate)s are now a class of polymers that can be synthesized with
excellent control over molecular weight, narrow molecular weight distributions, and a
multitude of functional side-chains with varying topologies and microstructures. The
polymerization catalyzed with TBD or the binary DBU/TU system proceeds within minutes
to high conversions at low temperatures. Only the later binary system seems to be able
to fully suppress side-reactions occurring at high conversions (as in the case of DBU) or
longer reaction times (in the case of TBD). The use of an NHC catalysts provides access
to the synthesis of high Mn cyclic polymers. A large quantity of different homo-, random-,
or block copolymers has been synthesized for diverse applications in recent years. The
overall low toxicity, degradability, and functionality makes poly(phosphate)s a seminal

class of polymers, especially in the field of biomedical applications.
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Alternative Phosphorus-Containing Polymers: Poly(phosphonates)s
Phosphonic acids and phosphonic acid esters in nature

Poly(phosphonic acid ester)s are a sub-class of poly(phosphoester)s, bearing a single
P-C bond, instead of a third P-O bond (Scheme 1.12). The change from the electron
withdrawing R-O-R group into an electron donor (R-CH2-R, hyper-conjugation of the
C-H o-bonds with orbitals of the phosphorus) alters their reactivity significantly. The
increased electron density at the phosphorous atom impedes nucleophilic attacks.
Furthermore, unlike the P-O-R bond, the P-CH2-R bond is not susceptible towards
hydrolysis or transesterification reactions and only cleavable under harsh thermal, radical
conditions.

R O R? R O R?
\ 1] / \ 1] /
O—Ii’—O O—I';‘—O
.0 .CH,

R R

phosphate esters phosphonate esters

HO

~R
H,N OH
2-aminoethyl
phosphonic acid (2-AEP)

Scheme 1 .12: General structure of phosphoric acid esters (red) and the in the
following discussed phosphonic acid esters (blue). Explicit structure of 2-aminoethyl
phosphonic acid (2-AEP), the first isolated natural phosphonic acid).

In nature, phosphonic acids are not as wildly spread as phosphates but still present a
significant phosphorus reservoir.'?° Recent 3P NMR studies showed that 20-30% of the
maritime phosphorus is bound in the form of phosphonic acid derivatives, making
phosphonic acids an essential part of the maritime phosphorus cycle.’?® In some
organisms phosphonates are even the dominant phosphorus species: 95% of phosphorus
in the freshwater snail Helisoma is bound in the form of 2-aminoethyl phosphonic acid
(2-AEP, Scheme 1.12) modified polysaccharides.??
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2-AEP was also the first naturally occurring phosphonic acid to be discovered in 1959 in
protozoa from sheep rumen.'?? Since then, phosphonates have been identified in many
organisms in the form of phosphonylated polysaccharides, lipids, and low molecular

weight compounds (Scheme 1.15).120.124

In the 60 years since the initial discovery, the biosynthetic pathways of 2-AEP and other
phosphonates were elucidated. The pathways were found to be well conserved, centering
around the building block phosphono acetaldehyde and the enzyme phosphoenolpyruvate
phosphomutase  (Ppm).?® The enzyme catalyzes the isomerization of
phosphoenolpyruvate, an essential part of primary metabolism, into the phosphonic acid
derivative. In vivo, the equilibrium favors the phosphate form. However, the subsequent
and irreversible decarboxylation reaction catalyzed by phosphonopyruvate decarboxylase
(Ppd) shifts the equilibrium towards the phosphonate form and produces the desired
phosphono acetaldehyde as building block for further biosynthesis.'?® (Scheme 1.13)

OH
HO (i 520 Ppm HO 0 HO\P,o Ppd OHO o
v - s 7
- \ —_— P~

Scheme 1.13: Schematic biosynthetic pathway of the synthesis of phosphono
acetaldehyde: Isomerization of phosphoenolpyruvate into phosphonopyruvate via the
key enzyme, phosphoenolpyruvate phosphomutase (Ppm). Subsequent and
irreversible decarboxylation into phosphono acetaldehyde by phosphonopyruvate
decarboxylase (Ppd).

In the 1970s, the first biochemical phosphonate catabolism was discovered. Since then,
different phosphonate catabolism pathways have been discovered. However, the first
discovered pathway, the so-called C-P lyase pathway, has been studied in most detail as
it is available in microorganism like E. coli. These bacteria have been found to catabolize
methyl phosphonic acid under phosphate deficit conditions and produce methane in the

process.1?®
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The catabolic reaction is catalyzed by a multi-enzyme complex consisting of 14 (partially
transmembrane, crystal structure elucidated in 2015) enzymes and the reaction
mechanism has been elucidated only recently. The complex reaction involves the radical
cleavage of the P-C bond (Scheme 1.14).120
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Scheme 1.14: a) Schematic presentation of the reaction catalyzed by the C-P lyase.
Initial transfer of methyl phosphonic acid onto ATP, followed by hydrolysis of the tri-
anhydride and finally radical P-C bond cleavage resulting in liberation of methane and
the formation of a bicyclic phosphor-ribose. All schematically shown reactions are
catalyzed by several enzymes and performed in multiple steps.*?? b) Crystal structure
of the C-P lyase core complex with a molecular weight of 240KDa. Reprinted with
permission from Nature Publishing Group.!?®

The exact reason for natures occasional use of phosphonates over phosphates is still
unclear. It has been hypothesized that the chemical stability of the P-C bond towards
hydrolysis and phosphatases enhances the stability of the respective lipids and
sugars.1?0124 |t was proven that phosphonates are directly involved in some signal
transduction pathways, and that specific microorganisms can use phosphonates as
phosphorus sources for their metabolism under phosphate deficit conditions.120.124
Another hypothesis considers phosphonic acid as relics from an early earth with a more
reductive and aggressive environment. This hypothesis is backed by the detection of
various phosphonic acids brought to Earth on the Murchison meteorite in 1969, pointing

towards a prebiotic origin of phosphonates.120.124
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Most low molecular weight phosphonates possess a high biological activity. Prominent
naturally occurring phosphonates are the anti-malaria drug fosmidomycin or the broad-
band antibiotic fosfomycin, both of which are clinically used (Scheme 1.15).1%6 The
biological activity often originates from the high homology to phosphates but a slower rate
of hydrolysis. This often results in the inhibition of a usually highly specific enzyme
(Scheme 1.15) and makes phosphonates interesting candidates for the screening of new
drugs.'?” The high activity is also used in the rational design of synthetic phosphonates.
By far the most successful synthetic phosphonate is the broad-spectrum herbicide
glyphosate, which was the most used herbicide (8.6 x 10° kg used worldwide since 1974,
as of 2014) before falling into disrepute in 2015 (Scheme 1.15).128
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Scheme 1.15: Top: Structure of the naturally occurring phosphonic acid derivatives
glyphosate (synthetic herbicide), fosmidomycin (natural anti-malaria drug), and
fosfomycin (natural broad-band antibiotic). Bottom: Structure of some naturally
occurring phosphonates and the enzyme (in red) they inhibit due to their resemblance
of the natural enzyme substrate.?4
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Poly(phosphonic acid ester)s: Poly(phosphonate)s

In organic synthesis, phosphonic acid esters are known since the beginning of the 20%
century, when Arbuzov and Michaelis first reported their synthesis from tri-O-alkyl
phosphites. Due to their a-C-H acidity, they are used in organic synthesis, e.g., in the
stereospecific synthesis of E-olefins (Horner-Wadsworth-Emmons Reaction) since the
1950s.12%:130 Furthermore, synthetic phosphonates are important ligands for metal ions

and have become an indispensable asset in metal-catalytic chemistry.3!

In macromolecular chemistry, especially for anionic polymerizations, the o-C-H acidity
poses the potential issue and might induce side-reactions by deprotonation. However, the
pKa value of the a-proton of non-activated phosphonic acid esters is in the range of
30.132.133 gGjgnificant deprotonations in the presence of typical organic bases for anionic
polymerization (21 < pKa < 25) is therefore unlikely. Additionally, these polymerizations
are usually performed in the presence of an alcohol as an initiator, which possesses by

far the most acidic proton in the mixture.

Still, the controlled synthesis of polymeric phosphonates was and still is a challenging
topic in academic research. Consequently, the first synthetic poly(phosphonate)s were
synthesized by polycondensation reactions of phosphonic acid esters/chlorides with the
corresponding diols. Millich et al. has reported pioneering work in a series of publications
describing the “Interfacial Synthesis of Polyphosphonate and Polyphosphate Esters”
starting in 1969.13*137 This lead to the development of mainly aromatic
poly(phosphonate)s with excellent properties as flame retardant materials, a field in which
they are being used as of today (e.g., FRX Polymers).13 Research in more controlled
synthetic pathways towards poly(phosphoester)s, however, was nearly exclusively being
performed on poly(phosphate)s. A more comprehensive review concerning the history,
synthesis, degradation, and applications of poly(phosphoester)s in general and

poly(phosphonate)s, in particular, has recently been published by Bauer et al..8°
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The first synthesis of poly(phosphonate)s via ring-opening polymerization, while not
finding much attention at the time, was reported in 1973 by Sharov et al.. They were the
first to describe the thermal ring-opening polymerization of fluorinated cyclic alkylene
alkyl(aryl) phosphonates with varying exocyclic side-chains (Scheme 1.16).:3° However,

no detailed mechanistic investigations of the polymerization was presented.

Their goal was the investigation of the polymerizability of the monomers and compare the
polymer properties with the respective poly(phosphate) derivatives. They report a reduced
tendency towards ring-opening polymerization and a higher susceptibility to hydrolysis
compared to the phosphate derivates. While not being investigated extensively, the use
of sodium heptafluoro butylate was found to increase the propagation rates. Again, no
mechanistic insights were presented as to whether the butylate functioned as initiator or
catalysts. Still, this publication presents the first anionic ring-opening polymerization of
cyclic phosphonate monomers.13°
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Scheme 1.16: a) structure of cyclic phosphonate and b) proposed structure of
poly(phosphonate)s after thermal ring-opening polymerization by Sharov et al..

In 1977, during their ongoing work on the polymerization of six-membered cyclic
phosphoesters, Lapienis et al. published the polymerization of 2-hydro-2-oxo-1,3,2-
dioxaphopsphorinane. Unlike six-membered phosphate monomers, this six-membered H-
phosphonate polymerized readily in the presence of traditional anionic and cationic
initiators. Yields up to 70% and molecular weights up to 10,000 g mol* were reported. The
authors highlighted the polymers exceptionally high susceptibility to hydrolysis as well as
the potential of the P-H bond being transformed into P-C, P-O and P-N derivatives.4°
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Apart from these pioneering works in the 1970’s, however, the ring-opening
polymerization of cyclic phosphonic acid esters did not receive any attention in academic

or industrial research.

In 2014, Steinbach et al. revived the academic interest in poly(phosphonate)s by
presenting the synthesis and polymerization of a five-membered cyclic methyl phosphonic
acid ester: 2-methyl-2-ox0-1,3,2-dioxaphospholane (Scheme 1.17).}4! The idea was to
eliminate the potential side-chain transesterification reactions occurring during the DBU
catalyzed polymerization of 2-alkoxy-2-oxo-1,3,2-dioxaphospholane. To this end, the
hydrolytically labile P-O-R side-chain was substituted by a hydrolytically stable P-CHs
bond.

OH H3C (0 DBU (0]
0/\/ . O,\Plio _ ey o/\/O{_ B,O\/\O,} H
X DCM,0°C CH, n

Scheme 1.17: First organocatalytic anionic ring-opening polymerization of five-
membered 2-methyl-2-0x0-1,3,2-dioxophospholane with DBU catalysis.!*!

The polymerization proceeded under DBU catalysis by initiation with a primary alcohol in
DCM at 0°C in 30 min. However, propagation was considerably slower than the
respective cyclic phosphate monomer. Degrees of polymerization of up to 200, resulting
in polymers with molecular weights of 24,000 g mol, were obtained. Narrow molecular
weight distributions (b < 1.10, Figure 1.19) were achieved even at high conversions up to
90%. Under the same reaction conditions, the respective phosphate polymerization needs
to be terminated at 50-60% conversion to prevent transesterification reactions.%® The
polymerization follows linear first-order kinetics, without broadening of molecular weight
distributions or loss of control at high conversions, indicating a living polymerization
(Figure 1.19).
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Figure 1.19: Left: Kinetic studies, the plot of M, and D versus the conversion of MeEP
during the oAROP catalyzed with DBU in DCM at 0 °C. [Mo] / [lo] varied from 50 to 200.
Right: SEC analyses of the polymerization MeEP, catalyzed with the DBU at 0 °C in
DCM with [Mo] / [lo] = 50 at different times of the polymerization. Copyright @ 2014
American Chemical Society. Reprinted with permission from ACS Macro Letters.!4?

Furthermore, poly(2-methyl-2-oxo-1,3,2-dioxaphospholane) (PMeEP) was water soluble,
non-cell toxic against HeLa-cells, and degraded hydrolytically. The degradation rate by

hydrolysis was dependent on pH and faster under basic conditions.4!

PMeEP was also the first poly(phosphonate) from AROP used in the field of biomedical
science. Steinbach et al. presented the first protein-PMeEP conjugate in 2016.14? The
DBU catalyzed polymerization of 2-methyl-2-oxo-1,3,2-dioxoaphsopholane was
terminated with N,N’-disuccinimidyl carbamate (DSC) to produce an active-ester
functional poly(phosphonate) in one step with excellent yields, a high degree of
wo-functionality and narrow molecular weight distribution. Two enzymes, BSA as a model
compound and uricase as a medically relevant drug against gout, were modified with
PMeEP and PEG. In a first study, the conjugation efficiency and residual enzyme activity
were reported to be comparable to the PEG control model. A significant advantage over
PEG, however, was the possibility to degrade the phosphonate backbone (Figure 1.20).142
In a second study, the relaxation dynamics of the PMeEP-protein conjugates were
analyzed by neutron scattering. Therefore, fully deuterated MeEP was synthesized an

used for the polymerization and subsequent conjugation.43
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Figure 1.20: SDS-PAGE visualizing the degradation of the PPE conjugated to BSA
incubated in agueous buffer at pH 9.0 (a, b), pH 7.4 (c¢), and pH 5.0 (d). Copyright @
2016 American Chemical Society. Reprinted with permission from Bio-
macromolecules.'4?
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Following these results, Wolf et al. presented a systematic investigation of the synthesis
and polymerization of higher homologs of 2-alkyl-2-ox0-1,3,2-dioxaphospholanes.** In
general, n-alkylated cyclic phosphonates readily polymerize under DBU catalysis

(Scheme 1.18, top and middle row).

(o
g/ ROH, DBU o
no” O > R_|LP (o)
\_/  DCM,30°C of S0 ™~ ‘l;
0
<P’/ ROH, DBU o

7"\

no” o > R._[P._~_O
\_/  DCM,30°C OPKC)/\ ‘l;

_(O
p’  ROH, TBD )

n 0/ \o

> R Il:l’\ /\/0
\_/ DCMm,o0°C Cb\o ‘l;

Scheme 1.18: DBU catalyzed anionic ring-opening polymerization of 2-alkyl-2-oxo-
1,3,2-dioxaphospholanes.4*

Due to the stronger inductive effect compared to the methyl derivative, both reaction time
and temperature needed to be increased. Under optimized conditions (30 °C, 17h),
however, well-defined polymers with excellent control over molecular weight (up to
6,000 g mol?) and rather narrow molecular weight distributions (B < 1.25) were obtained.
Again, no transesterification reactions were observed even at conversions above 90%.
For the polymerization of 2-isopropyl-2-oxo-1,3,2-dioxaphospholane, the more reactive
catalyst TBD was necessary to promote the polymerization (Scheme 1.18, bottom row).
The need for a catalyst change could be attributed to steric hindrance as well as a more
pronounced inductive effect of the secondary alkyl chain, increasing the electron density

at the phosphorous thus impeding nucleophilic attacks.
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Nonetheless, conversions above 90% were obtained, and the polymerization proceeded

with excellent control over molecular weight and molecular weight distribution.

The ethyl and isopropyl substituted polymers were found to be water-soluble and non-cell
toxic, whereas the n-butyl derivative was somewhat less water-soluble, showed LCST
behavior in aqueous solution and a slight toxicity against HelLa-cells at high
concentrations. Variation of the side-chain further altered the hydrolysis rate of the
polymers significantly. While the methyl derivative hydrolyzed readily within hours at pH 9,
the ethyl and isopropyl polymers remained stable for days to weeks under the same

conditions, respectively.4

McDonald et al. published a comprehensive study of catalysts for the polymerization of
cyclic phosphonate monomers.#®> They used the previously presented 2-methyl-2-oxo-
1,3,2-dioxaphospholane as a model monomer. Concerning organic bases, under
otherwise identical conditions, they observed a linear relationship between the pKa of the
base and the monomer conversion (Scheme 1.19).

AP RO ad Y

decreasing pKa,
decreasing conversion

Scheme 1.19: Organocatalysts capable of polymerizing 2-methyl-2-0x0-1,3,2-
dioxaphospholane in order of decreasing pKa, value.4®

Only TBD, with its known dual-activation of chain-end and monomer, did not fit this linear
trend as conversion was higher than expected from its pKa value (Figure 1.21).
Furthermore, a minimum pKa of 14 was found to be necessary to initiate the
polymerization, whereas high molar mass materials were only observed for catalysts with

a pKa of at least 19.
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Figure 1.21: Plot of monomer conversion after 4h of polymerization versus pKa value
of utilized catalyst for the polymerization of MeEP in DCM at 0 °C. Copyright @ 2016
ICE Publishing. Reprinted with permission from open access journal Green
Materials.145
Interestingly, apart from slow initiation observed in the presence of DMAP, all able
catalysts produced narrowly distributed polymers. This was attributed to the monomers

low tendency towards transesterification reactions.4°

Under the same reaction conditions (4h, room temperature, DCM), polymerization with
Sn(Oct)2 was not successful. However, the more reactive aluminum salen and salan
complexes produced well-defined polymers with excellent yields and no loss of control.
Finally, they tried to expand the monomer scope by synthesizing bicyclic and aromatic
dioxaphospholane derivatives. However, these monomers did not polymerize under all

investigated conditions.#°
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To increase the glass transition temperature of poly(ethylene alkyl phosphonate)s,
inherently low Tg materials (Tg ~ -40 °C) a cyclohexyl substituted monomer was designed
by Wolf et al. (Scheme 1.20).146
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Scheme 1.20: Organocatalytic anionic ring-opening copolymerization of 2-isopropyl-
and 2-cyclohexyl-2-o0x0-1,3,2-dioxaphospholane catalyzed with TBD.
Homopolymerization as well as copolymerization with 2-isopropyl-2-oxo-1,3,2-
dioxaphospholane was conducted with TBD as a catalyst and produced rather narrowly
distributed polymers (B < 1.5). The respective homopolymer showed a glass transition
temperature 50 °C higher compared to n-alkylated poly(phosphonate)s. Statistical
copolymerization was utilized to adjust the poly(phosphonate)s Tg's. The final copolymer
composition matched the monomer feed ratio in all cases, and a linear trend between
copolymer composition and Tg was observed, enabling a simple adjustment of the polymer
properties (Figure 1.22).146
20-

-40-

mol % (2)

Figure 1.22: Correlation between the Tg’s and the mol fraction of 2-isopropyl-2-oxo-
1,3,2-dioxaphospholane (2) in copolymers with 2-cyclohexyl-2-0x0-1,3,2-
dioxaphospholanes. Copyright @ 2016 The Royal Society of Chemistry. Reprinted with
permission from Polymer Chemistry.146
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In 2017, copolymerization of cyclic phosphonates was further extended to
terpolymerization of 2-ethyl, 2-butyl, and 2-allyl-2-oxo-1,3,2-dioxaphospholanes by Wolf
et al.. While again utilizing DBU as a single catalyst, the reaction temperature needed to
be lowered to 0 °C to prevent isomerization reactions of the allyl side-chain. This effect is
already known from the AROP of e. g. allyl glycidyl ether.14” Kinetic investigations show
that all monomers incorporated statistically in the polymer backbone, resulting in the
formation of a random polymer. This work also presents the first side-chain modification
by thiol-ene modification to alter the water-solubility and thermal phase separation

behavior of poly(ethylene alkyl phosphonate)s (Scheme 1.21).148
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Scheme 1.21: DBU catalyzed terpolymerization towards side-chain reactive, random
poly(phosphonate) terpolymers.

The synthesis of pendant carboxylic acid bearing poly(phosphonate)s showing UCST
behavior in water was presented in the same year by Wolf et al.. Copolymerization of 2-
ethyl and 2-allyl-2-oxo0-1,3,2-dioxaphospholanes was conducted via DBU catalysis using
either methoxy ethylene glycol or poly(ethylene glycol) as a macroinitiator
(Mn = 5,000 g molt) for the polymerization.'*® Narrowly distributed polymers with
excellent control over molecular weight and molecular weight distributions were obtained.
The resulting (block-) copolymers were side-chain modified with 3-mercapto propionic

acid via thiol-ene reaction to produce UCST thermo-responsive polymers (Scheme 1.22).
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Scheme 1.22: Synthesis of UCST responsive amphiphilic block copolymers.
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The amphiphilic PEG-b-poly(phosphonate) block copolymers assembled into vesicular
structures of around 200 nm in diameter in water at room temperature. Increasing the
temperature above the UCST type phase separation temperature resulted in a
disassembling/swelling of the polymersomes, potentially releasing encapsulated cargo
(Figure 1.23).
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Figure 1.23: UV-Vis turbidity measurements of UCST thermo-responsive
poly(phosphonate) copolymers (left) and self-assembling of UCST responsive block
copolymers into polymersomes in water. Copyright @ 2017 American Chemical
Society. Reprinted with permission from The Journal of the American Chemical
Society.14°

In the same year, Lin et al. published the first multi-gram scale synthesis of poly(ethylene
alkyl phosphonate)s as well as their use as moderately active kinetic hydrate inhibitors in
natural gas pipelines. Furthermore, they present the first evaluation of poly(phosphonate)
biodegradation in seawater by bacteria. They show the degradation of up to 31% of
polymeric material within 28 days under standardized conditions (OECD 306 protocol),

proving poly(phosphonate)s microbial degradability in sea water.>°
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Lastly, Nifant’ev et al. presented their work on the magnesia catalyzed polymerization of
dioxaphospholanes.'®! They compared the polymerizability of the ethyl- and a novel
tbutyl substituted dioxaphospholane with TBD and their magnesia catalysts. Using these
magnesia catalysts, the ethyl dioxaphospholane monomer reached 89% (equaling
12,000 g mol?) conversion at -20 °C in 1h. However, molecular weight distributions of
1.46 indicated transesterification reactions. The 'butyl dioxaphospholane did not
polymerize with TBD even at 100 °C. Using the magnesia catalyst in bulk at 100 °C,
however, the polymerization proceeded to 75% within 1h. Molecular weight distributions

of 1.16 indicated the absence of transesterification reactions.

In conclusion, while being forgotten for nearly 40 years since its initial discovery, the ROP
of cyclic phosphonate esters is experiencing a comeback since 2014 and mainly via
organocatalysis so far. Catalysis via DBU is efficient for the polymerization of all reported
n-alkylated 5-membered cyclic phosphonate derivatives in the presence of primary
alcohols. Polymerization of sec-alkylated monomers typically proceed under TBD
catalysis, and tert-alkylated monomers are unreactive in the presence of typical
organocatalysts. Polymerization is slower than the respective phosphate polymerization
due to the inductive effect of the alkyl side-chains. However, high conversions (> 95%)
can be reached without transesterifications and molecular weight distribution broadening.
Molecular weights up to 25,000 g mol* can be achieved and controlled by variation of the
initiator to monomer ratio. Copolymerization generates random copolymers with good
control copolymer composition. Due to the growing monomer variety, different chemical
and physical polymer properties (e.g., Tg, solubility, thermal response) can be addressed

and fine-tuned.
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Abstract

Poly(ethylene alkyl phosphonate)s with different alkyl side chains exhibit significant
differences in their degradation behavior. Three different 2-alkyl-2-oxo-1,3,2-
dioxaphospholanes, cyclic monomers for the ring-opening polymerization (ROP) towards
poly(alkylene alkyl phosphonate)s, were synthesized by robust two- or three-step
protocols in reasonable yields and high purity. The polymerization was promoted by the
organocatalysts 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD) and proceeded with high control over molecular weight and
narrow molecular weight distributions (b < 1.25) up to full conversion. The polymers with
methyl, ethyl and isopropyl side chains were entirely soluble in water (up to 25 mg mL™1)
without a temperature-dependent phase separation. They showed no toxicity against
HeLa cells after 24h of incubation at any tested concentration. Polymers with butyl side
chains exhibited decreased solubility, concentration-dependent cloud point temperatures
and showed toxicity against HeLa cells at concentrations above 25 pg mL1. The polymers
showed no acetylcholinesterase inhibition properties. All polymers exhibited significantly
different degradation times under both neutral as well as basic conditions (variation of the

alkyl side chain allowed stabilities from 8h up to 6 days).

Introduction
Poly(ethylene glycol) (PEG) is today’s “gold standard” polymer for many biomedical

applications.! Its high water-solubility, low toxicity, and low immunogenicity have led to its
success over the last decades, e.g., for the modification of surfaces, drugs, and
nanocarriers. Its high stability in aqueous environment can be considered beneficial,
however, accumulation, as well as uncontrolled and unwanted oxidative degradation of
PEG into toxic byproducts has been reported.? Today several PEG-alternatives are
discussed, however, the versatile poly(phosphoester)s (PPEs) are rarely investigated

despite being biocompatible and biodegradable materials.3-14

PPEs are commonly divided in