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MOTIVATION AND OBJECTIVES

Aliphatic polyethers area of crucial interest both in academia as well as in industry.!
Among them, poly(ethylene glycol) (PEG) is the most important representative for
biomedical applications, if not the most important polyether in general. Because of its
unique properties like excellent water-solubility, low immunogenicity and toxicity, PEG
is referred to as the “gold standard” for polymers in biomedical and pharmaceutical
applications, to which other contenders are compared to.2”* While higher molecular
weights are usually referred to as poly(ethylene oxide) (PEO), in the biomedical field,
the term PEG is commonly used independent of the molecular weight.>® The importance
of PEG in therapeutic applications has been increasing since the last quarter of the 20t
century. Especially the rise of protein-based drugs for the therapy of cancer,
inflammatory and immune diseases or vaccines and therefore the demand for advanced
drug delivery systems for these delicate cargos can be connected to the increasing

significance of PEG.”?

Protein and peptide-based drugs suffer chronically from low bioavailability, they
are very susceptible to chemical and enzymatic degradation and bear the risk of severe
immune reactions. 19712 As their only applicable administration route is parental, the life-
quality of patients is impaired by the necessary frequent injections of these drugs in
order to maintain a therapeutically effective blood concentration.!® These disadvantages
can be overcome by the development of advanced delivery systems for these sensitive
drugs, such as polymer-protein conjugates or hydrogels as delivery vehicles. Such
systems dramatically improve pharmacokinetic profiles and therefore significantly
affect the therapeutic outcome and the patient’s life-quality by maintaining a more even

blood concentration profile and reduction of the injection intervals.!4-16




MOTIVATION AND OBJECTIVES

This leads to one of the most important and popular biomedical applications for
PEG, the so called “PEGylation”. This term describes the covalent attachment of PEG
chains to proteins, peptides, nanoparticular structures or small molecular drugs. 17~ For
the first time reported by Abuchwski ef al in 1977, the PEGylation of bovine serum
albumin (BSA) did not result in an immunogenic response to this protein, and the
PEGylation of liver catalase improved the circulation time in vivo from 12 up to 48
hours.?%2! These works can be seen as the beginning of a revolution in drug delivery and
paved the way for PEGylation as a standard technique in today’s academic research and
pharmaceutical industry. The commercial success of PEGylated protein drugs started
with Adagen© in 1990, and as for 2019, at least sixteen PEG-protein conjugates are
currently FDA-approved with another forty one conjugates in clinical trials and

pharmaceutical pipelines.??14

Another popular application for PEG can be found in the field of cell culture and
tissue engineering in the form of hydrogels as matrices or scaffolds for cell growth.?3-2>
As PEG is highly hydrophilic, a broad variety of molecular architectures exist and end
group functionalized PEGs and crosslinkers are commercially available, PEG is a popular

building block for a large variety of hydrogel systems.

The often-quoted drawback of PEG concerning its low functionality, offering only
two chemically addressable termini, is not the striking one in these applications. A more
significant challenge lies in its non-degradability. The renal excretion limit refers to
linear PEGs in solution of around M, = 40,000 g mol™!, which limits the molecular weight
for safe application of PEG, albeit higher molecular weights have shown to be favourable
to enhance pharmacokinetic parameters of PEG-conjugates.!32627.16 This restriction is
present in all FDA-approved PEGylated drugs, as they often rely on PEGs with a

molecular weight of M, < 40,000 g mol™! to avoid bioaccumulation.?
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Overcoming this contradiction between the desired high molecular weights and the
limited excretion is a main motivation and objective for this work. A large variety of
cleavable PEGs is known, but most of them rely on the polyaddition or polycondensation
of commercially available, end group-functionalized PEGs. This results per se in broad
molecular weight distributions and poor control over the molecular weight, which
renders these polymers unsuitable for medical application.? While some approaches
have already been reported to synthesize intrinsically cleavable PEGs, they lack control
over the polymer end groups or the distribution of fragments after degradation.33! As
PEGs with molecular weights of M, <400 g mol™! were reported to show toxic effects,
precise adjustment of the molecular weight and distribution () of the fragments by
controlling the number and position of cleavable moieties in the polyether backbone is
crucial for degradable PEG architectures for medical or pharmaceutical applications.?” If
PEG is synthesized via the anionic ring-opening polymerization (AROP), precise
tailoring of molecular weights is possible, while preserving narrow molecular weight
distributions.*? This is a fundamental prerequisite for all pharmaceutical and biomedical
applications, as the reproducibility for example of circulation times and immunogenicity
of carrier systems is strongly dependent on the molecular weight and its distribution,

making D < 1.10 to be considered favourable.!?

Additionally, beside the improvement of PEG degradation and excretion, the use
of cleavable PEGs as functional components in stimuli-responsive drug delivery systems
is a targeted application. Especially delicate cargos like protein and peptide-based drugs

profit significantly from the delivery by polymeric drug carrier systems.

As lowered pH is a major stimulus for such systems, the pH and reaches values of
6.5 in solid tumours as well as pH 5.0-6.0 in endosomes and (endo)lysosomes, the

development of acid-labile PEGs for such applications is a promising approach.?3-3>
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a) Copolymerization using a cleavable comonomer
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b) Copolymerization using a cleavable initiator
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Figure 1: Schematic illustration of different approaches to introduce intrinsic
degradability into PEG via AROP of epoxide monomers: a) via a degradable comonomer
and b) via a degradable initiator, leading to a central predetermined breaking point.

This thesis aims at extending the scope of acid labile vinyl ether-functional PEGs
for biomedical applications, while preserving the favourable properties of PEGs obtained
via the classical AROP technique. Therefore, this work can be divided into two main

parts:

(i) Copolymerizaton of EO with EPB to obtain vinyl ether PEGs and their

biomedical application

The chapters 2.1 and 2.2 are based on the principle of copolymerization of ethylene
oxide (EO) with 3,4-epoxy-1-butene (EPB) in order to obtain allyl ether functional PEG

copolymers (P(EG-co-EPB)).

=
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EPB P(EG-co-EPB) P(EG-co-isoEPB)

Scheme 1: Copolymerization of EO with EPB to obtain P(EG-co-EPB), followed by
isomerization to acid labile P(EG-co-isoEPB). The vinyl ether moiety is highlighted in
red.

These polymeric precursors can be isomerized to vinyl ether functional PEGs
(P(EG-co-isoEPB)), which gives access to well-defined, acid labile PEG copolymers with

chemically addressable end groups (Scheme 1 and Figure 1a).
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In chapter 2.1, these materials are analysed regarding their potential for application
as building blocks for pH-degradable hydrogels that may serve as stimuli-responsive
delivery systems for proteins. The encapsulation and pH-dependent release of
fluorescence-labelled ovalbumin (OVA-Alexa488) as a classical model protein was
analysed via an online-UV method. By synthesising macromonomers of different
molecular weights with varying molecular ratios of cleavable moieties located in the
polyether backbone, the influence of the network density and number of degradable
moieties on the release kinetics of the entrapped protein in hydrogel networks was

analysed at various physiologically relevant pH values.

Beside the application of these copolymers as macromonomers for degradable
hydrogels, their potential for the application as pH dependent cleavable PEGylation
agents was analysed in chapter 2.2. In a collaboration with the group of Professor Wich
(former Institute of Pharmacy and Biochemistry, Johannes Gutenberg-University
Mainz) an acid-labile PEGylation agent was synthesized and conjugated to lysozyme.
These protein-conjugates were analysed regarding their stability at different pH values
and used to form acid-labile protein-based nanoparticles via the double-emulsion
technique. These nanoparticles were loaded with fluorescent-labelled Oregon-
Green™488-dextran (OGD) as a model compound and the release of ODG upon

incubation of the nanoparticles at different pH values over time was analysed.
(i)  Alternative routes for vinyl ether PEGs

As vinyl ether PEGs demonstrated their great potential as acid-labile materials for
biomedical applications, we aimed at developing further strategies for their synthesis

and biomedical application.

Both the number and position of cleavable moieties in the polymer backbone
directly determines the molecular weight and the molecular weight distribution of the

polymer fragments after degradation. Therefore, not only techniques to precisely tailor
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the comonomer ratio and the molecular weight of the polymer are important, but also
techniques to control the polymer microstructure. In this regard, chapter 3.1
demonstrates the development of a strategy to incorporate the cleavable moieties in a
random microstructure, based on the statistical copolymerization of EO with EEGE and
subsequent post-modification (Figure 1a). The resulting fragments after degradation are
compared to in silico simulated degradations of copolymers of EO and EPB (slight

gradient) and epichlorohydrin (strong gradient), respectively.

Besides different copolymerization-based techniques to synthesize vinyl ether-
functional PEGs, the use of an initiator with a built-in breaking point that is suitable for

the AROP of EO is another important approach.

Isomerization

(o]
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Allyl ether initiator MPD Allyl ether PEG Vinyl ether PEG

Scheme 2: 2-(methylene)-1,3-propanediol (MPD) as allyl ether synthon for degradable
PEG structures. The vinyl ether moiety is highlighted in red.

In chapter 3.2, an allyl ether synthon that can be applied as an element of bi- or
monofunctional initiators for the AROP of epoxides was developed. This synthon could
be synthesized in multigram quantities and routinely worked up wvia distillation.
Subsequently, different approaches to isomerize this moiety to obtain a single cleavable
vinyl ether moiety in a tuneable position in the polymer backbone were analysed, and

these materials were used to synthesize degradable hydrogels (Scheme 2 and Figure 1b).




MOTIVATION AND OBJECTIVES

REFERENCES

(1) Dingels, C.; Schomer, M.; Frey, H. Die vielen Gesichter des Poly(ethylenglykol)s. Chemie
in unserer Zeit 2011, 45, 338-349.

(2) Fruijtier-Polloth, C. Safety assessment on polyethylene glycols (PEGs) and their

derivatives as used in cosmetic products. 7oxicology 2005, 214, 1-38.
(3) P. Garay, R. Immunogenicity of Polyethylene Glycol (PEG). TOPROCJ 2011, 2, 104-107.

(4) Obermeier, B.; Wurm, F.; Mangold, C.; Frey, H. Multifunctional Poly(ethylene glycol)s.
Angewandte Chemie (International ed. in English) 2011, 50, 7988-7997.

(5) Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey, H.
Polymerization of Ethylene Oxide, Propylene Oxide, and Other Alkylene Oxides: Synthesis,
Novel Polymer Architectures, and Bioconjugation. Chemical reviews 2016, 116, 2170-2243.

(6) Thomas, A.; Miiller, S. S.; Frey, H. Beyond poly(ethylene glycol): linear polyglycerol as
a multifunctional polyether for biomedical and pharmaceutical applications.

Biomacromolecules 2014, 15, 1935—-1954.

(7) Malik, N. N. Drug discovery: past, present and future. Drug discovery today 2008, 13,
909-912.

(8) Greenwald, R. B.; Choe, Y. H.; McGuire, ].; Conover, C. D. Effective drug delivery by
PEGylated drug conjugates. Advanced Drug Delivery Reviews 2003, 55, 217-250.

(9) Veronese, F. M.; Pasut, G. PEGylation, successful approach to drug delivery. Drug
discovery today 2005, 10, 1451-1458.

(10) Groot, A. S. de; Martin, W. Reducing risk, improving outcomes: bioengineering less

immunogenic protein therapeutics. Clinical immunology (Orlando, Fla.) 2009, 131, 189-201.

(11) Kaliyaperumal, A.; Jing, S. Immunogenicity assessment of therapeutic proteins and

peptides. Current pharmaceutical biotechnology 2009, 10, 352-358.

(12) Manning, M. C.; Chou, D. K.; Murphy, B. M.; Payne, R. W.; Katayama, D. S. Stability
of protein pharmaceuticals: an update. Pharmaceutical research 2010, 27, 544-575.

(13) Caliceti, P. Pharmacokinetic and biodistribution properties of poly(ethylene glycol)-
protein conjugates. Advanced Drug Delivery Reviews 2003, 55, 1261-1277.




MOTIVATION AND OBJECTIVES

(14) Ekladious, I.; Colson, Y. L.; Grinstaff, M. W. Polymer-drug conjugate therapeutics:
advances, insights and prospects. Nature reviews. Drug discovery 2019, 18, 273-294.

(15) Kozlowski, A.; Milton Harris, J. Improvements in protein PEGylation: pegylated
interferons for treatment of hepatitis C. Journal of Controlled Release 2001, 72, 217-224.

(16) Harris, J. M.; Chess, R. B. Effect of pegylation on pharmaceuticals. Nature reviews.
Drug discovery 2003, 2, 214-221.

(17) Duncan, R. The dawning era of polymer therapeutics. Nature reviews. Drug discovery

2003, 2, 347-360.

(18) Duncan, R.; Vicent, M. J. Polymer therapeutics-prospects for 21st century: the end of
the beginning. Advanced Drug Delivery Reviews 2013, 65, 60-70.

(19) Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U. S. Poly(ethylene glycol) in drug
delivery: pros and cons as well as potential alternatives. Angewandte Chemie (International

ed. in English) 2010, 49, 6288-6308.

(20) Abuchowski, A.; van Es, T.; Palczuk, N. C.; Davis, F. F. Alteration of immunological
properties of bovine serum albumin by covalent attachment of polyethylene glycol. Journal

of Biological Chemistry 1977, 252, 3578-3581.

(21) A Abuchowski; ] R McCoy; N C Palczuk; T van Es; F F Davis. Effect of covalent
attachment of polyethylene glycol on immunogenicity and circulating life of bovine liver

catalase. J. Biol. Chem. 1977, 252, 3582-3586.

(22) Alconcel, S. N. S.; Baas, A. S.; Maynard, H. D. FDA-approved poly(ethylene glycol)-
protein conjugate drugs. Polym. Chem. 2011, 2, 1442.

(23) Lee, K. Y.; Mooney, D. J. Hydrogels for tissue engineering. Chemical reviews 2001, 101,
1869-1879.

(24) Drury, J. L.; Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables
and applications. Biomaterials 2003, 24, 4337-4351.

(25) Kamoun, E. A.; Kenawy, E.-R. S.; Chen, X. A review on polymeric hydrogel membranes
for wound dressing applications: PVA-based hydrogel dressings. Journal of advanced
research 2017, 8, 217-233.




MOTIVATION AND OBJECTIVES

(26) Markovsky, E.; Baabur-Cohen, H.; Eldar-Boock, A.; Omer, L.; Tiram, G.; Ferber, S.;
Ofek, P.; Polyak, D.; Scomparin, A.; Satchi-Fainaro, R. Administration, distribution,
metabolism and elimination of polymer therapeutics. Journal of controlled release : official

Journal of the Controlled Release Society 2012, 161, 446-460.

(27) Harris, J. M.; Martin, N. E.; Modi, M. Pegylation: a novel process for modifying
pharmacokinetics. Clinical pharmacokinetics 2001, 40, 539-551.

(28) Turecek, P. L.; Bossard, M. J.; Schoetens, F.; Ivens, 1. A. PEGylation of
Biopharmaceuticals: A Review of Chemistry and Nonclinical Safety Information of

Approved Drugs. Journal of pharmaceutical sciences 2016, 105, 460-475.

(29) Dingels, C.; Frey, H. From Biocompatible to Biodegradable: Poly(Ethylene Glycol)s with
Predetermined Breaking Points. In Hierarchical Macromolecular Structures: 60 Years after
the Staudinger Nobel Prize II; Percec, V., Ed.; Advances in Polymer Science v.262; Springer
International Publishing: Cham, 2013; pp 167-190.

(30) Reid, B.; Tzeng, S.; Warren, A.; Kozielski, K.; Elisseeff, J. Development of a PEG
Derivative Containing Hydrolytically Degradable Hemiacetals. Macromolecules 2010, 43,
9588-9590.

(31) Lundberg, P.; Lee, B. F.; van den Berg, S. A.; Pressly, E. D.; Lee, A.; Hawker, C. J.; Lynd,
N. A. Poly(ethylene oxide)-co-(methylene ethylene oxide): A hydrolytically-degradable
poly(ethylene oxide) platform. ACS Macro Lett. 2012, 1, 1240-1243.

(32) Flory, P. J. Molecular Size Distribution in Ethylene Oxide Polymers. /. Am. Chem. Soc.
1940, 62, 1561-1565.

(33) Manchun, S.; Dass, C. R.; Sriamornsak, P. Targeted therapy for cancer using pH-

responsive nanocarrier systems. Life sciences 2012, 90, 381-387.

(34) Schmaljohann, D. Thermo- and pH-responsive polymers in drug delivery. Advanced
Drug Delivery Reviews 2006, 58, 1655-1670.

(35) Liu, Y.; Wang, W.; Yang, ].; Zhou, C.; Sun, J. pH-sensitive polymeric micelles triggered
drug release for extracellular and intracellular drug targeting delivery. Asian Journal of

Pharmaceutical Sciences 2013, 8, 159-167.




10



SUMMARY

SUMMARY

This thesis aims at extending the scope of vinyl ether-functional
poly(ethylene glycol) (PEG) as a degradable polymeric material for biomedical
applications. PEG is one of the most important polymers in this field and widely used,
for example for conjugation to therapeutically active compounds (“PEGylation”) or for
the formation of hydrogels for cell culture, tissue engineering and drug delivery. A major
drawback of PEG for specific applications is its non-degradability, which limits the
molecular weight that can be safely applied to around A% = 40,000 g mol’, in order to
ensure full adequate excretion via the kidneys to prevent bioaccumulation. To overcome
this drawback, different types of acid labile PEGs with vinyl ether moieties as
predetermined breaking points were developed, and their potential for biomedical

applications was demonstrated.

Chapter 2 Chapter 3

Chapter 4 Chapter 5
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Figure 1: Synopsis of the main topics in this thesis: different approaches and applications

for intrinsically degradable PEGs, obtained via the AROP of ethylene oxide (EO).

Chapter 1 gives an introduction regarding the significance of PEG in biomedical

applications, focusing on the possibilities that are offered by the application of
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degradable PEGs and especially acid-labile structures. Beginning with outlining the
fundamental properties and the synthesis of PEG in section 1.1, the focus shifts towards
the benefits of the application of polymeric drug delivery systems and the importance of
acid-labile structures for the pH-dependent, stimuli-responsive release of therapeutic
active molecules in section 1.2. Subsequently, a detailed literature overview, focusing on
intrinsically cleavable PEGs. is given in section 1.3. The application of PEG for the
development of drug delivery systems for protein and peptide-based drugs is highlighted
in the section 1.4.1. Section 1.4.2 gives an overview over biomedical applications for

PEG-based hydrogels in tissue engineering and drug delivery.

Chapter 2.1 demonstrates the application of vinyl ether-containing PEGs as
macromonomers for the formation of acid labile hydrogels for the transient
immobilization of proteins. For this purpose, EO was copolymerized with
3,4-epoxy-1-butene (EPB) via the classical AROP technique using a bifunctional
initiator. The resulting allyl ether moieties were subsequently isomerized to acid labile
vinyl ether structures. Well-defined copolymers with adjustable molecular weight and
tailorable comonomer content were obtained. These polymers were end
group-functionalized to radically crosslinkable P(EG-co-isoEPB) dimethacrylates and
used for the formation of hydrogels. During the crosslinking step, a fluorescence-labelled
model protein (OVA-Alexa488) was incorporated into the hydrogel matrix.
Subsequently, the release of the protein by incubation of the hydrogels in buffer solutions
of different pH values (pH 4-6) was analysed via an on/ine UV measurement technique.
Based on these data, the influence of crosslinking density and molecular content of

degradable sites in the hydrogel on the protein release kinetics was analysed.

Starting with the same copolymerization technique of EO and EPB, an acid labile
PEGylation agent was developed in chapter 2.2. By the use of a monofunctional initiator

for the AROP of EO with EPB and subsequent isomerization, mP(EG-co-isoEPB) was

synthesized. The hydroxyl polymer end group was activated using NHS-DSC to obtain
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mP(EG-co-isoEPB)-NHS as a PEGylation agent for targeting lysine residues, allowing
these copolymers to be conjugated to lysozyme. The conjugates were analysed via SDS-
PAGE and SEC regarding their degradation in buffer solutions at various pH values
(pH 4-6), while demonstrating excellent stability at physiological pH of 7.4.
Subsequently, via a double emulsion technique the conjugates were used to form protein-
based nanoparticles, loaded with Oregon-Green488-dextran (OGD) as a fluorescent-
active model compound. The degradation of these nanoparticles under acidic conditions

and the release of their payload over time were analysed via fluorescence measurements

and NTA.

Not only the number, but also the position of the cleavable sites inside a polymer
backbone determines the size and dispersity of degradation products. Chapter 3.1
demonstrates the influence of these parameters and, in addition, presents another
synthetic approach to vinyl ether-functional PEGs. To this end, EO was copolymerized
with EEGE to P(EG-co-EEGE) copolymers with varying molecular weights and
comonomer ratios. These copolymers were subsequently modified by post-
polymerization reactions to generate vinyl ether-functional P(EG-co-MEO). As the
copolymerization of EO with EEGE results in a random copolymer microstructure, these
predefined cleavage sites are evenly distributed along the polyether backbone. The
resulting distribution of fragments after degradation is compared to in silico degraded
P(EG-co-ECH) and P(EG-co-isoEPB) copolymers, as examples for strong and slight

gradient microstructures.

Chapter 3.2 demonstrates another approach to obtain vinyl ether-functional PEGs,
based on the AROP of EO using a novel allyl ether-functional initiator (MBE). This
bifunctional initiator was used to synthesize PEGs with a single allyl ether moiety inside
the backbone, located symmetrically in the middle of the polymer chain. These well-
defined polymers with tailorable molecular weights were isomerized via a one-pot

approach directly after consumption of EO and additionally via a catalytic approach
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using Wilkinson’s catalyst (RhCI(PPhs)s). To analyse the kinetics of the degradation of
these polymers, an automated SEC-technique was developed, and the half-life time of
the vinyl ether moiety at different pH values (pH 4 and pH 5) was determined. The
polymers were end group-functionalized with bismethacrylates and radically crosslinked
to hydrogels, which were incubated at different pH in buffer solutions (pH 4-6) to
analyse their stability and degradation behaviour under acidic conditions. Additionally,
the novel allyl ether motif was introduced as an acid labile linker between the end of a
PEG chain and an arbitrary residue, demonstrating its potential as a universal synthon

in the synthesis for acid labile PEG conjugation.

The appendix of this thesis contains contributions from the author of this thesis to
other projects. Appendix 1 demonstrates a novel approach regarding the synthesis of
multihydroxy functional polystyrenes. By the utilization of a simple Grignard reagent, a
styrene-derivative bearing two protected hydroxyl functionalities could be synthesized
and polymerized, yielding well-defined homopolymers, statistical and block copolymers.
The hydroxyl groups could be deprotected and served as macroinitiators for the

synthesis of brush copolymers by “grafting from” with L-lactide and EO.
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ZUSAMMENFASSUNG

Ziel dieser Arbeit ist den Anwendungsbereich von Vinylether-funktionellem
Poly (ethylenglykol) (PEG) als abbaubares Polymermaterial fir biomedizinische
Anwendungen zu erweitern. PEG ist eines der wichtigsten Polymere auf diesem Gebiet
und wird haufig verwendet, beispielsweise zur Konjugation an therapeutisch aktive
Molekiile (,PEGylierung®) oder zur Bildung von Hydrogelen fiir Zellkultur, ,Tissue
Engineering” und die Verbringung von Wirkstoffen. Ein Nachteil von PEG in manche
Anwendungen ist seine Nichtabbaubarkeit, was zur Begrenzung der eingesetzten
Molekulargewichte auf etwa M, = 40,000 g mol™! fithrt, um eine renale Ausscheidung zu
gewiahrleisten und damit eine Bioakkumulation zu verhindern. Um diesem Nachteil
entgegenzuwirken, wurden verschiedene saurelabile PEGs mit Vinylether-Einheiten als
vorbestimmte Sollbruchstellen entwickelt und ihr Potenzial fiir biomedizinische

Anwendungen demonstriert.

Chapter 2 Chapter 3

Chapter 4 Chapter 5
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Abbildung 1: Uberblick iiber die Hauptthemen in dieser Arbeit: verschiedene Ansitze

zur Synthese und Anwendung von intrinsisch spaltbaren PEGs, hergestellt tiber die

AROP von EO.
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ZUSAMMENFASSUNG

Kapitel 1 gibt eine Einfithrung in die Bedeutung von PEG in biomedizinischen
Anwendungen, wobei der Schwerpunkt auf den Moglichkeiten liegt, die die Anwendung
abbaubarer PEGs und insbesondere siurelabiler Strukturen bietet. Beginnend mit der
Darstellung der grundlegenden Eigenschaften und der Synthese von PEG in
Abschnitt 1.1 verlagert sich der Schwerpunkt auf die Vorteile der Anwendung
polymerer Wirkstofftransportsysteme und die Bedeutung sdurelabiler Strukturen fir die
pH-abhingige, Stimuli-responsive Freisetzung therapeutisch aktiver Molekiile in
Abschnitt 1.2. Anschlieflend folgt eine detaillierte Literaturiibersicht mit Schwerpunkt
auf intrinsisch spaltbaren PEGs in Abschnitt 1.3. Die Anwendung von PEG zur
Entwicklung von Transportsystemen fiir therapeutisch wirksame Proteine und Peptide
wird im Abschnitt 1.4.1 hervorgehoben. Abschnitt 1.4.2 gibt einen Uberblick tiber
biomedizinische Anwendungen fiir PEG-basierte Hydrogele im Bereich Tissue

Engineering und Wirkstofftransport.

Kapitel 2.1 zeigt die Anwendung von Vinylether-funktionellen PEGs als
Makromonomere zur Bildung von sdurelabilen Hydrogelen zur temporiren
Immobilisierung von Proteinen. Zu diesem Zweck wurde EO mit 3,4-Epoxy-1-buten
(EPB) mittels klassischer AROP unter Verwendung eines bifunktionellen Initiators
copolymerisiert. Die resultierenden Allylether Einheiten wurden anschlieBend zu
saurelabilen Vinylether Strukturen isomerisiert. Es wurden definierte Copolymere mit
einstellbarem Molekulargewicht und anpassbarem Gehalt an Comonomer erhalten.
Diese Polymere wurden zu radikalisch vernetzbaren P(EG-co-isoEPB)-Dimethacrylaten
endgruppenfunktionalisiert und zur Bildung von Hydrogelen verwendet. Wahrend des
Vernetzungsschritts wurde ein fluoreszenzmarkiertes Modellprotein (OVA-Alexa488) in
die Hydrogelmatrix eingebaut. Anschlieflend wurde die Freisetzung des Proteins durch
Inkubation der Hydrogele in Pufferlsungen mit unterschiedlichen pH-Werten (pH 4-6)

tiber einen on/ine-UV Messaufbau analysiert. Basierend auf diesen Daten wurde der
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Einfluss der Vernetzungsdichte und des Gehalts abbaubarer Einheiten im

Hydrogel-Netzwerk auf die Kinetik der Proteinfreisetzung analysiert.

Basierend auf der gleichen Copolymerisations-Technik von EO und EPB wurde in
Kapitel 2.2 ein sdurelabiles PEGylierung-Reagens entwickelt. Unter Verwendung eines
monofunktionellen Initiators fiir die AROP von EO mit EPB und anschlieBender
Isomerisierung ~ wurde  mP(EG-co-isoEPB)  synthetisiert.  Die = Hydroxyl-
Polymerendgruppe wurde durch Umsetzung mit NHS-DSC aktiviert, um mit
mP(EG-co-isoEPB)-NHS einen Aktivester zu erhalten, woriiber dieses Copolymere an
Lysinreste von Lysozym konjugiert werden konnten. Die Konjugate wurden tiber SDS-
PAGE und GPC hinsichtlich ihres Abbaus in Pufferlosungen bei verschiedenen pH
Werten (pH 4-6) analysiert und zeigten gleichzeitig eine ausgezeichnete Stabilitit bei
einem physiologischen pH-Wert von 7,4. Anschlieend wurden diese Konjugate
verwendet, um iiber eine Doppelemulsionstechnik Nanopartikel auf Proteinbasis zu
bilden, die mit Oregon-Green488-Dextran (OGD) als fluoreszenzaktive
Modellverbindung beladen waren. Der Abbau dieser Nanopartikel und die Freisetzung
ihrer Gastmolekille unter sauren Bedingungen tber die Zeit wurden durch

Fluoreszenzmessungen und NTA analysiert.

Nicht nur die Anzahl, sondern auch die Position der spaltbaren Stellen innerhalb
eines Polymerriickgrates bestimmt die Grofle und Dispersitat der Abbauprodukte.
Kapitel 3.1 zeigt den Einfluss dieser Parameter und stellt dartiber hinaus einen weiteren
Syntheseansatz fir Vinylether-funktionelle PEGs vor. Zu diesem Zweck wurde EO mit
EEGE zu P(EG-co-EEGE) Copolymeren mit unterschiedlichen Molekulargewichten und
Comonomer-Verhiltnissen copolymerisiert. Diese Copolymere wurden anschlie3end
durch polymeranaloge Reaktionen modifiziert, um Vinylether-funktionelles P(EG-co-
MEO) zu erhalten. Da die Copolymerisation von EO mit EEGE zu einer zufilligen
Copolymer-Mikrostruktur fihrt, sind diese vordefinierten Spaltstellen gleichmiafig

entlang des Polymerriickgrates verteilt. Die resultierende Verteilung der Fragmente
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nach dem Abbau wird mit 7n silico abgebauten P(EG-co-ECH) und P(EG-co-isoEPB)
Copolymeren verglichen, als Beispiele fiir starke und leichte Gradienten-

Mikrostrukturen.

Kapitel 3.2 zeigt einen anderen Ansatz zur Herstellung von Vinylether-
funktionellen PEGs, basierend auf der AROP von EO unter Verwendung eines
neuartigen Allylether-funktionellen Initiators (MBE). Dieser bifunktionelle Initiator
wurde eingesetzt, um PEGs mit einer einzelnen Allylethereinheit innerhalb des
Polymerriickgrates zu synthetisieren, die sich symmetrisch in der Mitte der
Polymerkette  befindet. Diese wohldefinierten Polymere mit steuerbaren
Molekulargewichten wurden direkt nach dem vollstaindigen Umsatz von EO iiber einen
wone-pot“-Ansatz und zusitzlich tiber einen katalytische Route unter Verwendung des
Wilkinson-Katalysators (RhCI(PPhs)3) isomerisiert. Um die Kinetik des Abbaus dieser
Polymere zu analysieren, wurde eine automatisierter GPC-Versuchsautbau entwickelt
und die Halbwertszeit der Vinylethereinheit bei verschiedenen pH-Werten (pH 4 und
pH 5) bestimmt. Die Polymere wurden zu Bismethacrylaten endgruppenfunktionalisiert
und radikalisch zu Hydrogelen vernetzt, die bei verschiedenen pH-Werten in
Pufferldsungen (pH 4-6) inkubiert wurden, um ihre Stabilitat und ihr Abbauverhalten
unter sauren Bedingungen zu analysieren. Zusitzlich wurde diese neuartige
Allyletherstruktur als sdurelabiler Linker zwischen dem Kettenende von PEG und einem
beliebigen Rest eingebaut, was ihr Potenzial als universelles Synthon bei der Synthese

von sdurelabilen PEG-Konjugaten demonstriert.

Der Anhang dieser Arbeit enthélt einen Beitrag des Autors dieser Arbeit zu einem
weiteren Projekt. Anhang 1 zeigt einen neuartigen Ansatz zur Synthese von
multihydroxy-funktionellen Polystyrolen. Durch die Verwendung eines einfachen
Grignard-Reagens  konnte  ein  Styrolderivat ~ mit  zwei  geschiitzten
Hydroxylfunktionalititen synthetisiert und polymerisiert werden, wobei genau

definierte Homopolymere, statistische Copolymere und Blockcopolymere erhalten
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wurden. Die Hydroxylgruppen konnten entschiitzt werden und als Makroinitiatoren fiir
die Synthese von Biirstencopolymeren durch ,grafting from® mit L-Lactid und EO

dienen.
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INTRODUCTION

This chapter will give a comprehensive overview over degradable
poly(ethylene glycol) (PEG) in biomedical applications. Starting from the basic
properties and synthesis in the first section, the focus will shift towards the general
significance of degradable polymers for drug delivery systems in the second section.
Subsequently, the third section will cover the chemistry of intrinsically cleavable PEGs.

As a last section, selected biomedical applications for degradable PEGs will be presented.

1.1 Aliphatic Polyethers

Aliphatic polyethers are a class of polymers, that are represented by the general
formula (R-O-R),. Herein, R and R’ represent alkyl groups and n represents the degree
of polymerization. The bond angle between the oxygen and the alkyl groups is 112 ° and
the bond length between oxygen and carbon atom is 143 nm.! These polymers are of
great interest in academia as well as in industry.?

H (0] (0) 0}
HO (0) HO H HO H HO H
n n n
POM PEG

n

PPO PTHF

Scheme 1: Overview over the most prominent aliphatic polyethers: poly(acetal) (POM),
poly(ethylene glycol) (PEG), poly(propylene oxide) (PPO) and poly(tetrahydrofuran)
(PTHF).

Scheme 1 gives an overview over the most prominent and commercially available
representatives of the class of aliphatic polyethers. The simplest structure is in fact
poly(acetal), also known as poly(oxymethylene) (POM), with only one CH: group
separating the oxygen atoms in the polymer backbone. By increasing this number,
poly(ethylene glycol) (PEG) is reached together with the structurally related
poly(propylene oxide) (PPO), which has an additional methyl group attached to the
backbone as a side chain. Another prominent representative is poly(tetrahydrofuran)

(PTFH), which corresponds to the molecular formula of tetrahydrofuran. For this work,
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with no doubts PEG is the most important polymer and will therefore be discussed in

detail in the next section.

1.1.1 POLY(ETHYLENE GLYCOL) (PEG)

Although Wurtz reported the polymerization of ethylene oxide (EO) with alkali
metal hydroxide or zinc chloride as early as 1863, it took almost 70 years and the famous
works of Staudinger and Schweitzer in the 1920s until PEG became commercially

available in the 1930s.34

Depending on the degree of polymerization, the appearance of PEG at room
temperature ranges from a colourless oil (~200-500 g mol!) over a waxy solid
(~1,000 g mol™) to a crystalline solid above approximately 6,000 g mol!. Higher
molecular weight PEGs in the range of 20,000 g mol! and above are typically referred
to as poly(ethylene oxide) (PEO). In the biomedical context, the term PEG is usually used
independently from the molecular weight.>® The probably most highlighting
characteristic of PEG is its excellent water-solubility, what makes this polymer
outstanding among the other aliphatic polyethers, which are usually not water-soluble
at room temperature.” While low molecular weight PEGs are practically mixable with
water in any arbitrary ratio, PEG with a molecular weight of even 35,000 g mol™ is still
soluble in 50 wt% solutions with water at room temperature.® This feature can be
explained by the distance of the oxygen atoms in the polyether backbone, which
resembles roughly the distance of oxygen atoms in water. This facilitates the building of
hydrogen bonds by the water molecules, leading to solvation.? Furthermore, PEG is non-
toxic, low immunogenic and chemically almost inert.!®!! This unique combination of
features makes PEG an excellent polymer choice for various biomedical, cosmetic and
pharmaceutical applications and justifies its widely known reputation as the gold

standard, to which other polymers are compared to.>¢

27



INTRODUCTION

One of the most prominent applications of PEG in the biomedical field is the so
called PEGylation, which will be further addressed in section 1.4.1. The excellent
biocompatibility and water-solubility of PEG makes this polymer also an attractive
building block for hydrogels, what will be discussed in section 1.4.2. Other prominent
applications of PEG can be found in the food industry or in cosmetics. Furthermore, PEG
is often used as the hydrophilic component in amphiphilic copolymers, for example in
PEG-5H-PPO-b-PEG triblock copolymers, the well-known poloxamers or Pluronics®©.12.13
These low-toxic triblock copolymers are widely used as non-ionic surfactants in personal

care products or for medical application.!*13

Alongside all unique properties of PEG, two major drawbacks should be
mentioned: (i) the chemically inert polyether structure leaves PEG itself not degradable,
what will be discussed in more detail in section 1.2 and section 1.3, and (ii) PEG possesses
only two chemically addressable functional groups at the chain termini, limiting for
example its capacity for drug loading. The latter can be overcome by the
copolymerization of EO with functional epoxide monomers. A wide range of possible
functionalities can be introduced by this technique, from protected amines over allylic
functionalities up to multiple hydroxyl groups and carboxylic acids.!®!8 These polymers
usually are referred to as multi-functional PEGs (mfPEGs). Furthermore, besides such
linear polyether structures, hyper branched or dendrimeric architectures offer a much

higher ratio of backbone to end groups.?®

1.1.2 ANIONIC RING-OPENING POLYMERIZATION (AROP)

Well-defined polymeric materials, exhibiting low dispersity (#), are a basic
prerequisite for all biomedical and pharmaceutical applications. To ensure the
reproducibility of crucial parameters like circulation times and immunogenicity of

carrier systems, a dispersity of £ <1.10 is considered favourable.? To meet this
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requirement, PEGs that are applied in these fields are usually synthesized via the anionic

ring-opening polymerization (AROP) of EO.

In 1940, the remarkable works by Flory gave the theoretical background of the
narrow molecular weight distribution and low dispersity of the polymers obtained via
this technique. Flory demonstrated the living character of this polymerization, what

results in a Poisson distribution of the molecular weight for the individual chains.?!

b= “’—1+[ i ] 1+
M, (I+x) " " T X,

n

As a result of the controlled manner of polymerization, without chain transfer
reactions or unwanted termination of the chain end, the dispersity () is only depending
on the weight (M) and number (M,) average molecular weight, what connects this value

directly to the degree of polymerization (Xn).

The oxyanionic polymerization is not only historically the “classical” technique to
polymerize epoxides, it is also the most straightforward approach and is still applied
today. Other techniques like coordination polymerization, monomer-activated
polymerization (MAROP) or catalytic polymerization were developed and are applied in

the industry as well as academia.??-26

Initiation Propagation Termination

0 0
B 0 O 0 oM H 0 H
w0 M e WO —m4m ‘[~/\0’]'\1/ — ‘[‘/\O’]'

n

active active

2 I

O ~on Mo‘[\/\o,l»_\l/OH

dormant

M=Na, K, Cs

dormant

Scheme 2: Mechanism of the AROP of EO using an alkali metal alkoxide as initiator.
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The AROP can be initiated by hydroxides, alkoxides, amides, metal alkyls or metal
aryls.?’ The reaction mechanism can be described as a nucleophilic attack on the strained
epoxide ring, which leads to the ring opening and the addition of a new monomer to the
growing chain end (Scheme 2). With a value of 114 k] mol™, the ring strain for oxiranes
is the driving force for the polymerization. Larger rings with lower ring strain like

oxolanes (THF, 23 k] mol™) cannot be polymerized vza this technique.?

Typically, alkoxide initiators are not quantitatively deprotonated to enhance their
solubility and to prevent unwanted aggregation. A quantitative deprotonation is not
necessary, as the proton transfer between the active alkoxide and the dormant alcohol
species is much faster than the initiation and propagation process. Because of this
equilibrium process between dormant and active chain end species, the criteria for a
“living” polymerization are not strictly met.?* To describe this process, the term
“degenerative chain transfer” is used. However, as this polymerization technique allows
a controlled polymerization with all chains participating in the chain growth, the term
“living-like” may be used, referring to the controlled radical polymerization techniques,

that also show dormant species and degenerative chain transfer.?>3°

Despite the reaction temperature, the mainly influencing variables in the classical AROP
technique are the choice of solvent and base, especially the corresponding counter ion.
As these variables influence the nucleophilicity of the alkoxide initiator and growing
chain end, they directly affect the rate of propagation through the active chain end. A
chain end which is more separated from the counter ion results in a more active chain
end and a faster propagation rate of the polymerization. This is directly influenced by
the polarity of the solvent: a more polar solvent leads to a better solvation of the oxygen
anion and the alkali metal cation, while an unpolar solvent favours the aggregation of
the ions (Scheme 3). While bulk (solvent-free) polymerizations may be possible, AROP
of EO is often conducted in solution. A solvent must be non-protic to not interfere with

the alkoxide initiator and active chain end. Therefore, a wide range of solvents can be
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applied, usually N,MN-dimethylformamide (DMF), MN-methyl-2-pyrrolidone (NMP),
dimethyl sulfoxide (DMSO) or cyclic ethers like tetrahydrofuran (THF) or 1,4-dioxane
are used.33? Alkali metal counter ions can be complexed by cryptands or crown ethers.
This separates the metal cations effectively from the oxide anions, what facilitates the
polymerization by preventing the ions from aggregation, leading to fast propagation

rates, or even enables the polymerization of originally non-polymerizable monomers.?334

Aggregate Contact ion par Solvent separated Free ions
ion pair
lmo_wl == n w0 M == 1 mwoioM == 1 w0 4+ M
n
Increasing polarity of the solvent r
M= Na, K, Cs

Scheme 3: The effect of solvent polarity on the aggregation of alkali metal alkoxide
chain ends during AROP.

Another important factor is the counter ion or its size, respectively. The negatively
charged alkoxide chain end, origin from the initiator at the initiation or the growing
chain end during the propagation, interacts with the positively charged alkali metal
counter ion. Based on Pearson’s substantial principle of hard and soft acids and bases
(HSAB), an oxygen anion is a “hard base”.% This predicts the intensity of the interaction
with the metal counter ion, serving as the corresponding “acid”. A small and therefore
“hard” counter ion like lithium prevents any polymerization by a strong aggregation
with the oxide anion, while more “soft” and bulkier counter ions like potassium or
caesium are used to enable a separation of the ion pair and therefore a propagation of
the active chain end. This effect is exploited for the end-capping of butyllithium-initiated
carbanionic polymerizations with functional epoxides.’¢37 According to this principle,
the propagation rate of alkali metal alkoxide initiated polymerizations of epoxides

corresponds with the size of the counter ion: Na* < K* < Cs*.38
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The strongly nucleophilic character of the initiator and the growing chain end also
limits the range of applicable comonomers and initiators. Using the classical AROP,

sensitive functions, possible leaving groups or acidic protons cannot be polymerized.>3’

1.2 Polymeric Concepts for pH-Triggered Drug Delivery

This section will briefly discuss the significance of concepts for acid-labile polymers
in the context of biomedical applications such as drug delivery or polymer conjugates.
While the focus of this dissertation is clearly set on PEG and its close derivatives, the
following section is of rather general nature and the discussed concepts and strategies
are valid independently from a certain class of polymers. Moreover, they can be, at least,
understood as an essential motivation and offer an inspiration to be translated into any

arbitrary system.

Beginning in the last quarter of the 20th century, the relevance of polymers in
therapeutic applications is continuously increasing. The descriptor “polymer
therapeutics” covers a variety of different systems and applications: polymers with an
intrinsic therapeutic effect and, far more important, drug delivery systems in the form
of polymer-drug conjugates, polymer-protein conjugates as well as polymer-based
nanoparticles like nanospheres, micelles and polymersomes or liposomes

(Figure 1).20:40-42
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a Polymer-protein conjugate b Polymer-small-molecule drug conjugate

N

¢ Dendrimer d Polymer nanoparticle

Figure 1: Classes of polymer-drug conjugates on the market or in clinical development.
a) and b) water-soluble polymers can be conjugated to proteins or small molecule drugs,
¢) dendrimeric structures offer a high drug-polymer ratio and d) polymeric
nanoparticles, typically as core-shell architectures. (Adapted and modified from
Ekladious et al)*?

While PEG can be considered as the most prominent representative, depending on
the desired application and therefore the chemical and physical requirements for the
respective materials, various other polymers like poly(methyl methacrylate) (PMMA),
poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(2-oxazoline)s (POx),
polypeptides and a great number of further candidates have been and still are

investigated and applied.*3-47

Firstly mentioned by Paul Ehrlich in the 1910s with his pioneering concept of a
“magic bullet”, basic drug delivery systems are designed as a barrier between their cargo
and their environment, in order to shield the cargo from the surroundings as well as the
biological system from the cargo.®®4 They are applied to improve pharmacokinetic
parameters, reduce side-effects and enable targeted drug delivery.>=>2 Obviously, they
need to release their therapeutic payload again, a process that can be facilitated with or

without the presence of a stimulus.
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Basic systems can rely on simple diffusion of the drug from a polymer matrix to
the surrounding environment, only driven by chemical potential gradients.>** “Smart”
stimuli-responsive systems can release their cargo upon the presence of a specific
stimulus, which leads to changes in the carrier environment, structure or chemistry.>* A
wide range of stimuli is possible, from physical influences like temperature, magnetic
tields or light over biological stimuli like enzyme activity to chemical stimuli like ion

strength, redox gradients and pH changes.>*>8

For rationally designed polymeric drug delivery systems, acidity is the most
important stimulus, since low pH is a characteristic of solid tumour and inflamed tissue
and distinct intracellular compartments, which are passed through following cellular
uptake.® Furthermore, the chemical approaches to exploit this stimulus are well-
understood and preparatively realizable in a suitable manner. Tumour cells proliferate
at a much higher rate than healthy tissue, leading to an upregulation of glycolysis, what
results in an enhancement of the production and accumulation of lactate and protons in
these tissues.®® The extracellular pH of healthy mammal tissue as well as blood is rather
strictly maintained at pH 7.4, but can reach pH 6.5 in solid tumours.”®*%! Another
important target are intracellular compartments like endosomes and lysosomes. These
compartments are part of cellular uptake pathways and can reach pH 5.0-6.0 or even
pH 4.0-5.0, respectively.®? This makes acidity an ideal trigger stimulus for specifically
targeting these microenvironments and enhance therapeutic efficacy, what is shown in
a variety of polymeric drug delivery systems.t?-% Techniques to utilize this change in
external pH can rely on alterations in configuration, conformation, solubility or volume
of the drug delivery systems to release their payload.®” This is usually realized by
polymers which bear ionizable moieties or cleavable bonds.%® The first group relies on
the reversible ionization of weak acids or bases, which alters the swelling behaviour or
solubility of the polymer.®8%° The latter group uses mostly three different approaches or

various combinations thereof: one or more chemically labile bonds, that can be
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hydrolysed (i) between the polymer and the cargo, (ii) in the polymer backbone and (iii)
between hydrophilic and hydrophobic segments of a block or copolymer.>3-58-65.68.70.71 [y
acidic conditions, the hydrolysis of such an acid-labile bond can lead directly to a release
of the conjugated cargo by cleavage of a linker structure (i), destabilizing and
degradation (ii) or by altering the solubility of the delivery system (iii), a concept often

found for example in liposomes and micelles.”?

1.3 Cleavable Moieties for Degradable PEGs

Beside the triggered release of therapeutically active molecules from a drug
delivery system, the development of degradable polymer structures is driven by a very
basic physiological parameter: the kidney excretion limit. While the conjugation with
higher molecular weight PEGs has proven to be more favourable in order to prolong the
circulation time of the conjugate, the applied polymer must not exceed a molecular
weight of approximately 40,000 g mol'l. This limit is set in order to prevent
bioaccumulation by ensuring an effective clearance from the bloodstream by the kidney,
followed by excretion via the urine.”>’* On the other hand, the molecular weight of the
degradation fragments should not be below 400 g mol’!, as such small fragments were
reported to show toxic effects.?%”> PEG may be degraded in vivo by reactive oxygen
species due to fscission, but only in long time scales and unspecific.”® This leads to
many different approaches and to a lot of effort, that is undertaken to introduce
degradability into the backbone of PEG, preserving its favourable properties while

offering access to safely applicable high molecular weight PEGs.
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1.3.1 SYNTHETIC APPROACHES FOR INTRINSICALLY CLEAVABLE PEGS

This section focuses especially on the different synthetical approaches to obtain
intrinsically cleavable PEGs. To keep a clear structure, PEG-containing block-based
structures with degradable linkers, grafted PEGs and PEGs in side-chains or systems
with only short ethylene glycol oligomers will not be covered, even though they may

show very creative approaches.”’-87

The various synthetic approaches to introduce acid-labile moieties directly into the
backbone of PEG are summarized in Table 1. It must be noted that the introduction of
these moieties via the AROP of EO with a functional comonomer, that leads directly to
the acid-labile moiety, may be the most desired approach. This approach would combine
the favourable properties of the AROP, such as tailorable molecular weight and
comonomer content, narrow molecular weight distribution and well-defined polymer
end-groups with a clean and straight forward polymerization technique without the need
for possibly toxic reagents like transition metals or other toxic reagents. Nevertheless,
this has not been reported yet and the nature of the AROP with its harsh conditions
limits the range of functional groups, that can be used to design functional monomers.
Because of the nucleophilicity and the strong basic conditions, the range of interesting
acid-labile functional groups is limited to acetals, ketals, ortho ester and vinyl or allyl
ethers. Another important aspect is the chemical stability of possible monomers, as for
example allene oxide or disulfur oxide may have been synthesized, but cannot be used

for a copolymerization as they are not stable at relevant temperatures.88-%
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Table 1: Compilation of cleavable groups, synthesis strategies and respective stimuli
reported for PEGs and derivatives. Adapted and extended from Dingels, C.; Frey, H. In
Hierarchical Macromolecular Structures: 60 Years after the Staudinger Nobel Prize I,
Percec, V., Ed.; Springer International Publishing: 2013; Vol. 262, p 167. Copyright 2013

Springer.

Cleavable Structure Synthetic Degradation® Ref.
moiety approach
Acetals R PEG coupling pH<74
)\ 78,91-104b

Cleavable AROP pH<74

105

initiator
Ketals R R)<R ) PEG coupling pH<74 106,107
Cleavable AROP pH<74
108-111
initiator
Aconitic acid H H PEG coupling pH<74
- z ~ 112,113
TXY
(0] OH
Azo groups "N\\N/ PEG coupling enzymatic 114,115
Carbonates 0 PEG coupling basic
)j\ 116-125
0”7 to” hydrolysis
Carboxylates 0 PEG coupling hydrolytic, ~ 91.9596.114.115,126-
07 s enzymatic 149
Oxidation hydrolytic,

128

enzymatic

Copolymerization  hydrolytic,
130

of lactide enzymatic

37



INTRODUCTION

Disulfides

Hemi-acetals

Hydrazones

Imines/Oxims

Maleamic

acids

o-Nitro

benzyl ethers

Orthoesters

Peptides

Phosphoesters

Urethane

Vinyl ethers

---0

PEG coupling

Oxidation

PEG coupling

PEG coupling

PEG coupling

PEG coupling

PEG coupling

PEG coupling

PEG coupling

PEG coupling

Elimination of

P(ECH)

reductive

acidic or

basic

pH<74

pH 7.4

pH<74

light

pH<74

hydrolytic,

enzymatic

acidic or

basic

hydrolytic

pH<74

133,150-153

154

155

156

157

158

159,160

120,161-176

177-190

191-199

200
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Copolymerization ~ pH<7.4 2017203 “chap..

of EPB 2.1and 2.2

Cleavable AROP pH<74

chap.. 3.2
initiator
Elimination of pH<74
chap.. 3.1
glycidyl tosylate

[a] Conditions may vary for the same cleavable unit due to different adjacent moieties.
[b] Includes inimers, which result in hyperbranched architectures.

As summarized in Table 1, a broad range of different degradable groups with
different degradation mechanisms and stimuli was reported. The most important
stimulus for the degradation of these PEGs is acidity, followed by enzymatic and

unspecific hydrolytic degradation.

Most of these materials were synthesized starting from commercially available
PEGs. As a broad variety of end group-functionalized PEGs are available, most of these
approaches rely on the coupling of homotelechelic PEGs via polyaddition or
polycondensation. As a result of these polymerization techniques, the obtained
dispersities are rather high (£ = 1.6-10) and a precise control over the molecular weight
is very difficult.”> The main advantage of such strategies is, beside the rather non-
challenging synthesis procedures using inexpensive or easily accessible difunctional
PEG educts, that the degradation products are easily tailorable by the molecular weight
of the used PEGs. As these strategies do not affect the backbone of the PEGs and only
connect PEG chains at their end groups, the degradation products will remain at the
same molecular weight than the original PEGs. This is a major advantage, as the control

over the molecular weight of the fragments of degraded PEG is an important aspect.

Besides the PEG coupling techniques, there are principally three different synthetic

approaches possible to obtain PEGs with intrinsically cleavable polyether backbones:
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(1) oxidation of the polymer backbone, (ii) the polymerization of EO using a cleavable
initiator and (iii) copolymerization with a degradable comonomer or a respective

precursor.

The oxidation of the polyether backbone was firstly reported by Elisseeff and
co-workers in 2010.1* By using Fenton’s reagent, they could partially oxidize the
polyether to form hemi-acetals, randomly distributed alongside the polymer backbone.
Unfortunately, this technique resulted in degradation already during the preparation
process and no SEC data of the degradable polymer and its fragments after hydrolysis
was provided. Another oxidation-based approach was reported by Liu and Bielawski
with the synthesis of poly[(ethylene glycol)-co-(glycolic acid)] by oxidation of PEG
using ruthenium oxide.!?® This method provided degradable PEGs with various ratios of
cleavable moieties and the authors analysed the polymer degradation regarding rates
and molecular weight distribution of the resulting fragments. Nevertheless, the
formation of different end groups as result of the oxidation of the PEG chain ends limits

the possible applications in the biomedical field.

Pohlit et al. presented the introduction of a ketal moiety into the PEG backbone via
the polymerization of EO using a ketal-containing difunctional AROP initiator.!%® They
obtained well-defined polymers (P =<1.12) with a molecular weight of up to
My =12.800 g mol! and investigated the hydrolysis kinetics via TH NMR spectroscopy.
They reported half-life times of the dimethyl ketal moiety at pH 6.1 with #/2 = 82.4 min
for 23°C and #,2=104 for 37°C. A similar approach was reported earlier by
Dingels ef al. with the implementation of an acetal moiety at the hydroxyl-end of mPEG
(Mn = 2,000 g mol?), resulting in an acetal-functional PEG macroinitiator for the AROP
of EO.1% Using this macroinitiator for the synthesis of PEG, they reported a well-defined
polymer (D = 1.09) with a molecular weight of M, = 7,500 g mol'!. Acidic hydrolysis of
this polymer resulted in two fragments with a molecular weight of A% = 1,800 g mol'!

and M, = 5,700 g mol’!, as to be expected from the position of the degradable moiety in
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the PEG backbone. Degradation kinetics studies of various acetal structures via'H NMR
spectroscopy revealed half-life times of #/2 = 62-143 h at pD 4.9 and #2 =961 h at
pD 5.4, demonstrating a much higher stability with slower hydrolysis than the reported

ketal structures.

More recently, Feng and co-workers presented the copolymerization of EO with
(L)-lactide ~ using  triethylborane as an  activator.’®®  They  obtained
poly(ethylene glycol-co-lactic acid) with molecular weights of up to A, = 48,500 g mol!
with moderate to low dispersities (£ =1.05-1.28). The fraction of (L)-lactide as
degradable moiety ranged between 1.1 and 11 mol% but could not be adjusted in a
targeted and controlled fashion. Furthermore, the obtained yields of these polymers were

relatively low.

The introduction of degradability into a polyether backbone by the anionic
(co)polymerization of a functional epoxide monomer remains a challenge. So far, the
incorporation of in-chain acidic cleavable moieties was only reported for few
hyperbranched systems. They were synthesized using the AROP of EO with an acetal or
ketal-functional comonomer like 1-(glycidyloxy)ethyl ethylene glycol ether (GEGE)

(Figure 2)'101,109,110
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Figure 2: Overview of the different copolymerization routes developed based on the
GEGE monomer (from Ref. 107),

Notably, these concepts remain preserved for branched architectures and cannot be
translated into linear structures. During every AROP of epoxide monomers, the
polyether backbone is principally formed by the oxirane segment of the monomer. For
the formation of hyperbranched architectures, a branching agent in form of a
comonomer is added, which contains at least one unprotected hydroxyl group in addition
to the epoxide function. This leads to the branching effect, as during the polymerization
not only the alkoxide chain end that originates from the last incorporated epoxide, but
also the hydroxyl group of the branching comonomer takes part in the propagation

process.??4205 This way, the substituent at the epoxide is directly incorporated into the
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growing polyether backbone, additionally to the epoxide segment. As the substituent can
be designed to carry a functional spacer (for example an acetal moiety in GEGE, see
Figure 2) between the epoxide ring and his hydroxyl group, this function will be

incorporated into the polyether backbone.

This is fundamentally different to AROP techniques to synthesize linear polymers,
where the polyether backbone is formed exclusively by the ring-opening of the epoxide
monomers. Possible functional substituents at the epoxide ring do not take part in the
propagation of the polymerization and form the polymer side chains and functions

attached to the backbone of mfPEGs, if present.>1?

This explains the challenges for the direct introduction of cleavable moieties into a
linear polyether backbone by copolymerization with a functional epoxide. To enable
intrinsic cleavability, the respective functionality must be located as a substituent
directly at the epoxide ring to enable direct influence on the polyether backbone. Besides
this prerequisite, it should not affect the polymerization and withstand the harsh AROP
conditions. While such a direct approach has not been reported yet and seems hardly to
be possible, only two synthetic approaches have been reported so far to access
intrinsically cleavable PEG by copolymerization with an epoxide comonomer. Both
synthetic principles rely on a diversion to obtain acid labile vinyl ether PEGs in a two-

step procedure.?00.201

Because of the fundamental significance of the acid-labile vinyl ether moiety for
this work, the next section will briefly discuss vinyl ether functional PEGs and strategies

for their synthesis in more detail.
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1.3.2 VINYL ETHERS AS ACID-LABILE FUNCTIONAL GROUPS IN PEG

Vinyl ethers are no “novel” or revolutionary new functional group in synthetic
organic chemistry. From the beginning of the 1960s, vinyl ethers and their precursors,
the allyl ethers saw extensive use especially in the carbohydrate chemistry as protective
group for hydroxyl groups.??® The easy formation and cleavage under mild conditions,
which is tolerated by many other protective groups, made ally ethers a very common

choice for orthogonal synthesis strategies.?'”

Allyl ether Vinyl ether
omerisati o HO
O somerization 3
R” \/\ ' R’O\/\ —_— R/OH + 1L
NS
0)
stable labile

Scheme 4: Transition of the allyl ether group to a vinyl ether and subsequent cleavage.

Scheme 4 illustrates the application of allyl and vinyl ethers for the protection of
hydroxyl groups. The allyl ether moiety serves as a stable precursor and can be converted
into a vinyl ether moiety by isomerization. Subsequently, the vinyl ether can be cleaved
using several different approaches, but usually by acidic hydrolysis or by oxidative
methods.?% The isomerization is a central step in this process and a broad variety of
different methods have been investigated. The isomerization of the olefin is often base-
catalysed by heating in DMSO with the presence of potassium fert-butoxide or by
Wilkinson’s catalyst (RhCI(PPhs)s), but various other catalytic systems have been
investigated and applied as well.2-211 More recently, approaches for the one-step
cleavage of the allyl ether group became popular.212-214 Another interesting feature of
the allylic group is the protection of thiols and amines, what already found an application
in polymer science with the development of the protected amine monomer

N,N-diallylglycidylamine (DAGA), offering access to amine-functional PEGs.215-218
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Several reports from Thomson ef al showed the application of vinyl ethers as
acid-labile linkers in polymeric drug delivery systems. They employed vinyl ethers as
acid-labile linkers between hydrophilic PEG and hydrophobic lipid segments and used

these materials to form acid-degradable liposomes for drug delivery applications.?!~

83,219,220

As previously mentioned, there are two approaches to utilize this functional group
to synthesize intrinsically cleavable PEGs. The first approach was reported by Lundberg
et al in 2012.2%° They copolymerized EO with epichlorohydrin (ECH) vza the monomer-
activated  ring-opening  polymerization  technique = (MAROP) to  obtain
poly(ethylene glycol-co-epichlorohydrin) (P(EG-co-ECH)) and subsequently eliminated
the chloride to obtain  poly[(ethylene glycol)-co-(methylene ethylene oxide)]

(P(EG-co-MEQ)) as a vinyl ether-functional PEG (Scheme 5).
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Scheme 5: Synthetic approach to obtain P(EG-co-MEO). (Adapted and redrawn from
Lundberg et al))*°

While this was the first report to obtain linear and intrinsically cleavable vinyl
ether functional PEG via the copolymerization of a functional epoxide, it was obliged to
apply the MAROP technique. Alkoxides appearing during the classical AROP would
undergo substitution reactions with the chloride of ECH, rendering this technique not
applicable with such comonomers. Furthermore, this technique resulted in rather broad
molecular weight distributions (D = 1.25-1.34) and ill-defined polymer end-groups,

limiting the possible use for biomedical application.

Worm ef al presented a refined approach, which enables a broad range of

biomedical applications for these materials, as the fundamental synthesis strategy relies
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on the classical AROP and eliminates the disadvantages given by the MAROP
approach.?! By the copolymerization of EO with 3,4-epoxy-1-butene (EPB), allyl
ether-functional PEG copolymers (P(EG-co-EPB) were obtained, which were
subsequently isomerized to vinyl ether containing PEGs (P(EG-co-isoEPB) as shown in

Scheme 6.
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Scheme 6: Synthetic procedure for P(EG-co-isoEPB) copolymers. (Adapted and redrawn
from Worm ef al)*!.

This technique enabled the synthesis of well-defined, degradable PEGs (D < 1.11)
with molecular weights of up to M, = 10,000 g mol™ and tailorable content of cleavable
moieties inside the polyether backbone (3.4-4.5mol%). Defined and chemically
addressable polymer end-groups were obtained, allowing to adopt this concept for a
broad variety of biomedical applications (see chapter 2.1 and 2.2). Furthermore, they
analysed the degradation kinetics of these moieties via online 'H NMR spectroscopy,
resulting in 12 = 9-20 h at pD 4.4 and #/2 = 20-34 h at pD 5, ranging between the acidic
degradation kinetics of acetals and ketals. As reported by Shin ef al, the pH sensitivity

can be further fine-tuned by different substitution patterns at the vinyl ether.??
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1.4 Selected Applications: PEGylation and Hydrogels

This section will discuss some typical applications in the biomedical and
therapeutic field for PEG and especially for degradable and stimuli-responsive
structures, as presented in the chapters 1.2 and 1.3. First the field of polymer-conjugates,
especially PEG-conjugates as a subgroup of the already in chapter 1.2 introduced
polymer therapeutics will be discussed, followed by the field of hydrogels as another

substantial application for degradable PEG-based materials.

The importance of proteins and peptides as therapeutic molecules is strongly
increasing, especially in the therapy of cancer, inflammatory and immune diseases or
vaccines.??!’ However, the fragile three dimensional structure of proteins is often
important for their therapeutic action and needs to be preserved. Generally speaking,
protein therapeutics suffer chronically from poor stability due to chemical and
enzymatic degradation, unfolding and aggregation and may cause immune reactions.???-
224 Due to the low pH environment of the stomach and the presence of proteolytic
enzymes, an oral administration is challenging. Additionally, their large size and
hydrophilicity complicates an absorption through biological membranes, what results in
a low bioavailability. This makes the parenteral administration to the technique of choice
for the application of this class of drugs.??> Unfortunately, the half-live time of proteins
upon injection is very short due to the fast renal clearance and first-pass hepatic
metabolism, additionally to the clearance by the immune system, affording frequent
injections. Three approaches are wunder consideration to overcome these
pharmacokinetic and pharmacodynamic difficulties: (i) the application of drug-polymer
conjugates (as described in the following section), (ii) alternative administration routes
like nasal or pulmonal delivery and (iii) the application of injectable or implantable

controlled releasable drug delivery systems like liposomes or hydrogels (as will be

described in section 1.4.2).226:227
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1.4.1 PEGYLATION AND BIOCONJUGATION

Ringsdorf opened the field of polymer-conjugates as drug delivery systems with his
thoughts on a rationale for covalently bound polymer-drug conjugates, based on

synthetic polymers,228:229

Polymer backbone

Cleavable linker

Targeting function

Solubilizer

Drug

Figure 3: Polymeric drug delivery system as proposed by Ringsdorf.???

With his idea of a polymeric carrier system that consists of three functional main
components: (i) a solubilizer, (ii) a targeting function and (iii) the drug, conjugated by a
degradable linker molecule, with all three components attached to the backbone of a
biocompatible polymer, Ringsdorf was far ahead of his time and shaped the foundation

of a field, which applies this concept today in a broad variety (Figure 3).

Today, we use the term “PEGylation” to refer to the covalent attachment of PEG
to surfaces, molecules with a therapeutic effect (small molecules, proteins, peptides),
biomolecules or therapeutic vehicles like the broad range of nanoparticles (organic or
inorganic particles, micelles, liposomes or polymersomes).?3® As a downright revolution
in drug delivery, PEGylation is mostly applied to improve pharmacokinetic parameters

like solubility or half-life time of the conjugate, resulting in improved therapeutic
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activity.40:231.232 This is achieved by two major effects: (i) shielding of the conjugate from
the immune system and supressing unspecific cellular uptake (“stealth effect”) and (ii)
increasing of the hydrodynamic radius of the conjugate, preventing a fast clearance from
the bloodstream by ultrafiltration and excretion vza the kidneys.?*323* For PEG in
solution, every ethylene glycol subunit is roughly coordinated by two or three water
molecules, resulting in a hydrodynamic radius around five to ten times larger than a
protein with the same molecular weight.?3>-2%7 The prolonged half-life time of the
conjugate can result in a reduction of the dosage frequency, improving the quality of life
and compliance of the patients since these drugs usually need to be injected.”
Furthermore, PEGylated drugs and proteins show an improved physical and thermal

stability and are better protected against enzymatic degradation.?323

The mechanism of the prevention of unspecific cellular uptake of PEG-based
conjugates by components of the immune system, the so called stealth effect, was
analysed in detail by Wurm and co-workers.?*" They argued that this effect is not
depending on the prevention of surface protein binding per se, but instead that the
formation of a blood plasma protein corona with the abundance of a specific protein
(clusterin or also called apolipoprotein J) plays a key role and seems to be responsible

for this effect.

The first protein-PEG conjugates were presented by Davis and co-workers in 1977.
While maintaining the enzymatic activity of PEGylated liver catalase, they reported an
extension of the in vivo circulation time from 12 hours up to 48 hours.?*! Furthermore,
they demonstrated the non-immunogenicity of PEGylated bovine serum albumin
(BSA).242 Since these pioneering works, PEGylation was further developed to a well-
established standard-technique in the modern pharmaceutical industry as well as in
academia. The first FDA-approved PEGylated drug to become commercially was
Adagen® in 1990, an adenosine deaminase coupled to 11-17 chains of mPEG with a

molecular weight of M, = 5,000 g mol .23 This modification resulted in an increase of
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the plasma half-life time from 20 hours to 357 hours, enabling a dosing frequency of

once every two weeks instead of two or three doses every week.

These nowadays so-called 1%t generation PEG-conjugates were further developed
to and mostly replaced by 27 generation conjugates. While the fist-generation
conjugates suffered from difficulties like a mixture of isomers in the prepared conjugate
as a result of the modification of multiple lysine residues or crosslinking of the proteins
due to diol-contaminated mPEGs, the development aimed to provide better defined and

more stable conjugates with more reproducible results.?4424

a b
14 < 25
12 =
% o 20
5 ol ‘5 /’-/\
< 8 g 157
&
[a}
3 6 (O} 10
z o
L 47 %
o &
25 N
o
0 | 1 T T T T ¥ 0 I 1 | | T T
Mon Tue Wed Thu Fri Sat Sun 0 25 50 75 100 125 150
Days Time (hours) over 1 week

Figure 4: Pharmacokinetic profiles for interferon IFN-o2a and A, = 40,000 g mol™
polyethylene glycol PEG-IFN-a2a: blood levels upon subcutaneous injection. a) IFN-
a2a is injected every other day and b) PEG-IFN-a2a is injected once a week. (Adapted
and modified from Harris and Chess).?%°

Characteristic for this improved generation are PEGs with higher molecular
weights to create larger conjugates with further improved pharmacokinetic and
pharmacodynamic properties. For example, the 2" generation conjugate Pegasys®©
(FDA approved in 2002) consists of a branched PEG with A, = 40,000 g mol™,
conjugated to IFN-a2a. This conjugation extended the half-life from 9 to 77 hours, while

providing a nearly constant blood concentration (Figure 4).

As for 2019, there are sixteen FDA-approved PEG-protein conjugates available and
at least twenty more conjugates in the pipelines of pharmaceutical companies,
companied by at least twenty one small molecule conjugates, dendrimers and polymeric

nanoparticles in clinical development.*> To avoid bioaccumulation and enable a safe
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application of such conjugates, all FDA-approved PEGylated conjugates employ PEGs

with a molecular weight of A4, < 40,000 g mol1.24¢

Commonly, for the conjugation of larger molecules such as proteins, linear and
branched monofunctional PEGs are employed to prevent crosslinking. Small molecule
drugs may be conjugated to dendrimeric polymer architectures, enabling much higher
drug loading ratios.!'®2247 The most common target for PEGylation of therapeutic
proteins and peptides are lysine residues due to their large number of amino groups on
the accessible surface and their facile modification. Additionally, the thiol group of
cysteine is a popular target because of the possibility to use robust Michael-addition
chemistry for conjugation.?4® Nevertheless this function may be a difficult choice, as it
is often involved in active sites and enzymatic activity of the conjugate may like to be
preserved.?4%2%0 Furthermore, it was demonstrated by Veronese and co-workers, that not
only the polymer mass and chemistry of conjugation, but also the shape impair the
biological activity of the conjugate, indicating an advantage of branched over linear
architectures in preserving enzyme activity.?! To conjugate PEG to any of these groups,
the hydroxyl end group must be activated. Common and commercially available
activated PEGylation agents rely on carboxy, various active esters (NHS especially) or

maleimide functional end-groups.?>?

Not only the favourable application of higher molecular PEGs to further improve
the pharmacokinetic parameters of conjugates, but also the effect, that PEGylation can
influence the biological activity and the binding of conjugated proteins to their
respective cellular receptor and impairing the recognition of targeting functions,
highlights the significance of improved PEGylation agents.?3> To solve these problems,
the development of reversible or releasable “rPEGylation” approaches has been
promoted since the beginning of the 2000s. Commonly, these approaches focus on the
implementation of transient linkers like hydrazone, disulfide, esters or bicine between

the polymer and the conjugate. A large number of different systems has been reported
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and already extensively reviewed.?>3-2>7 While these approaches still rely on the
chemical modification of commercially available PEGs and focus on the linker
chemistry, there are only very few reports on intrinsically cleavable PEGs for reversible
or transient PEGylation.> More recently, Maynard and co-workers presented an original
approach for reversible bioconjugation, which relied on the ring-opening metathesis
polymerization of a mono-unsaturated crown ether, resulting in an aldehyde-functional
PEG-derivative, that was conjugated to lysozyme.?> Although the successful conjugation
and subsequent removal of the polymer was demonstrated, the presented stimulus for
degradation in form of depolymerization by Grubbs III was not physiological. So far, the
use of tailor-made, intrinsically cleavable PEGs for PEGylation is sparsely reported
because of the preparative difficulties of polymerizing PEG in-house and the commercial
availability of readily functionalized PEGs, but still offers a wide range of promising

possibilities for further developments.

1.4.2 PEG HYDROGELS FOR BIOMEDICAL APPLICATIONS

Three-dimensional cross-linked networks, made of hydrophilic polymers, are
commonly referred to as hydrogels.?>® The crosslinking can be conducted by various
methods, from mainly physical and reversible methods like molecular entanglement,
ionic or hydrophobic interactions or hydrogen bonding to irreversible chemical
crosslinking under formation of covalent bonds.?>-2¢! They are usually characterized by

their mechanical stability, mesh size and swelling behaviour.2¢2

Depending on their polymeric building blocks or macromonomers and methods of
crosslinking, “smart” hydrogels can be designed which respond to a wide array of stimuli
like pH, temperature or ionic strength.?>%26 The most important applications for these
systems are the delivery of therapeutically active molecules (small molecules as well as

macromolecules) and to serve as a scaffold for cell growth in two or three dimensional
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cell culture and tissue engineering, beside traditionally serving in wound dressing
applications.?%4-266 Because of its favourable properties like water-solubility and low
toxicity while offering a wide range of molecular weights, architectures and reactive
derivatives “off the shelf”, PEG is an popular polymer to synthesize such materials.
Common techniques apply very robust radical or Michael-type crosslinking strategies
that use reactive end groups like acrylate, methacrylate, maleimides, thiols or vinyl
sulfones to crosslink PEG macromonomers.??”-2%¢ More recently, the use of “click-
chemistry” is getting popular as biorthogonal crosslinking strategy.2®® Generally, the
chemical crosslinking step can be classified as a chain-growth or step-growth
mechanism or a mixture of both (Figure 5).27° For example popular PEG-bismethacrylate
can be crosslinked by radical initiator molecules, resulting in chain polymerization of
the methacrylate moieties, leading to the formation of covalently crosslinked high

molecular weight chains.

(A) ®)

PEG polymer chain

Crosslinking point
(e.g. polyacrylate kinetic chain)
Crosslinking point

(e.g. polyacrylate kinetic chain)

Tetra-functional monomer

Figure 5: Schematic structures of PEG hydrogels formed via (A) chain-growth, (B) step-
growth, and (C) mixed-mode step and chain growth polymerization (Components not
scale to actual size). (Adapted from Lin and Anseth).2¢7
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Step growth mechanisms occur by the combination of at least two mutually reactive
multifunctional (macro)monomers with an average monomer functionality greater than
two.271 This reaction can be conducted without the use of free-radical initiator molecules
and offers a better control over the network formation and crosslinking density, while
providing fewer structural network defects and a more uniformly dense crosslinked
hydrogel.?72 Furthermore, the use of crosslinkers or functional (macro)monomers allows
to precisely introduce additional functionalities into the network, for example stimulus
responsive structures like degradable moieties.?”® For example Fisher and co-workers
incorporated ketal moieties into the matrix of a PEG hydrogel by radically crosslinking
PEG diacrylate with a cyclic ketal-bearing and diacrylate-functional comonomer. This
gave access to acid degradable EH-PEG hydrogels with controllable swelling degree and
sol fraction.?’¢ In a follow-up study, the degradable hydrogels were loaded with a
therapeutically active protein (BMP-2) to enhance the bone regeneration process in an
orbital floor defect in rabbits. A subsequent successful BMP-2-mediated bone growth at
the place of the implanted hydrogel demonstrated the ability of this system for local drug

delivery in vivo.?”™

In vivo tissue is a very dynamic and complex environment, in which cells strongly
interact with components of their extracellular surroundings.?’¢ As tissue engineering
and cell culture approaches try to mimic 7n vitro this environment, it is a crucial feature
especially for the study of differentiation and tissue evolution to control the physical and
chemical properties of the three dimensional hydrogel scaffold in a spatially and
temporary controlled manner.264277.278 Typically, these polymeric material properties
can be changed by controlled degradation of the material under the breaking of chemical
bonds. The most commonly applied mechanisms of degradation are hydrolysis and
enzymatic cleavage, because the degradation must be facilitated in a manner, which does
not greatly impair the vitality of the host cells. Therefore, harsh conditions are not

applicable. Ester bonds are frequently used as predetermined breaking points i vitro, as
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anhydrides are hydrolysed too fast and amides without the presence of a catalyst
hydrolyse too slow. Nevertheless, the non-enzymatic ester hydrolysis is still slow and
rather uncommon in vivo.?’”’” This facilitated the development of materials which are
enzymatically cleaved by natural matrix metalloproteinase (MPP), secreted by the cells
themselves.2”?-281 For example Hubbell and co-workers presented a hybrid hydrogel
system by crosslinking of a tetra-arm vinyl sulfone-functional PEG with a bifunctional
cysteine oligopeptide via Michael-type addition, incorporating the enzymatic sensitive
peptide as linkages into the hydrogel.8? These approaches enable a remodelling of the
scaffold during three dimensional cell migration and invasion, offering an improved

model system that behaves closer to natural environments.

Another interesting feature of hydrogels is the option to incorporate therapeutically
active molecules into the scaffold. Hydrogels can be used to entrap small molecules,
macromolecules or nanoparticle. For example, Zisch ef al incorporated vascular
endothelial growth factor (VEGF) and a cell adhesive peptide into a PEG-based scaffold
to precisely enhance the local angiogenesis in vivo, resulting in the remodelling of the
hydrogel craft into native, vascularized tissue.?®3 Another interesting application for
degradable PEG-based hydrogels, which are loaded with therapeutic active substances,
is the use for bone mineralization. As reported by Schroder ef al, the incorporation of
vaterite nanoparticles into a degradable PEG-based scaffold results in a promising
biomimetic material, that has the potential to improve the rapid regeneration of bone
defects.?84285 Additionally in the context of bone mineralisation, the group of Gburek
reported hydroxyapatite cement composites with addition of non-degradable HEMA or
degradable PEG-PLLA dimethacrylate triblock copolymers as a degradable crosslinker
in the HEMA matrix, demonstrating five to six times higher toughness values compared

to the pure inorganic cement matrix.?86
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Figure 6: Mesh size mediates drug diffusion. When the size of a drug approaches the
mesh size ('mesh/Tdrg ~ 1), drug release is dramatically slowed. When the drug is larger
than the mesh size (rmesh/rdarug<1), drugs are physically entrapped inside the network. To
release the originally immobilized drugs, the mesh size can be enlarged through network
degradation or swelling, or by applying deformation to disrupt the network. (Adapted
and modified from Lee and Mooney).264

Beside their applications in tissue engineering and cell culture, hydrogels also play
an important role as drug delivery systems, especially for macromolecular drugs like
proteins and peptides. The release of therapeutic active molecules from hydrogels
depends on multiple factors, such as the crosslinking density of the gel and the molecular
characteristics of the drug. In general, these approaches can be categorized into diffusion

controlled and degradation or swelling controlled (Figure 6).

In the first scenario, the hydrodynamic radius of the host molecule is smaller than
the pore size of the hydrogel, making diffusion the driving mechanism for release. In the

second case, the hydrodynamic radius of the host molecule is larger than the average
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pore size, making swelling or degradation of the hydrogel needed to release the
entrapped and immobilized molecule.??> These approaches rely mainly on the mesh size
and the size of the entrapped molecule and are independent from direct or covalent
network-drug interactions. In this fashion, the group of Peppas reported a pH sensitive
hydrogel system for oral protein delivery. Based on the radical copolymerization of
PEG mono-methacrylate (PEGMA) and methacrylic acid (MAA), they synthesized a
partial “PEG grafted on PMMA” (P(MAA-g-PEG)) hydrogel structure. This hydrogel
system could release entrapped insulin in a pH-dependent way, that relied on the
relaxation behaviour of the hydrogel upon deprotonation of the ionic methacrylate acid
functions at higher pH values.?®” They used this system as a foundation for various other
reports and different payloads, for example the incorporation of doxorubicin-loaded

nanoparticles allowed a pH-dependent release of drug-loaded nanoparticles.?88-2%

Especially to precisely deliver drugs or to fine-tune release kinetics, a broad range
of linker chemistry can be applied. This covers a wide range of functional groups and
stable or stimuli-responsive covalent linkages that can be employed, with most
frequently hydrolytic and enzymatic degradable linker systems used.?°!:?°2 For example
Schneider ef al reported an exciting hydrogel drug delivery system, which relies on
injectable PEG hydrogel microspheres with a GLP-1 agonist (exenatide) attached via a
cleavable f-eliminative linker. This system could enable a weekly or biweekly
subcutaneous injection of the drug instead of twice daily dosages. Furthermore, a second
linker was incorporated into the hydrogel matrix, to ensure the degradation of the gel

after drug release.?”’

The possibility of local injection of hydrogels and thus formation of a locally
defined depot is especially of interest in cancer therapy, where the systemic action of

the often cytotoxic drugs causes severe side-effects (Figure 7).
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Figure 7: Schematic representation of synergistic tumour suppression via intra-tumoral
injections of dual-drug depots and controlled release of DOX and FU in the first and
second stage. (Adapted and modified from Kim et al)?**

For example, Kim and co-workers proposed an advanced hydrogel-based dual drug
delivery system for the local intra-tumour sustained release of the small molecular drugs
doxorubicin (DOX) and 5-fluorouracil (FU) for up to 18 days upon injection.?** They
applied an in situ upon injection formed FU-loaded hydrogel, based on
mPEG-b-(PCL-ran-PLLA) or commercially available poloxamers and additionally
loaded these hydrogel with DOX-loaded microcapsules. This double-loaded hydrogel
served as a local depot for the combined sustained release of DOX and FU. Compared to
DOX-loaded microcapsules alone, this hydrogel system demonstrated a prolonged

release, while preventing transient high drug concentrations.

Beside the release of entrapped molecules, the design of degradable hydrogels is
also favourable to prevent bioaccumulation of these materials after their use for drug
delivery, comparable with the efforts to synthesize degradable polymers for conjugation

(see previous section).
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2.1.1 ABSTRACT

PEG is the gold standard polymer for pharmaceutical applications, however it lacks
degradability. Degradation under physiologically relevant pH as present in
endolysosomes, cancerous and inflammatory tissues is crucial for many areas. We
present the anionic ring-opening copolymerization of ethylene oxide with
3,4-epoxy-1-butene (EPB) and its subsequent modification to yield acid-degradable vinyl
ether groups as well as methacrylate (MA) units, enabling radical cross-linking.
Copolymers with different molar ratios of EPB, molecular weights (Mn) up to
10,000 g mol-! and narrow dispersities (P<1.05) are generated. Both the
P(EG-co-isoEPB)MA copolymer and the hydrogels, showed pH-dependent, rapid
hydrolysis at pH 5 - 6) and long-term storage stability at neutral pH (pH 7.4). By
designing the degree of polymerization and content of degradable vinyl ether groups,
the release time of an entrapped protein OVA-Alexa488 can be tailored from a few hours

to several days (pH 5: 13 h <t1/2 <51 h).
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2.1.2 INTRODUCTION

Poly(ethylene glycol) (PEG) is a biocompatible, water-soluble polymer used for
cosmetics, pharmaceutics and medical applications.[!l Due to its low immunogenicity,
antigenicity and toxicity, the bioconjugation of protein drugs with PEG (known as
“PEGylation”) is the established gold standard employed to modify therapeutic
molecules like peptides, proteins or aptamers.[?] Furthermore, PEG is used extensively
as a hydrogel scaffold for the controlled release of biomolecules!®] or cells¥l in
regenerative medicine.l’! The PEG delivery vehicles take advantage of the versatility of
the PEG chemistry that allows for a tailored design of the required hydrogel properties.
While mechanicall®l and biological properties!”) as well as hydrogel porosity!®! can be
optimized independently, adjusting degradability without altering the aforementioned
properties remains a challenge. In general, PEG hydrogels lack degradability under
physiological conditions within relevant time spans. Hydrogels derived from traditional
diacrylated PEG (PEGDA) are hydrolysed slowly and unspecifically in vivo, which
renders them unsuitable for long-term storage as well as for implantable applications.!]
Therefore, the use of nondegradable PEG molecules larger than 30 kDa for medical
applications is limited as these cannot be excreted by the kidney due to the kidney-
threshold and may accumulate in the tissue.[1”) However, the use of hydrogels composed
of high molecular weight PEG chains would result in larger average pore size and greater
swellability of the gel, which is thought to be favourable for the release of larger
therapeutic molecules depending solely on diffusion(!!] like antibodies. This approach
can be advantageous when considering a constant diffusive release. On the other hand,
acid-triggered controlled release combined with advanced storage stability is typical for
hydrogels from shorter, degradable PEG chains eliminating unspecific drug release
depending solely on diffusion. This may open a new range of applications for the use of

PEG hydrogels for in vivo applications, e.g. degradable injectable hydrogels, micro- or
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nanosized delivery vehicles, wound-healing hydrogel patches, and directed drug delivery

for tumour treatment.

In this context, considerable efforts have been devoted to synthesize intrinsically
cleavable PEGs that respond to environmental stimuli.l"> 121 Polymer cleavability in acidic
environment as found intracellularly inside the endolysosome,['3] in inflamed tissue,['12
4] tumor tissue,[’® or vaginal tissuel'®) can be achieved by inserting acid-labile
moieties.l'”l Various innovative approaches for introduction of acid-degradable
functional groups into a polyether backbone were reported. These strategies include
step-growth polymerization, oxidation, or copolymerization with epichlorohydrin or
lactide, or by introducing acetals,['8] ketals,!'”] hydrazones,[?] cis-acetonitic acids,[?!]
maleamic acid derivatives,[?2] imines,[23] ﬁ’—thiopropionates,[24] or esters[?5. However,
these strategies generate either polydisperse materials or polymers with ill-defined end-
groups.[?] The availability of nearly monodisperse, high molecular weight PEGs with
acid-labile vinyl ether degradation sites has the potential to open up a vast range of
applications using PEG hydrogels inn vivo. Here, we present well-defined PEG building
blocks with cross-linkable end groups that degrade at physiologically relevant pH in
practicable time scales, while preserving long-term storage stability. Furthermore, we
demonstrate that the size of the non-toxic degradation products can be tailored by

customizing the number of degradable vinyl ether units per polymer chain.

2.1.3 RESULTS AND DISCUSSION

2.1.3.1 SYNTHESIS

Recently, we established the synthesis of multi allyl ether-functional PEG by
anionic ring-opening copolymerization of ethylene oxide (EO) and 3,4-epoxy-1-butene
(EPB).I?”] Copolymerization of EPB and EO was performed in a DMSO/THF mixture at

room temperature using sodium hydride as a base (see Scheme 1).
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Scheme 1: Copolymerization of EO and EPB as well as post-polymerization
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isomerization and methacrylate derivatization.

We use triethylene glycol as a bifunctional initiator resulting in well-defined
P(EG-co-EPB) copolymers (D = 1.03-1.05) with adjustable EPB content (5-10 mol%) and
molecular weight (5,000-10,000 g mol-1, see Table 1). [somerization of the allyl moieties
with Wilkinson’s catalyst (RhCI(PPhs)s) results in vinyl ethers (isoEPB) that exhibit fast
hydrolysis in slightly acidic conditions, while being long-term stable under neutral
conditions.[?7] Tn the final step, methacrylate units are attached to the degradable
polymers using an enzyme-catalysed, mild esterification reaction. The latter simple
modification enables radical crosslinking of the PEG copolymer building block to

degradable hydrogels that are suitable for drug delivery and controlled release.
2.1.3.2 CHARACTERIZATION

All synthesized copolymers were characterized by 'H NMR, size exclusion
chromatography (SEC) and mass spectrometry (MALDI-ToF). Exemplarily, the data of
P(EGi1es-co-EPB13) and its derivatives are discussed in the main text. Extensive analytical
data of the other polymers can be found in the Supporting Information. Molecular
weights were calculated from '"H NMR spectra by comparing the signals of the ethylene
oxide polymer backbone with the signal of the hydroxyl units. The percentage of EPB
incorporation was calculated by comparing the integrals of the allyl NMR signals at
5.84 ppm and 5.74 ppm (EPB) or the vinyl NMR signal at 4.78 ppm (isoEPB) with the

signal of the two hydroxyl end-groups at 4.6 ppm.
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Table 1: Molecular characteristics of P(EG-co-EPB) copolymers and of post-
polymerization modified copolymers.

after isomerisation after methacrylation after hydrolysis
M?  mol% M, M mol%  M,° M. mol%  M,° M, tipat  tyat
sample g/mol EPB g/mol H | g/mol EPB g/mol H | g/mol EPB  g/mol D g/mol D pH4®  pH5’
p(EG,-co-EPBs) | 5150 5 3730 1.03 | 5280 5 3720 1.03 | 5280 & 3700 1.03 | 880 175 45h 5lh
P(EG,0,-co -EPBy) 9310 5 6950 1.03 | 9540 5 6730 1.04 | 9540 4 6690 1.03 830 1.85 3.6h 15h
p(EGy13-co -EPBg) 5410 10 3620 1.03 | 5620 8 3580 1.05 | 5640 8 3600 1.05 670 1.55 2.3h 14h
pP(EGyes-c0 -EPB;3) | 7970 9 6420 1.03 | 8280 8 6360 1.03 | 8280 7 6190 1.04 900 1.94 2.3h 13h

aNMR [400 MHz, DMSO-ds]; mol% EPB: Content of EPB calculated from 'H NMR; P'SEC (DMF, PEG
standards, RI signal); D= M,/M,: Dispersity of polymer samples (SEC); ti/2 = half life time of hydrolysis

reaction.

Isomerization with Wilkinson’s catalyst resulted in the disappearance of the EPB
signals between 6.0 and 5.2 ppm and the appearance of the vinyl ether signals at
4.8-4.5 ppm (compare Figure S19). SEC underestimates the actual molecular weights
because of the different hydrodynamic volume of the copolymer that is compared to the
PEG standard used for SEC calibration. All SEC traces showed monomodal molecular
weight distributions, and molecular weights did not change significantly upon post-
polymerization functionalization. A typical "H NMR spectra of P(EG-co-isoEPB)MA is
given in Figure la. SEC traces of P(EGies-co-EPB13) copolymer and its derivatives are
presented in Figure 1b. MALDI-ToF was performed to confirm that all polymers were
initiated from triethylene glycol and to confirm copolymerization of EPB and EO

(Figure S5 + S11).

To comprehend the monomer sequence distribution during anionic ring-opening
copolymerization, on-line 'H NMR measurements — a technique that has been proven
extremely useful to monitor polymerization reactions in situl?®! — has been employed
during copolymerization of EPB and EO. The reactivity ratios were determined by fitting
the in situ data to the ideal copolymerization model to be rgpp = 0.35 and rro = 2.8

(Figure S33).[2°]
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Figure 1: Polymer analytics of representative copolymer P(EG1¢s-co-EPB13) a) TH NMR
spectrum (400 MHz, DMSO-dp); b) SEC traces (DMF, PEG standards, RI signal) of
synthesized copolymer and after subsequent post polymerization reactions; c) Gradient
of EPB units along the copolymer chain polymerized from bifunctional initiator based
on the determined reactivity ratios, blue: ethylene oxide, red: EPB; d) Sample of ten
individual copolymer chains obtained by Monte Carlo simulation performed for the
polymer composition P(EG1es-co-EPB13) started from triethylene glycol and is based on
the determined reactivity ratios.

To comprehend the monomer sequence distribution during anionic ring-opening
copolymerization, on-line 'H NMR measurements — a technique that has been proven
extremely useful to monitor polymerization reactions in situl?®! — has been employed
during copolymerization of EPB and EO. The reactivity ratios were determined by fitting

the in situ data to the ideal copolymerization model to be rgpp = 0.35 and rro = 2.8

(Figure S33).[2%]

The results were confirmed by classical aliquot taking at determined points of time
from the bulk polymerization reaction. Based on these reactivity ratios the average
microstructure was depicted for a copolymer started by a bifunctional initiator with the

same composition as P(EGies-co-EPB13), see Figure lc. Individual copolymer chains
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obtained by a Monte Carlo simulation carried out for the composition of
P(EGi6s-co-EPB13), based on the determined reactivity ratios and living polymerization
behavior are displayed in Figure 1d. Incorporation of EPB moieties results in a gradient
microstructure with higher ratio of EPB at the termini of the polymer chains and lower

EPB content near the bifunctional initiator.

To investigate the biocompatibility of the polymer to cells, in vitro cell studies with
MG 63 and primary HUVEC cells were conducted. A solution of 50 - 500 pg/mL
P(EGo2-co-isoEPBg) was added to the cell culture and vitality staining with Calcein-AM
was performed after 24 h, 72 h and 7 days. For MG-63 cells, no difference compared to
the untreated control cells was detected upon incubation of 500 pg/mL P(EGoez-co-
isoEPBg) after 7 days of culture. However, for primary HUVEC cells, only for the highest
concentration of 500 pg/mL tested, P(EGoz-co-isoEPBs) showed diminished cell survival
after 72 h of cell culture. For 100 pg/mL, no difference compared to the untreated control

cells was observed.

2.1.3.3 MACROMONOMER DEGRADATION

The vinyl ether units within the P(EG-co-isoEPB)MA polymer backbone are
susceptible to hydrolysis upon acidification (see Figure 2a, bottom). These
macromonomers break down completely upon incubation with dilute HCI overnight.
Subsequently, base was added to adjust the pH above 3, and degradation fragments were
analysed by SEC (representative elution trace is displayed in Figure 2a top). Half-life
degradation times for hydrolysis were determined with 'H NMR as described
previously(?’] (Table 1). The EPB content was tailored to give degradation products of
670 — 900 g mol-1, which allows for renal excretion. The degradation behaviour can be
predicted by the Monte Carlo simulation shown in Figure $26. In the simulated
degradation of P(EGies-co-EPB13) the PEG-fragments show a very similar size

distribution as obtained experimentally.
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Figure 2: Hydrogel degradation and protein release a) SEC traces (DMF, PEG standards,
RI signal) of P(EGiss-co-EPB13)MA before and after hydrolysis. Bottom: Reaction
scheme of hydrolysis of vinyl ether moieties in copolymer chain at acidic pH; b)
photographs of the degradation of OVA-Alexa488 loaded hydrogels from P(EGies-co-
isoEPB13)MA incubated at different pH over 72 h at room temperature. c) (left) scheme
of experimental setup for on-line absorbance measurements of OVA-Alexa488 release
kinetics from hydrogel composed of P(EG1es-co-isoEPB13)MA in cuvette at different pH
values; (right) on-line absorbance measurements of OVA-Alexa488 release kinetics from
hydrogels prepared from copolymers with different molecular weight and different EPB
content (pH 4 and pH 5).

2.1.3.4 HYDROGEL SYNTHESIS, DEGRADATION AND PROTEIN RELEASE

To obtain a hydrogel, 10 wt% P(EG-co-isoEPB)MA solutions were mixed with
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator in ethanolic
solution (1:10)) and cross-linked for 15 min, using a 365 nm UV lamp and a 96 well plate
at pH 7.4. Employing this composition results in transparent hydrogels with defined

edges that hold the shape of the mold well. Furthermore, the hydrogel’s good mechanical
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stability allows for easy handling with tweezers. To help monitoring the hydrogel
degradation during macroscopic degradation studies with the unaided eye, the gel was
loaded with the dye labelled model protein OV A-Alexa488. This results in transparent
yellowish gels (Fig. 2b). Hydrogel disks from copolymer P(EG1es-co-isoEPB13)MA were
incubated in a phosphate-citrate buffer at pH 4, 5 or 6 or phosphate buffer at pH 7.4 as
a control (compare Figure 2b). The plastic Petri dishes containing the buffer solution and
hydrogel were incubated at room temperature. The control hydrogel at pH 7.4 remained
unchanged for periods exceeding 5 days, whereas the hydrogel incubated at pH 4
disintegrated within 5 hours, the hydrogel at pH 5 within 18 hours and the hydrogel at
pH 6 within 72 hours. These results demonstrate that 10 wt% hydrogels comprising the
synthesized P(EGies-co-isoEPB13)MA  macromonomer degraded quickly under
physiological conditions of pH 5-6, as found in the endolysosome or inflamed tissue
while being storage stable in neutral solutions for several months (data not shown). Note
that the proton diffusion occurs on much shorter time scales than the observed
degradation and OVA-Alexa 488 release of the hydrogels. This proves that the polymer
hydrolysis is location-independent and takes place in the entire gel simultaneously (see
Figure $38). This shows that hydrogels can be perfused with small molecules for possible
application as bioreactor when enzymatically active proteins are encapsulated in the
hydrogel. Further, the protein release from a 10 wt% P(EG-co-isoEPB)MA hydrogel was
investigated using absorbance measurements at 496 nm in a disposable PMMA cuvette.
To ensure that the change in absorbance measured arose exclusively from the released
protein and not from the protein encapsulated in the hydrogel, a cuvette with an
incubation chamber for the hydrogel with spatial separation from the absorbance beam
path was designed (see Figure 2c, left and S34). The acidified buffer solution was stirred
constantly with a magnetic stir bar, while the absorbance was measured every 5 minutes
until the absorbance signal remained constant. Incubation of the hydrogel in more acidic

buffer solution resulted in faster degradation (see Figure 2c), whereas incubation at
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neutral pH did not lead to significant release over the same period of time. We
normalized the absorbance values of hydrogels prepared from different macromonomers
and degraded at different pH, since the absorbance of OVA-Alexa488 differs with pH.
Three trends can be observed: (i) The lower the pH, the faster hydrogel degradation and
consequently protein release take place. (ii) In addition, with increasing content of
degradable vinyl ether units in the macromonomers, the degradation rate increases. (iii)
The highest degradation rate was observed for the hydrogel composed of the largest
macromonomer with high EPB molar content. On the other hand, the lowest degradation
rates are observed for the smallest macromonomer with low EPB content under

otherwise similar conditions.

These findings can be rationalized by considering network density, which
determines protein diffusion. As shown in Figure 2c, the protein release rate from the
networks increases once a few isoEPB units are cleaved. In case of slow release of OVA-
Alexa488, the absence of an initial burst release is observed. When the protein-loaded
hydrogels are incubated first at neutral pH (pH 7.4), the protein release reaches a plateau
once the surface-adsorbed protein is released (see Figure S28 + S§35). Subsequent transfer
of the hydrogel into a slightly more acidic solution (pH 6) results in continued protein
release. Similar behaviour is visible for the network obtained from the smallest
copolymer P(EGuii2-co-isoEPBs) incubated at pH 5, where the densely cross-linked
hydrogel in the beginning only allows surface-adsorbed OVA-Alexa488 to be washed

out.

After a certain time, a critical amount of isoEPB units is cleaved to open up larger
pores for OVA-Alexa488 to diffuse out of the hydrogel. This trend can be observed both
at pH 4 and at pH 5. The half-life hydrolysis time at pH 4 ranges from 2.3 to 4.5 hours
and at pH 5 from 13 to 51 hours, depending on the copolymer employed (see Table 1).
The P(EGies-co-isoEPB13)MA  macromonomer (ti2 (pH 5) = 13 h) is superior to

previously published PEG-acetal macromonomers that required much longer time for
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degradation at physiological relevant pH values (ti2(pH 5) = 48 h)[3%l. Likewise, it
outperforms ketal-PEG macromonomers that degrade very quickly at acidic pH, but are

not stable in neutral solutions, impeding storage for prolonged periods.[3]

The degradation behaviour of a hydrogel consisting of the copolymer
P(EGies-co-isoEPB13) is investigated by straightforward incubation at different pH
values as well as by on-line absorbance release kinetics of entrapped OVA-Alexa488
(Figure 2b and 2c). Timescales of the hydrogel degradation behaviour obtained by the

two different methods are in good correlation, confirming these results.

In general, significant protein release (OVA-Alexa488, 45kDa) from a non-
degradable hydrogel of 10 wt% PEG with molecular weights of approximately 6000 Da
does not occur.[3 This together with the fact that we cannot see a significant protein
release of the hydrogel based on the largest macromonomer at pH 7.4 (compare
Figure S27), but a remarkable release at pH 4, 5 and 6 evidences that the protein release

from the hydrogels depends solely upon acid stimuli and is not due to diffusion.

2.1.4 CONCLUSIONS

In summary, we have developed a novel acid-degradable PEG hydrogel for pH-
controlled degradation and protein release. Anionic ring-opening copolymerization of
ethylene oxide and 3,4-epoxy-1-butene (EPB) allows for the precise adjustment of
molecular weights and determines the amount of degradable units within the polyether
chains in the network. The reaction yields well-defined P(EG-co-EPB) copolymers with
molecular weights from 5000 to 10000 g mol! (dispersities £ below 1.05) and high or
low EPB content. Mild enzymatic conditions have been employed to obtain cross-
linkable and degradable P(EG-co-isoEPB) methacrylate macromonomers. The highly
water-soluble macromonomers readily degrade at physiologically relevant pH (pH 5-6)

present in endolysosomes, inflammatory and cancerous tissue while being stable for
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several weeks in solution at neutral pH (pH 7.4). Hydrogels prepared from the novel
macromonomers degrade macroscopically within 5 hours (pH 4), 18 hours (pH 5) or
72 hours (pH 6). The release of an encapsulated protein OVA-Alexa488 was monitored
using a custom-designed release setup for on-line absorbance measurements and lasted
between 13 hours for the hydrogel from the largest macromonomer with high EPB
content to 51 hours for the hydrogel from the smallest macromonomer with low EPB
content at pH 5. As expected, the hydrogels release the protein faster in more acidic
buffer (pH 4, 2.3-4.5 hours) compared to less acidic conditions (pH 5, 13 - 51 hours). In

neutral pH, no significant protein release can be detected.

The presented synthetic strategy paves the way for a new type of PEG hydrogel
that combines the outstanding properties of PEG as a hydrogel constituent (e.g.
biocompatibility, water-solubility and low immunogenicity) with degradation at
physiologically relevant pH. To the best of our knowledge, long-term storage stability at
pH 7.4 in combination with degradation at pH 6 reflects a uniquely precise pH
sensitivity. In that respect, the concept also offers great potential for degradable PEG

hydrogel nanocarriers.[3]
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2.1.6 EXPERIMENTAL SECTION

Polymerization of P(EG-co-EPB): The procedure is exemplarily described for the
synthesis of copolymer P(EGiss-co-EPB13). It was carried out similarly for all P(EG-co-
EPB) copolymers presented in this paper. Sodium hydride (7 mg, 0.31 mmol) was
transferred into a dry Schlenk flask and a solution of triethylene glycol (117 mg,
0.778 mmol) in benzene (6 mL) was added. The solution was stirred under slightly
reduced pressure at 60 °C for 30 min keeping the stopcock closed. Moisture was removed
by azeotropic distillation of benzene and subsequent drying at 60 °C in high vacuum for
16 h. After cooling to RT, dry THF (4 mL) was cryo-transferred into the Schlenk flask to
dissolve the initiator. EPB (1.44 mL, 17.9 mmol, stirred over CaH; for 30 min and freshly
distilled prior to use) and dry DMSO (7 mL) were injected into the Schlenk flask via
syringe at —80 °C. Ethylene oxide (5 mL, 0.11 mol) was cryo-transferred via a graduated
ampule, and the polymerization was proceeded at RT for 7 days and was subsequently
quenched with methanol (2 mL). After dialysis against methanol for 24 h (MWCO
1000 Da), the polymer was dried in vacuo. (Yield: 80 %) 'H NMR (400 MHz, DMSO-d6):
8 [ppm] 5.72 (ddd, 15.6H, */ap = 17.2 Hz, 3/ap = 10.5 Hz, 3/as = 6.7 Hz, -C H=CHs), 5.26
(m, 32.4H, 3Jas = 17.2 Hz, *Jap = 2.1 Hz, */ap = 1.1 Hz, -CH=HH), 4.76 (q, 0.92H, J = 6.7
Hz, C=CH-CHs (£ isomer)), 4.57 (bs, 2H, OH), 3.96-3.87 (m, 19.48H, CHO-CH=CHa,
OC FHy-C=CH-CHj; and CF50-C=CH-CHs), 3.71-3.35 (m, 732H, CF%0), 1.52 (d, 3.05H,

J=6.7Hz, C=CH-CHs (E'isomer)).

Isomerization of P(EG-co-EPB) to P(EG-co-isoEPB): The procedure is exemplarily
described for the synthesis of copolymer P(EGiss-co-isoEPB13). The procedure was used
accordingly for all P(EG-co-isoEPB) copolymers presented in this paper. In a Schlenk
tube, P(EG1s-co-EPB13) (800 mg, 0.10 mmol) was dissolved in DMSO and subjected to
two freeze-pump-thaw cycles. Under argon atmosphere, RhCI(PPhs); (25 mg,

0.0275 mmol) was added and the solution was thoroughly degassed via two additional
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freeze-pump-thaw cycles. The light orange solution was stirred at 80 °C for one day and
was twice precipitated in acetone/diethyl ether (1:1). The purified copolymer was
obtained after drying in vacuum. (Yield: 94 %) Isomerized copolymers were routinely
stored in a refrigerator at 4 °C. "H NMR (400 MHz, DMSO-d6): 8 [ppm] 4.77 (q, 7.46H,
J = 6.7 Hz, C=CH-CHj3 (£ isomer)), 4.65 (q, 5.28H, /= 6.7 Hz, C=CH-CH3 (£ isomer)),
4.57 (bs, 1.48H, OH), 3.99-3.88 (m, 42.02H, OCH,-C=CH-CH3 and CH,0-C=CH-CH3),
3.71-3.35 (m, 655H, CH:0), 1.61 (d, 16.7H, /= 6.7 Hz, C=CH-CFH5 (Z isomer)), 1.52 (d,

23H, /= 6.7 Hz, C=CH-C Hs (E'isomer)).

Methacrylation of P(EG-co-isoEPB) to P(EG-co-isoEPB)MA: The procedure is
exemplarily described for the synthesis of copolymer P(EGigs-co-isoEPB13)MA. The
procedure was used accordingly for all P(EG-co-isoEPB)MA copolymers presented in
this paper. In a Schlenk tube, P(EG16s-co-isoEPB13) (400 mg, 0.05 mmol) was dissolved
in toluene and CALB (30 mg) and vinyl methacrylate (60 pL, 0.50 mmol) were added.
After stirring for 24 hours at 40 °C, the mixture was filtered, concentrated in vacuum
and precipitated twice in diethyl ether. BHT was added as a stabilizer to prevent
unwanted crosslinking and the polymer was dried in vacuum. (Yield 85%) 'H NMR (400
MHz, DMSO-d6): & [ppm] 6.04 (s, 1.89H, HC=CCHj3-C=0), 5.70 (s, 1.83H, HL=CCHj-
C=0)4.77 (q, 7.26H, J= 6.7 Hz, C=CH-CH3 (F'isomer)), 4.65 (q, 5.09H, /= 6.7 Hz, C=CH-
CHj3 (£isomer)), 3.99-3.88 (m, 40.75H, OC H,-C=CH-CH3 and CH.0-C=CH-CH3), 3.71-
3.35 (m, 655H, CZH0), 1.88 (s, 5.99H, H.C=CC H5-C=0) 1.61 (d, 16.7H, J= 6.7 Hz, C=CH-
CHs (Zisomer)), 1.52 (d, 23H, /= 6.7 Hz, C=CH-CH5 (E'isomer)). 3C NMR (100.6 MHz,
DMSO-d6): & [ppm] 152.40 (1C, OCH2-C=CH-CH3 (ZIsomer)) 150.62 (1C, OCH-
C=CH-CHj3 (Fisomer)), 135.81 (1C, CO-C=CH:CH3), 125.81 (1C, CO-C=CH:CH3),
106.35 (1C, C=CH-CH3s (F'isomer)), 96.13 (1C, C=CH-CH3 (Zisomer)), 73.21-67.29 (48C,
CH20), 63.77 (1C, (O-C=CH2CHs3), 17.97 (CO-C=CH2(H3), 11.34 (1C, C=C-CH3 (Z

isomer)) 9.95 (1C, C=CH-(CH3s (E'isomer)).
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2.1.8 SUPPORTING INFORMATION

Materials and methods
Chemicals:

Sodium hydride (NaH), Triethylene glycol (TEG), Benzophenone, trans-2-[3-(4-
tert-Butylphenyl)-2-methyl-2-propenylidene|malononitrile (DCTB), Calcium hydride
(CaHy), Potassium triflate, toluene, dichloromethane, benzene, tetrahydrofuran (THF),
lipase B from Candida antarctica immobilized on Immobead 150 (CALB), diethyl ether,
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, citric acid, and disodium
hydrogen phosphate were purchased from Sigma Aldrich. Ethylene oxide (EO) was
purchased from Air Liquide. THF used for anionic ring-opening polymerization (AROP)
was dried with sodium prior to use and stored over sodium/benzophenone. LiBr, and
dimethyl sulfoxide (DMSO) were purchased from Acros. Sodium bicarbonate, calcium
chloride, ethanol, isopropanol, OVA-Alexa488 and sterile water were purchased from
Fisher Scientific. Vinyl methacrylate was purchased from Tokyo Chemical Industry
(TCI). Phosphate buffered saline (PBS) buffer was obtained from gibco life technologies.
Epoxy butadiene (EPB) was purchased from Alfa Aesar. Spectra/PORTM dialysis
membranes regenerated cellulose (RC) tubing molecular weight cut-off (MWCO) 1000
Da were purchased from Spectrum labs. DMSO-d6 was purchased from Deutero GmbH
and sodium dihydrogenphosphate and disodium hydrogenphosphate from Merck. All
chemicals were used as received without further purification unless stated otherwise. 96
well plates for hydrogel synthesis and disposable petri dishes with lid were purchased

from Greiner, Frickenhausen, Germany.

Analytical instrumentation: 'H NMR spectra were measured using a Bruker
AMX400 spectrometer (256 Scans, and B-ACS 60 auto sampler) at 296 K. 'H NMR
kinetic spectra were recorded at 400 MHz on a Bruker Advance III HD 400 (5 mm broad

band fluorine observation (BBFO)-SmartProbe with z-gradient and Automated tuning
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and matching (ATM)). 2D NMR and C NMR spectra were measured on a Bruker
Avance II 400 (100.5 MHz, 5 mm BBO probe, and B-ACS 60 auto sampler) at 296 K. All
spectra were processed with MestReNova v10.0.1 software and referenced internally to

residual proton signals of the deuterated solvent. Calculations of reactivity rations were

performed in OriginPro 2016GGPC.

Size exclusion chromatography (SEC) data were obtained using Agilent 1100 Series
equipped with PSS HEMA-columns (106/104/102 A porosity) using DMF with 1 g/L LiBr
as an eluent and RI detection. Polydispersity indices (D = Mw/Mn) were determined
with monodisperse linear PEG standards from Polymer Standard Service GmbH (PSS).
The molecular weight of the copolymers was obtained from 'H NMR via end group
analysis. MALDI-ToF analysis was performed using an rapifleXTM MALDI-TOF/TOF
equipped with a 10 kHz scanning Smartbeam 3D Laser (Nd:YAG at 355 nm) and 10 bit
5 GHZ Digitizer. Analysis was performed in reflectormode positive. DCTB was used as

matrix and dichloromethane as solvent for all samples.

'H NMR Kinetics: NaH (1 mg, 0.06 mmol) and and N,N-Dibenzylethanolamine (9
mg, 0.04 mmol) were placed in a flame-dried Schlenk tube and 5 mL benzene was added.
This mixture was stirred at 60 °C for 30 min and subsequently dried under vacuum
overnight. The initiator was dissolved in 364 pL. DMSO-d6, transferred under argon
atmosphere to a flame-dried Norell S-500- S4 VT-7 NMR tube and EPB (26 pL, 0.3 mmol,
stirred over CaHz for 30 min and freshly distilled prior to use) was added via a syringe.
After cooling in an acetone/liquid nitrogen bath, 150 pL. THF was cryotransferred via a
graduated ampule, followed by EO (130 pL, 2.86 mmol). The tube was sealed with a
Teflon stop-cork and shaken vigorously after warming up to room temperature to ensure
homogenization of the solution. In total 9 spectra were recorded over 97 h. The
copolymer P(EG-co-EPB) isolated from the NMR tube had an average number molecular

weight of Mn = 3960 g/mol and a PDI of 1.17 (Figure S37).
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SEC Hydrolysis Studies

Aliquots (15 mg) of the P(EG-co-isoEPB)MA copolymers were dissolved in 100 pL
DCM, subsequently one drop of 10 vol% HCIl in MeOH was added and the mixture was
incubated over night at room temperature (25 °C). After 16 h, NaHCO3 was added until

the pH was above 3 and this solution was analysed by measuring size exclusion

chromatography (DMF, PEG standards, RI detector).
Hydrogel synthesis

The hydrogel synthesis was performed as previously described.[!] Briefly, 10 wt%
polymer solutions of P(EG-co-isoEPB)MA in PBS were prepared. The photoinitiator 2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (2 pL per 100 pL polymer
solution, prediluted 1:10 in ethanol) was added to the polymer solution and for protein
encapsulation, 10 pL. OVA-Alexa488 in PBS (10 mg/mL) was added to the solution and
carefully mixed. 150 pL of this mixture were transferred into a 96-well plate and
carefully overlayered with 150 pL isopropanol prior to UV polymerization at 365 nm for
15 min. Once cured, the hydrogels could be transferred into petri dishes or UV cuvettes
with buffer solution. Two stock solutions for the phosphate-citrate buffer solution were
prepared, stock A with 10 x 103 M citric acid monohydrate and stock B with 200 x 10-3
M NapHPOy in sterile water. Subsequently, the stock solutions were mixed and pH
controlled with a pH electrode until desired pH was reached. The hydrogels were

incubated tor at room temperature for several days.
Degradation cuvette

The cross-linked hydrogel was transferred into the hydrogel chamber in the top of
a disposable PMMA cuvette (BrandTech Scientific, for experimental setup, compare
Figure S34). Absorbance at 496 nm was measured at 25°C every 5 minutes until

absorbance signal remained constant.
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Hydrogen ion diffusivity study

Hydrogels were prepared as descried above, except that 450 pL. hydrogel precursor
solution was pipetted into a 48-well plate. Subsequent to crosslinking, the hydrogel was
incubated in 0.05 mg/mL of methyl red in PBS. To observe pH shifts within the hydrogel,
the gel was placed in a citrate/phosphate buffer solution at pH 4. The expected colour

change is from yellow at neutral pH to red at acidic pH (see Figure S38).
Biocompatibility

Cell biocompatibility was evaluated with the human osteoblast cell line MG-63
(ATCC® CRL-1427®, LGC Promochem) and human umbilical vein endothelial cells
[HUVEC]. HUVEC were isolated from human umbilical cord obtained from the
Department of Gynecology, University Medical Center of the Johannes Gutenberg
University. The study was performed in agreement with the Declaration of Helsinki and
approved by local ethics committee (Landesdrztekammer Rheinland-Pfalz, Mainz,
Germany). Informed consent was obtained from each patient. Cells were seeded at
50.000 MG-63 and 80.000 HUVEC cells per well in a sterile 24-well cell culture plate
(Greiner bio-one Cellstar®) and cultivated for 24h in a humidified atmosphere (at 37°C
and 5% COz) before exposure to various concentrations of P(EG-co-isoEPB). MG-63 cells
were cultivated in DMEM (Dulbecco’s Modified Eagle Medium, high glucose; Sigma-
Aldrich) supplemented with 10% fetal bovine serum [FBS] (Sigma Aldrich), 2mM
Glutamax [ (Gibco® Thermo Fisher Scientific), and 100 U/ 100 pg/mL
Penicillin/Streptomycin (Gibco Thermo Fisher Scientific). HUVEC cells were cultured
in medium M199 (Sigma Aldrich) supplemented with 20% FBS (Sigma Aldrich), 2 mM
Glutamax I (Gibco Thermo Fisher Scientific), 100 U/ 100 pg/mL Penicillin/Streptomycin
(Gibco Thermo Fisher Scientific), 25 pg/mL endothelial growth factor supplement
(ECGS; Becton Dickinson and Company), and 25 pg/mL heparin sodium salt (Sigma

Aldrich). The cell culture plates for HUVEC culture were coated with gelatine (0.2%
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Sigma Aldrich) prior to cell seeding. P(EG-co-isoEPB) was added in concentrations of
50 pg/mL, 100 pg/mL and 500 pg/mL and incubated for 24 h and 72 h as well as 7 days.
Identical cells not exposed to P(EG-co-isoEPB) were used as control. The cell culture
medium was replaced prior to examining cells by fluorescence microscopy. Viable cells
were identified by their green fluorescence after staining with Calcein-AM (Calcein
acetoxymethyl ester, ThermoFisher Scientific). The experiments with HUVEC were
carried out with three different donors and passage 3 of each donor. Studies with MG-

63 were performed as triple determinations with three different passages.
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Analytical data
P(EG112-co-EPBs) —and derivatives

2D NMR analysis of P(EG-co-EPB) and P(EG-co-isoEPB) can be found in our previous
publication.[?!
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Figure S1: 'TH NMR spectrum (400 MHz, DMSO-d¢) of P(EG112-co-EPBs).
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Figure S2: 'TH NMR spectrum (400 MHz, DMSO-d¢) of P(EG112-co-isoEPBs).
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Figure S3: 'TH NMR spectrum (400 MHz, DMSO-ds) of P(EG112-co-isoEPBs)MA.

P(EG112-co-EPBs) (Mn: 3730 g/mol; D: 1.03)

P(EG, ,,-c0-iSoEPB,) (M, : 3720 g/mol; £: 1.03)
P(EG112-co-isoEPB5)MA (Mn: 3770 g/mol; D: 1.03)
P(EG112-co-isoEPB5)MA Hyd (M_: 880 g/mol; D:1.75)

107 10° 10* 10° 108 107 108

molar mass [g/mol]
Figure S4 (color online): SEC traces (DMF, PEG standards, RI signal) of P(EG112-co-
EPBs), P(EGiiz2-co-isoEPBs) and P(EGiiz2-co-isoEPBs)MA as well as degradation
fragments after hydrolysis.
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Figure S5 (color online): MALDI-ToF-MS of P(EGi112-co-EPBs) with sodium as counter
ion.
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Figure S6: On-line absorbance measurement of OVA-Alexa488 release kinetics from

hydrogels prepared from copolymer P(EG112-co-isoEPBs)MA at different pH values.
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P(EG202-co-EPBy) and derivatives
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Figure S7: 'TH NMR spectrum (400 MHz, DMSO-d¢) of P(EGz02-co-EPBo).
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Figure S8: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG202-co-isoEPBo).
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Figure S9: 'TH NMR spectrum (400 MHz, DMSO-ds) of P(EGa202-co-isoEPBg)MA.

P(EG,,,-Cc0-EPB,) (M, : 6950 g/mol; D: 1.03)
P(EG202-co-isoEPBg) (Mn: 6730 g/mol; D: 1.04)
P(EGzoz-co-isoEPBg)MA (Mn: 6860 g/mol; D: 1.03)
P(EGzoz-co-isoEPBg)MA Hyd (Mn: 830 g/mol; D: 1.85)
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Figure S10 (color online): SEC traces (DMF, PEG standards, RI signal) of P(EG202-co-
EPBo), P(EG202-co-isoEPBo) and P(EGao2-co-isoEPBo)MA as well as degradation
fragments after hydrolysis.
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Figure S11 (color online): MALDI-ToF-MS of P(EGz02-co-EPBg) with sodium as

counter ion.
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Figure S12: On-line absorbance measurement of OVA-Alexa488 release kinetics from
hydrogels prepared from copolymer P(EGzo2-co-isoEPBo) at different pH values.
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P(EGi10s-co-EPB11) and derivatives
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Figure S13: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG113-co-EPBy).
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Figure S14: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG113-co-isoEPBo).
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Figure S15: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG113-co-isoEPBo)MA.

ﬂ
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Figure S16 (color online): SEC traces (DMF, PEG standards, RI signal) of
P(EG113-co-EPBo), P(EGii3-co-isoEPBg) and P(EGii3-co-isoEPBo)MA as well as
degradation fragments after hydrolysis.
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Figure S17: On-line absorbance measurement of OVA-Alexa488 release kinetics from
hydrogels prepared from copolymer P(EG113-co-isoEPBo)MA at different pH values.
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P(EGies-co-EPB13) and derivatives
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Figure S18: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG16s-co-EPB13).
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Figure S19: 'TH NMR spectrum (400 MHz, DMSO-d) of P(EG16s-co-isoEPB13).
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Figure S20: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EG1¢s-co-isoEPB13)MA.
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Figure S21: 13C NMR spectrum (400 MHz, DMSO-ds) of P(EG16s-co-isoEPB13)MA.
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Figure S22: COSY NMR spectrum (400 MHz, DMSO-ds) of P(EG16s-co-isoEPB13)MA.
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Figure S23 (color online): HSQC NMR spectrum (100.6 MHz, DMSO-d) of
P(EG16s-co-1soEPB13)MA.
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Figure S24: HMBC NMR spectrum (100.6 MHz, DMSO-d¢) of P(EG16s-co-isoEPB13)MA.
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Figure S25 (color online): SEC traces (DMF, PEG standards, RI signal) of P(EG1es-co-
EPB13), P(EGies-co-isoEPB13) and P(EGies-co-isoEPB13)MA as well as degradation

fragments after hydrolysis.
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Figure S26: Monte Carlo simulation of the degradation fragments of P(EG1es-co-EPB13).
The PEG-fragments show a similar size distribution to the experimentally obtained

values.
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Figure S27: On-line absorbance measurement of OVA-Alexa488 release kinetics from
hydrogels prepared from copolymer P(EG¢s-co-isoEPB13)MA at different pH values.
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Figure S28 (color online): On-line absorbance measurement of OVA-Alexa488 release
kinetics from hydrogels prepared from copolymer P(EGies-co-isoEPB13)MA after pH
switch; At first, the hydrogel was incubated at 48 h at pH 7.4 where no significant release
of protein can be observed and subsequently, the pH was lowered to 6 where essential

protein release takes place.
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Comparison between copolymers

P(EGﬁz-co-EPBs) (Mn: 3730 g/mol; £: 1.03)
P(EGﬁa-co-EPBg) (Mn: 3620 g/mol; £:1.03)
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Figure S29 (color online): SEC traces (DMF, PEG standards, RI signal) of P(EG112-co-
EPBs), P(EG202-co-EPBy), P(EG119-co-EPBo) and P(EG16s-co-EPB13).

MG-63 HUVEC

Figure S30 (color online): left: Incubation of MG-63 cells with a concentration of 500
pg/mL P(EG-co-isoEPB) for 7 days. Staining of vital cells with calcein-AM. Right:

Incubation of primary HUVEC cells with different concentrations of P(EG-co-isoEPB)
for up to 7 days. Staining of vital cells using calcein-AM.
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Figure S31 (color online): 'TH NMR spectra overlay showing the consumption of EPB
(characteristic signals highlighted in blue and green) and EO (epoxide signals
highlighted in green) monomers and the formation of P(EG-co-EPB) (vinyl signals
highlighted in red).

EO
EPB

0 L 1 1 1 t Y]
0 0.2 04 0.6 0.8 1
total conversion

Figure S32: Comonomer concentration versus total conversion in the copolymerization
experiment.
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Figure S33: Ideal Integrated fit for the determination of reactivity ratios.!
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Figure S34: a) schematic of on-line absorbance measurement of OVA-Alexa488 release
from hydrogel within a cuvette with stirring bar and separated hydrogel chamber. B)
photograph of setup.
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Figure S35 (color online): On-line absorbance measurement of controls. OVA-Alexa488
release kinetics from hydrogels prepared from copolymer P(EGi¢s-co-isoEPB13)MA at
neutral pH, degradation of an empty hydrogel.
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Figure S36: Absorption of a solution of OVA-Alexa488 in PBS.
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P(EGn-co-EPBB) (Mn: 3960 g/mol; £:1.17)
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Figure S37: SEC traces (DMF, PEG standards, RI signal) of P(EG72-co-EPBs) as obtained
after on-line 'H NMR measurements for copolymerization kinetics studies of EO and
EPB in a Norell S-500- S4 VT-7 NMR tube.

t = 0. min side view t = 2 min top view

t = 10 min side view

>

5

Figure S38: A hydrogel soaked in a 0.05 mg/mL methyl red in PBS solution (pH 7.4) after
2 and 10 min of incubation in citrate phosphate buffer pH 4. The diffusion of hydronium
ions is monitored by the pH indicator color change from yellow at neutral pH to red at
acidic pH. The diffusion occurs from the periphery to the centre of the hydrogel, as
shown in the photograph taken after t = 2 min. The diffusion rate is estimated to be 0.005
mm?/s and is in agreement with the diffusion rate through a PEG-DA hydrogel reported
by Kim et al. (0.01 mm?/s)[4]
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2.2.1 ABSTRACT

Proteins represent a versatile biopolymer material for the preparation of
nanoparticles. For drug delivery applications an acid-triggered disassembly and payload
release is preferred. Herein, we present a protein nanoparticle system based on
cytochrome ¢, which is surface-modified with acid-degradable polyethylene glycol
(PEGylation). pH-sensitivity was obtained through vinyl ether moieties distributed in
the polyether backbone. When PEGylated, cytochrome ¢ shows a different solubility
behaviour in organic solvents, which allows for particle preparation using an emulsion-
based solvent evaporation method. The resulting particles are stable under physiological
conditions but degrade at acidic pH values. Fluorescence-labelled dextran was
successfully encapsulated as hydrophilic model payload in these degradable

nanoparticles and a release under acidic conditions was observed.
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2.2.2 INTRODUCTION

Polyethylene glycol (PEG) is the current gold standard for the protective surface
modification of proteins. More than forty years ago it was discovered that the
conjugation of proteins with PEG (“PEGylation”) leads to better immunogenic properties
and increased circulation half-life compared to the unmodified protein.!: 2 Several
protein-polymer conjugates are FDA approved, which highlights the importance of these
systems in therapeutic applications.? In addition to the reduced immunogenicity and
improved pharmacokinetic properties, protein-PEG conjugates show enhanced stability
and solubility in biologically relevant environments.*® However, concerns were raised
due to the lack of degradability which can cause accumulation in human tissue when
higher molecular weight PEGs are used.” PEGylation has also been shown to impair the
catalytic activity of enzyme conjugates.® For these reasons, increased efforts are made

to develop PEG alternatives and degradable analogs.”- % 1

So far, most approaches focus on the use of degradable linkers between protein and
polymer, e.g. via hydrazine!!, azidomethyl-methylmaleic anhydride'? or disulfide!
linkages, where the protein-polymer bond can be cleaved under acidic or reductive
conditions. There are only a few protein-polymer conjugates which make use of a
degradable polymer backbone. Acetals!* or poly(phosphates)!® in the polymer backbone
can result in polymer degradation under acidic or hydrolytic conditions. A recent work
by Pelegri-O’Day ef al demonstrated the use of a degradable PEG analogue for
reversible PEGylation of lysozyme. However, this approach requires a non-physiological

Grubbs III catalyst for the degradation by depolymerisation of the polymer.1¢

A very promising cleavable moiety for degradable PEG are vinyl ethers, as they
combine a fast hydrolysis rate at physiologically relevant acidic ranges of pH 4-5 with
excellent stability at pH 7.4.17 This structure has first been implemented in PEG by

Hawker et al. via copolymerization of ethylene oxide (EO) and epichlorohydrin (ECH),
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followed by subsequent elimination of chloride.’® However, these materials still show
rather high dispersity and no defined end groups as a result of their triethylaluminium-
catalysed polymerization. Furthermore, as recently published by Danner ef al, these
copolymers show a strong reactivity difference between EO and ECH, which results in
a pronounced monomer gradient and consequently an uneven distribution of the
predetermined cleaving sites along the backbone and therefore considerable dispersity
of the hydrolysed product.’® The Frey group recently reported another approach to vinyl
ether containing PEG.!7 Classic anionic ring opening copolymerization (AROP) of EO
and 3,4-epoxy-1-butene (EPB) to obtain P(EG-co-EPB), followed by isomerization of
allylic ether moieties to vinyl ethers (P(EG-co-isoEPB)) proved to be the method of
choice to combine low polydispersity, well-defined end groups, tailorable molecular
weight and adjustable content of cleavable moieties in the polyether backbone. This
material may serve as a promising substitute for PEG for various therapeutic and
biomedical applications in the future, as it expands the favourable properties of well-
known and well-established PEG with degradability at physiologically relevant pH

values on reasonable timescales.

In this work we apply this material to prepare a new type of degradable protein-
PEG conjugate that can be formulated into acid-responsive nanoparticles. The general
concept of preparing nanoparticles based on protein-polymer conjugates has attracted
considerable interest in recent years.? 2! For example, we reported a protein-based
nanoparticle system using highly PEGylated lysozyme (LYZ) for the delivery of
anticancer drugs. The LYZ-PEG conjugate is soluble in dichloromethane (DCM) and at
the same time, the protein structure is preserved and protected. Nanoparticles are
prepared using a mild emulsion-based method that allows the encapsulation of
hydrophilic and hydrophobic payloads.?22* While the particles are capable of releasing
their payload via passive diffusion, a triggered release would be preferred. For this

purpose, the introduction of stimuli-responsiveness is desired, in order for the drug
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delivery system to release their payload in a controlled manner.?> For example, De Geest
et al. developed a pH-sensitive polymer-protein (BSA) conjugate that self-assembles into
nanoparticles. The polymer chains include dioxolane groups that can switch under acidic
conditions from a hydrophobic form to hydrophilic diol groups. This results in the loss
of the self-assembly behaviour of this system and the disassembly of the particles.26 A
drawback of the system is the permanent linkage of the polymers to the protein and the
highly acidic conditions (pH 1) required for particle degradation that are, with the

exception of the gastrointestinal tract, not accessible in a biological system.

Wang ef al. developed a multi-stimuli responsive nanoparticle system consisting of
hydrazine-modified BSA proteins that were conjugated with aldehyde-functionalized
thermo-responsive copolymers. The resulting hydrazone bond between the protein and
polymer is acid-sensitive. After the temperature-induced self-assembly of the protein-
polymer conjugate above its lower critical solution temperature (LCST) the particles
needed further stabilisation by crosslinking the BSA using cysteamine. The resulting
disulfide bonds between the proteins introduced sensitivity under reductive conditions.
Apart from an elaborate multistep synthesis to obtain the final particles, another
disadvantage of this system is that the particles do not disassemble in acidic conditions
alone. For complete particle degradation, both acidic and reductive microenvironments

have to be present at the same time.?’

In this work, we present a novel class of pH-sensitive protein nanoparticles using
an intrinsic degradable PEG copolymer. In straightforward synthesis steps, we prepare
a particle system that is stable without crosslinking and can degrade and disassemble at
physiologically relevant acidic pH values. For this, an active ester of fully degradable
vinyl ether PEGs was synthesized and conjugated to the surface of cytochrome ¢ (Cyt).
This new type of protein-polymer conjugate (Cytdaegpec) is soluble in organic solvents

and particles can be formed with mild emulsion techniques.
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2.2.3 RESULTS AND DISCUSSION

2.2.3.1 SYNTHESIS OF MP(EGs1-CO-ISOEPBs)-NHS

For the synthesis of the acid degradable PEG  copolymer,
triethylene glycol monomethyl ether was chosen as a monofunctional initiator due to its
convenient structure, which readily enables determination of molecular weight and
comonomer content by NMR integration. The precursor molecule, the allyl ether
containing PEG copolymer mP(EGs1-co-EPBg) was synthesised by AROP of EO and EPB

based on a procedure recently reported by Worm et al (Figure 1).17

The resulting allylic ether moieties distributed at the polymer backbone were
isomerized quantitively to acid-labile vinyl ethers to obtain mP(EGs1-co-isoEPB¢), while
the structure and integrity of the copolymer chain was retained (Figure 2b). To target
nucleophilic lysine residues at the surface of cytochrome ¢, the hydroxyl end group of
mP(EGsi-co-isoEPBs) was reacted with N,N"-disuccinimidyl carbonate (NHS-DSC) to

obtain the activated carbonate ester.
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Figure 1: Synthesis route to obtain mP(EGsi-co-isoEPBs)-NHS; a) Copolymerization of
EO and EPB to obtain mP(EGgi-co-EPBg); b) Isomerization of mP(EGsi-co-EPBg) to
mP(EGsi-co-isoEPBg); c¢) Activation of hydroxyl group to NHS active ester
m(P(EGs1-co-isoEPBe)-NHS) using NHS-DSC.

A molecular weight of 44,=4000 g/mol with 12mol% EPB was targeted. 'H-NMR

integration of the allylic moieties (between 6.0 and 4.5 ppm), the ether backbone
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(between 4.0 and 3.3 ppm) and the methyl ether end group (3.24 ppm), confirmed this

molecular weight (see ESI Figure S1).

An incorporation 7mol% of EPB was found, which is lower than targeted but still
more than sufficient to guarantee the degradation of the polymer chain (Figure 2a).
Interestingly, already during the copolymerization a small amount of vinyl ether
moieties (around 10% of total allylic units) was formed, as can be seen by NMR.
Quantitative isomerization was confirmed by the absence of distinct allylic signals in
TH-NMR spectrum and appearance of vinyl ether signals (4.8 — 4.6 ppm) as reported

previously after this step as well.l7

Table 1: Molecular characteristics of mP(EGgi-co-isoEPBg).

Sample Ma, NMR M, sec Mh, MALDI Dskec mol%
g/mol g/mol g/mol EPB
mP(EGsrCO-I'SOEPBe) 3815 3380 3620 1.04 7

SEC: DMF, RI Detector, PEG standards.

Figure 2b shows the molecular weight distribution of mP(EG81-co-EPB6) at all
stages referred to in this work. Analysis by SEC after polymerization shows a well-
defined copolymer with very narrow weight distribution (P = 1.03-1.04) and a molecular
weight of Mn=3380 g/mol. It should be noted that SEC underestimates the molecular
weight of these copolymers, as the hydrodynamic radius of PEG copolymers differs from
that of PEG standards. During the post-polymerization steps, the molecular weight
distribution remained low (P = 1.03-1.04), indicating that no unwanted cleavage or

crosslinking of the polymer occurred.

The successful copolymerization was also confirmed by MALDI-ToF, resulting in
distinct intervals of 44 g/mol for EG and 70 g/mol for EPB units between the signals as

well as a monomodal distribution with Mn=3620 g/mol (Figure 2c).
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Figure 2: a) 'H-NMR spectrum (400 MHZ, DMSO-d6) of mP(EGs1-co-1soEPBs)-NHS; b)
SEC analysis of mP(EGsi-co-EPBs) copolymers at different stages referred to in this
work. (eluent: DMF, RI detector, PEG standard); ¢) MALDI-ToF analysis of
mP(EGsi-co-isoEPBs).

The degree of functionalization to NHS ester reached 37%. Most
post-functionalization approaches for PEGylating agents targeting lysine residues
usually involve the use of carboxylic acids, carboxylic anhydrides or acyl chlorides to
form an ester or amide bond between the polymer and a linker to the reactive group
used for PEGylation. As this would include the occurrence of acidic protons (which is
not favourable in the case of an acid-labile polymer), we decided to use NHS-DSC as the
most convenient way to form an activated carbonate ester for targeting of lysine
residues. While this reaction did not result in quantitative functionalization of the
polymer, this could easily be overcome by increasing the amount of polymer per protein
during PEGylation. Importantly, the non-functionalized PEG chains do not interfere
with the protein PEGylation and the procedure additionally includes a washing step for

the removal of excess PEG.
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In an acidic environment, the vinyl ether moieties in the polymer backbone are
cleaved by a two-step mechanism: initially, a hydronium ion is transferred to the
substrate, followed by the addition of water to form a hemiacetal, which then
decomposes.?® The fast rate of hydrolysis of this type of copolymer has already been
reported by TH-NMR iz situ kinetics in our previous work.!” The result of the hydrolysis
of the copolymer is demonstrated by SEC (Figure 2b). After incubation of
mP(EGsi-co-isoEPBg) under acidic conditions, the molecular weight shifted from
My=3320 g/mol to M;=720 g/mol, while the molecular weight distribution increased to

D = 1.53.

2.2.3.2 PROTEIN MODIFICATION

The activated, degradable PEG was coupled to cytochrome ¢ (Cyt) as a model
protein, due to the relatively high amount of addressable nucleophilic amine groups at
the surface (19x) compared to its small size (12.4 kDa). Furthermore, since Cyt is part of
the apoptotic system,? catalytically active nanoparticles based on this enzyme could be
used as future therapeutic nanomaterials. This may be of particular interest e.g. for
cancer treatment. Upon attachment of a sufficient number of polymer chains to the
protein surface, the special characteristic of PEG, to have a broad solubility in a variety
of solvents, is transferred to the underlying protein. This renders the protein-polymer
conjugate soluble in dichloromethane and further allowing for nanoparticle formation

using a solvent evaporation method.?3 24

The cytochrome ¢ modification takes place in buffered aqueous solution with a
17-fold excess of mP(EGsi-co-isoEPBs)-NHS per protein (which corresponds to 6.3

equivalents of NHS- functionalized polymer per protein) (Figure 3a).
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Figure 3: a) Cyt modification with mP(EGsi-co-isoEPBs)-NHS. The wavy line in the
polymer sidechain represents both possible isomerization products. The attachment
point of the polymer to the protein is the activated carbonate ester. The resulting in
CytdegpEG 1s a schematic illustration and does not reflect the final amount and the actual
attachment point of polymer chains; b) CD spectra of native Cyt (solid line) and
Cytdegrec (dotted line); d) MALDI-ToF of CytdegpEG.

After overnight reaction, the resulting Cyt-polymer conjugate (Cytdegrec) was
purified by SEC. The extent of conjugation was qualitatively analysed by SDS-PAGE,
which shows a broad band extending from around 23 to 170 kDa (Figure 4b and ESI
section 2.1). This is a known behaviour of PEGylated protein conjugates, which is
commonly explained by interactions between PEG and SDS.3° Most importantly, the
SDS-PAGE confirmed that all proteins were modified. Additional MALDI-ToF MS
characterization shows a molecular weight increase from 12.4 to 23 kDa upon

PEGylation (Figure 3c). This indicates that on average 3 polymer chains per protein
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molecule were successfully attached to the protein surface. We preformed circular
dichroism (CD) spectroscopy to assess whether the modification of Cyt leads to protein
structural changes. Only minor alterations (< 2%) in the secondary structure elements
between modified and unmodified Cyt can be seen (Figure 3b, ESI Table S1). We further
analysed the catalytic activity of the Cyt-PEG conjugate compared to the native enzyme
using an ABTS assay. Importantly, PEGylation does not affect Cytaegpec activity, as the
modified protein retained 91+5% activity compared to native Cyt (see ESI section 2.3).
Together, CD spectroscopy and the enzymatic activity assay confirm that neither protein

structure nor activity is majorly affected by PEGylation.
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Figure 4: a) Degradation of the vinyl ether moieties in the polyether backbone of
Cytdegpec under acidic conditions; b) SDS-PAGE (15%) of Cyt (native) and Cytaegrec (left
pH 7.4 lane) which were freshly dissolved in dd-H20. Cytdegpec was incubated at various
pH values at 37 °C for 24 h and subsequently analysed through SDS-PAGE (pH 4, pH 5,
pH 6 and pH 7.4); ¢) SEC analysis of freshly dissolved Cyt and Cytdegpeg (black and blue
curves) compared to CytdegpEG incubated at various pH values at 37 °C for 24 h. Native
Cyt shows no change in elution volume when freshly dissolved or incubated at pH 4 for
24 h (black and red curves).
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After the successful modification of Cyt, we investigated degradability of the
attached PEG polymer (Figure 4a). For this, the CytiegpEG conjugate was dissolved in
different acidic buffers, incubated at 37 °C for 24 h and characterised via SDS-PAGE.
The incubation at pH 4 leads to nearly complete degradation of the polymer linked to
the protein surface, as demonstrated by the down-shifted band on the gel, almost back
to the same running height as the non-modified enzyme (Figure 4b). As expected, the
increase in pH led to slightly reduced extents of PEG degradation. Nonetheless, even
mildly acidic conditions at pH 6 were sufficient to induce a noticeable gel shift and thus
PEG degradation. The Cyt-polymer conjugate is stable at neutral conditions (pH 7.4)
during the incubation time of 24 h, there is no shift recognizable between freshly
dissolved and incubated Cytdegprc in the SDS-PAGE (Figure 4b, left and right pH 7.4
lane). Efficient, pH-dependent PEG cleavage was further confirmed by SEC, where
consecutively later elution volumes with samples incubated at increasing acidity are

observed (Figure 4c).

2.2.3.3 NANOPARTICLE PREPARATION, DEGRADATION AND PAYLOAD RELEASE

For the nanoparticle preparation, we adapted a solvent evaporation method
described previously.?? Briefly, the surface modification of Cyt results in a solubility
switch and allows the dissolution of CytdegpE in dichloromethane. For the emulsion
preparation, this solution was covered with an aqueous phase containing Oregon-
Green™ag8-dextran (OGD) as a fluorescent model compound to test the loading efficiency
and later the release under acidic conditions. After a first sonication step, additional PBS
(pH 7.4) was added, and a second sonication step was carried out, resulting in an w/o/w
emulsion. This entraps the hydrophilic payload OGD in the inner water droplet, which

is surrounded by the DCM layer that contains the Cytqegpe particle material.
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Figure 5: a) Schematic representation of Cytaegpec-NP preparation; b) NTA
measurements of Cytdegprc-NP show a size around 140 nm; ¢) TEM image of
Cytdegpec-NP.

Subsequent evaporation of the organic solvent leads to the formation of a particle

suspension (CytdegpEG-NP) where the dehydrated PEGylated material forms a tight and

stable network (ESI, Figure S10).

Free OGD was removed by dialysis. After purification, we determined an
encapsulation efficiency of 50 % compared to the initial OGD feed (see ESI). The
encapsulated OGD concentration was 2.41 pM (0.04 mol OGD per 1 mol particle
material). This corresponds to a loading content of 1.72 wt% of OGD compared to the

total weight of the nanoparticle material (see ESI section 3.1).

Nanoparticle tracking analysis (NTA) showed an average diameter of 140 nm for
the particles, which was confirmed by transmission electron microscopy (TEM)
measurements (Figure 5b and 5c). The surface charge of the nanoparticles was analysed

by {-potential measurements, showing nearly neutral Cytdegprc-NPs (-2 mV, see ESI
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section 3.3). This is most likely a result of the PEGylation, which shields remaining

amino acids on the surface of the individual enzymes.
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Figure 6: a) Cytdegpeg-NP disassembly under acidic conditions; b) NTA and c)
fluorescence measurements of CytdegpEc-NP degradation and OGD release over time.
Purified particle suspensions were mixed with different buffers and dialysed against
corresponding buffers. b) Particle size measurements (NTA curves) at pH 7.4, pH 5 and
pH 4 at different time points of the dialysis experiment. (black curves: measurements
directly after mixing the nanoparticles suspensions (0 h); grey curves: after 24 h; light
grey curves: after 48 h); c¢) Fluorescence measurement of the nanoparticle suspension at
different time points of the dialysis experiment and under various pH conditions. The
lower the bars, the more fluorescent payload was released due to the disassembly of the

particle system.

Our particles are designed to be stable at neutral pH values but should degrade in
an acidic environment due to the intrinsic cleavability of the vinyl ether moieties of the
PEG conjugates. This results in the cleavage of the majority of the PEG material with
only very small non-degradable PEG segments remaining on the surface of the protein.
With this, the protein regains its native hydrophilic solubility, and the individual
hydrophobic protein assemblies are broken up, i.e. the overall particle complex falls apart

(Figure 6a).
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We monitored the particle degradation in a dialysis experiment. For this purpose,
nanoparticle suspensions were mixed with different buffers (pH 4, 5 and pH 7.4) and
dialysed against corresponding buffers at 37 °C. Particle degradation and OGD release
was analysed over time with NTA (Figure 6b) and fluorescence measurements

(Figure 6c).

Nanoparticles incubated in neutral buffer are stable over a period of 48 h, as can be
seen in the concentration of particles over time in NTA measurements (Figure 6b). At
pH 5 the concentration of particles decreased by 50% after 48 h, and at pH 4 almost no

particles are visible at the end of the experiment.

Looking at the OGD release over time, it can be seen in the fluorescence
measurements (Figure 6c) that both at pH 7.4 and pH 5 some of the payload is released.
This is most likely due to passive diffusion, which is common for hydrophilic payloads,
as reported previously.?? However, at pH 4, a clear difference in fluorescence intensity
can be seen at 24 and 48 h, due to the full disassembly of the particles and the active

OGD release.
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Figure 7: a) Results of cell viability tests using HeLa cells after incubation with native
Cyt (dark red), Cytdegpec (red) and Cytdegpec-NP (light red) in concentrations ranging
from 0.73—23.50 pM incubated for 48 h. b) MTT results indicate that native Cyt and
CytdegpEG show no membrane permeability, unlike CytdegpeG-NPs which can be taken up
by cells, most likely by endocytic pathways.

For biological applications, the effect of our nanoparticles on human cells needs to
be determined. We thus analysed the toxicity of the Cytiegprc material and the
nanoparticles on HelLa cells (Figure 7a and ESI section 3.5). The cells were incubated
with native Cyt, CytdegpEc and CytdegpEG-NPs. Native Cyt and the Cytdegpec material
show no toxicity (Figure 7a). It has been previously reported,that native Cyt cannot cross
the cell membrane.®! The result of the MTT-assay indicates that this is also the case for
CytdegpEG. In contrast, CytdegpEg-NPs are most likely taken up by cells by an endosomal
pathway which results in a lower cell survival with increasing material concentrations.
This can be explained by the high amount of Cyt in the cytosol of the cells where it can
perform its native function. Physiologically, Cyt is part of the intrinsic apoptotic

pathway in the cytosol since it binds the protease-activating factor-1 (APAF1) which is
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part of the apoptosome.?” Therefore, our results indicate that the PEG-conjugates are
also cleaved in vifro, and the unobstructed enzymes might initiate to some extent
apoptosis. Future experiments will focus on the detailed analysis of the particle uptake,

protein pathways and the remaining enzymatic activity.

2.2.4 CONCLUSIONS

We introduce a degradable PEG copolymer that shows intrinsic acid-degradability
and can be used for the PEGylation of proteins. The degradability is achieved by the
incorporation of vinyl ether moieties into the backbone of PEG. These groups are acid-
cleavable at physiologically relevant pH values. Relying on this degradable polyether
structure, we developed a new class of pH-responsive protein nanoparticles using
surface-modified cytochrome c¢. The PEGylation renders our model protein soluble in
organic solvents while preserving its activity and secondary structure. This approach
should in principle be feasible for any protein of choice. Using a mild emulsion-based
method we successfully prepared nanoparticles that are stable at pH 7.4 but can degrade
and disassemble at mildly acidic conditions, as can be found in endolysosomal

compartments, tumour environments or inflamed tissue.

Introducing responsiveness into these protein nanoparticles not only allows for a
triggered release of therapeutic payloads, but also almost completely recovers the initial
protein starting material. The first in vitro results indicate that the underlying enzymatic
activity of the particle system might be as important as the payload itself. Hence, for
future nanomedicine applications, we envision a combined utilization of drug delivery

and material activity.
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2.2.5 EXPERIMENTAL

Copolymerization of mP(EGsi-co-EPBe). In a flame dried Schlenk flask, sodium
hydride (15 mg, 0.62 mmol) and triethylene glycol monomethyl ether (253 mg, 1.54
mmol) were dissolved in benzene (5 mL) and dry THF (5 mL), stirred under slightly
reduced pressure at 60 °C for 30 min and subsequently dried in high vacuum for 16 h.
The resulting initiator was dissolved in dry DMSO (7 mL) and dry THF (3 mL, stored
over sodium). To this solution, ethylene oxide (5 mL, 110 mmol) was cryo-transferred
using a graduated ampule. EPB (1.21 mL, 18.5 mmol, dried over CaH and freshly
distilled) was added via syringe and the polymerization was carried out for 5 days at
room temperature. After quenching (3 mL Methanol), dialysis was performed against
methanol for 24 h (MWCO 1000 Da) and the polymer dried in high vacuum. (Yield 70%)
1H NMR (400 MHz, DMSOu6) & [ppm] 5.72 (ddd, 5.51H, ®/as = 17.2 Hz, 3/ag = - 10.5 Hz,
3/aB = 6.7 Hz, -CH=CH3), 5.26 (m, 11.41H, 3/ag = 17.2 Hz, 3/aB = 2.1 Hz, 3/ag = 1.1 Hz, -
CH=HH), 4.76 (q, 0.44H, /= 6.7 Hz, C=CH-CH3 (£'isomer)), 4.57 (bs, 0.77H, OH), 3.96—
3.87 (m, 7.38H, CHO-CH=CH>, OCH,-C=CH-CH3 and C/H,0-C=CH-CH3), 3.71-3.35

(m, 336H, CH,0), 3.24 (s, 3H, O-CH5), 1.52 (d, 1.35H, /= 6.7 Hz, C=CH-C /4 (E'isomer)).

Isomerization of mP(EGsi-co-isoEPBs). mP(EGsi-co-EPBs) (500 mg) was dissolved in
DMSO (0.5 mL) and degassed by 3 freeze-pump-thaw cycles. RhCI(PPhs); (20 mg,
0.022 mmol) and BHT (3 mg) were added under argon atmosphere and the resulting
solution was stirred at 80 °C for 24 h. Subsequently, the polymer was twice precipitated
in acetone/diethylether (50/50 vol%) and dried in high vacuum. (Yield 90%) 'H NMR
(400 MHz, DMSOus): S [ppm] 4.77 (q, 2.47H, J= 6.7 Hz, C=CH-CH3 (£'isomer)), 4.65 (q,
1.84H, J = 6.7 Hz, C=CH-CHs (F'isomer)), 4.57 (bs, 0.45H, OH), 3.99-3.88 (m, 14H,
CHO-CH=CH:, OCH,-C=CH-CH3 and C/£0-C=CH-CHj3), 3.71-3.35 (m, 314H, C/£0),
3.24 (s, 3H, O-CHs), 1.61 (d, 5.56H, /= 6.7 Hz, C=CH-CHjs (Z isomer)), 1.52 (d, 7.46H, J

= 6.7 Hz, C=CH-C Hs (F'isomer)).
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Functionalization to mP(EGs1-co-isoEPBs)-NHS. To a solution of mP(EGsi-co-isoEPBe)
(300 mg, 0.075 mmol) in dioxane (2 mL) N,N"-hydroxysuccinimide carbonate (192 mg,
0.75 mmol, dissolved in 2 mL DMF) and DMAP (92 mg, 0.75 mmol, dissolved in 2 mL
DMF) were slowly added via syringe. The resulting solution was stirred for 24 h at room
temperature and subsequently precipitated three times in acetone/diethylether
(50/50v0l%). The obtained polymer was dried in high vacuum and stored routinely in a
refrigerator at -20 °C. (Yield 85%) "H NMR (400 MHz, DMSOu¢): & [ppm] 4.77 (q, 2.40H,
J=6.7 Hz, C=CH-CHj3 (F'isomer)), 4.65 (q, 1.78H, /= 6.7 Hz, C=CH-CH3 (Zisomer)),
3.99-3.88 (m, 14H, CHO-CH=CH,, OC/H,-C=CH-CH3 and C/£0-C=CH-CH3), 3.71-
3.35 (m, 317H, CFL0), 3.24 (s, 3H, O-CI), 2.82 (s, 1.47h, -CO-CHy-C Fh-CO-)1.61 (d,
5.53H, /= 6.7 Hz, C=CH-CHs (Z isomer)), 1.52 (d, 7.45H, J = 6.7 Hz, C=CH-CHs (F

isomer)).

PEGylation of Cytochrome c. 5 mg horse heart cytochrome ¢ (0.4 umol) and 27.42 mg
mP(EG81-co-isoEPB6)-NHS (6.9 umol, 37% functionalized) were dissolved in 1 mL 0.1
m phosphate buffer pH 8.5 and stirred overnight at 4 °C. The mixture was purified by
column chromatography (Sephadex® G-75 medium, Sigma Aldrich, buffer: dd-H20).
After collecting the first fraction yielding the product, the modified protein was
concentrated with Amicon® Ultra 4 centrifugal filter membranes (regenerated
cellulose, MWCO 10 kDa, 7500 x g, 10 min., 4 °C, Merck Millipore). The product was

lyophilized (ALPHA 1-2 LD plus).

Activity of PEGylated Enzyme. The enzymatic activity of native Cyt, Cytdegrec and
CytdegpEG-NPs were analysed using an 2,2"-azinobis-(2-ethylbenzthiazoline-6-sulfonate
(ABTS)-assay. 10 mm phosphate buffer pH 7.4 was used as working buffer. 100 zL of
ABTS solution (2 mm) were mixed with 50 zL of samples (native Cyt or CytdegpEG, 22.6
4m) in a 96-well-microplate (flat bottom). The reaction was initiated by adding 50 yL of
an HO2 solution (2 mm in dd-H>0). Subsequently, the change in absorption at 405 nm

was measured for 3 minutes (Infinite® 200 PRO (Tecan) plate reader). The absorption
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of the background (100 gL ABTS with 50 pL sample, but instead of H20z solution only

50 ul. dd-H20) was subtracted from each measurement (see ESI section 2.3).

Analysis of Cytdegpec Degradation by SDS-PAGE. Cytdegprc was dissolved in 0.1 m
sodium acetate buffer pH 4 or pH 5 or 0.1 m phosphate buffer pH 6 or pH 7.4 in
concentrations of 8 mg/mL. These samples were incubated for 24 h at 37 °C and shaken
with 1000 rpm. Native Cyt (1 mg/mL) and Cytdegrec (8 mg/mL) was freshly dissolved in
dd-H»0. 15 pL of the protein-solutions were denaturized by adding 5 yL of Roti®-Load
1 (Carl Roth) and heated in a boiling water bath for 15 min. The different samples were

analysed with a 15% polyacrylamide gel (see ESI section 2.1).

Analysis of Cytdegpeg Degradation by SEC. Cytqegpec was dissolved in a concentration of
150 gm in 0.1 m sodium acetate buffer (pH 4, pH 5) or in 0.1 m phosphate buffer (pH 6,
pH 7.4). Similarly, native Cyt (150 gm) was dissolved in 0.1 m sodium acetate buffer pH
4 as control. These samples were incubated for 24 h at 37 °C and shaken at 1000 rpm.
For comparison, native Cyt (150 gm) and CytdegpeG (150 £m) were freshly dissolved in
dd-H20 and measured directly. 150 zL of the protein-solutions were analysed with size
exclusion chromatography. The SEC runs were performed on a 24 mL high-resolution
size exclusion column (Superdex™ 75 10/300 GE Healthcare Bio-Sciences AB) at 4 °C

with a flow rate of 0.8 mL in PBS pH 7.4.

Nanoparticle Preparation by Double Emulsion. Cytdegrec (2.75 mg) was dissolved in 0.4
mL DCM. After adding 50 gl Oregon-Green™488-dextran (OGD) solution (10 kDa
dextran, 2 mg/mL in PBS pH 7.4), the two phases were sonicated on ice for 15 s. To the
resulting emulsion 2 mL of ice-cold PBS buffer (pH 7.4) was added and treated again
with ultrasonic pulses for 30 s. The DCM of the w/o/w emulsion was evaporated by

stirring at RT overnight, resulting in an opaque nanoparticle suspension.
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Nanoparticle Degradation and OGD Release. The degradation of Cytdegrec-NP and the
release of OGD under acidic conditions was analysed using a dialysis experiment. OGD-
loaded Cytqegpeg-NP were freshly prepared and purified by dialysis (Float-a-Lyzer® G2
Dialysis Device, MWCO 100 kDa, Spectrum Labs) for 4 h to remove not encapsulated
OGD. The particles were then mixed in a 1:1 ratio with either 0.1 m sodium acetate
bufter pH 4, 0.1 m sodium acetate buffer pH 5 or PBS pH 7.4 as control. 100 zL of these
mixtures were dialysed (Xpress Micro Dialyzer MD100, MW CO 140 kDa, Serva) against
the corresponding buffer mix (1:1 mix of 0.1 m sodium acetate buffer pH 4 and PBS pH
7.4, 0.1 m sodium acetate buffer pH 5 and PBS pH 7.4 or PBS pH 7.4 alone) at 37°C. The
particle degradation and OGD release were analysed by NTA size measurements (see
ESI section 3.2) and a fluorescence readout (Ex: 490 nm, Em: 527 nm; Infinite® 200 PRO
(Tecan) plate reader) over a period of 48 h. The data for the 0-hour value was measured

directly after mixing of the nanoparticle suspension with the appropriate buffer.
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2.2.8 SUPPORTING INFORMATION

Materials

Cytochrome ¢ from horse heart [EC 232.700.9] was purchased from SERVA
Electrophoresis GmbH, Germany. Sodium hydride (NaH), Triethylene glycol
monomethyl ether (nTEG), Benzophenone, trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile ~ (DCTB), Calcium  hydride (CaHz), dioxane,
dimethylformamide (DMF), dichloromethane, benzene, tetrahydrofuran (THF),
methanol, N,N-Disuccinimidyl carbonate (NHS-DSC), coomassie brilliant blue G,
thiazolyl blue tetrazolium bromide (MTT), Dulbecco’s modified eagle medium (DMEM)
GlutaMAX™, phosphate buffered saline (PBS), hydrogen peroxide solution 30 % were
purchased from Sigma-Aldrich, St. Louis. Ethylene oxide (EO) was purchased by Air
Liquide, Germany. Dimethyl sulfoxide (DMSO) was purchased from Acros, Germany.
Ammonium persulfate (APS), Roti®-Load 1, Rotiphorese® Gel 30 were purchased from
Car] Roth, Germany. Tetramethylethylenediamine (TEMED) was purchased from VWR,
Germany. 2,2"-azinobis-(2-ethylbenzthiazoline-6-sulfonate (ABTS) and Epoxy
butadiene (EPB) were purchased from Alfa Aesar, Germany. The PageRuler Prestained
Protein Ladder for SDS-PAGE and Oregon-Green™ 488 dextran (10 kDa) were
purchased from Thermo Scientific, Germany. Fetal calf serum (FCS), glutamine,
phosphate buffered saline (PBS, for cell culture), pyruvate and penicillin/streptomycin
were purchased from Invitrogen. Spectra/PORTM dialysis membranes regenerated
cellulose (RC) tubing molecular weight cut-oftf (MWCO) 1000 Da were purchased from
Spectrum Labs. DMSO-d6 was purchased from Deutero GmbH, Germany. All chemicals
were used as received without further purification unless stated otherwise. All used

organic solvents were purchased from different suppliers and distilled once prior use.
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Analytical Instrumentation

'H NMR and spectra were measured using a Bruker AMX400 spectrometer (256
Scans, and B-ACS 60 auto sampler) at 296 K. 2D NMR and *C NMR spectra were
measured on a Bruker Avance II 400 (100.5 MHz, 5 mm BBO probe, and B-ACS 60 auto
sampler) at 296 K. All spectra were processed with MestReNova v12 software and
referenced internally to residual proton signals of the deuterated solvent. Size exclusion
chromatography (SEC) data were obtained using Agilent 1100 Series equipped with PSS
HEMA-columns (106/104/102 A porosity) using DMF with 1 g/L LiBr as an eluent and
RI detection. Polydispersity indices (D = Mw/Mn) were determined with monodisperse
linear PEG standards from Polymer Standard Service GmbH (PSS). MALDI-ToF analysis
was performed using an rapifleXTM MALDI-TOF/TOF equipped with a 10 kHz
scanning Smartbeam 3D Laser (Nd:YAG at 355 nm) and 10 bit 5 GHZ Digitizer.
Analysis was performed in reflectormode positive for polymer and in linear mode
positive for protein and protein-PEG conjugates. DCTB was used as matrix and
dichloromethane as solvent for polymer samples and sinapic acid as matrix and

CH3CN/H20 1/1 as solvent was used for protein and protein-PEG conjugates.
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Polymer Synthesis

2D NMR spectra of P(EG-co-EPB) and P(EG-co-isoEPB) were already reported in a
previous publication.[!]
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Figure S1: '"H NMR spectrum (400 MHz, DMSO-ds) of mP(EGsi-co-EPBg).

) . || N

e el e A
2.47 1.84 0.45 14.01 314.39 3.00 5.56 7.46
7 6 5 4 3 2 1

chemical shift (ppm)

Figure S2: '"H NMR spectrum (400 MHz, DMSO-ds) of mP(EGs1-co-isoEPB).
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Figure S3: '"H NMR spectrum (400 MHz, DMSO-de) of mP(EGsi-co-isoEPBs)-NHS.
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Figure S$4: 3C NMR spectrum (400 MHz, DMSO-ds) of mP(EGs1-co-isoEPBs)-NHS.
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Figure S5: COSY NMR spectrum (400 MHz, DMSO-de) of mP(EGs1-co-isoEPBs)-NHS.
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Figure S6: HSQC NMR spectrum (400 MHz, DMSO-ds) of mP(EGs1-co-isoEPBg)-NHS.
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Figure S7: HMBC NMR spectrum (400 MHz, DMSO-ds) of mP(EGs1-co-isoEPBs)-NHS
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Protein Modification and Analysis
SDS-PAGE

The protein analysis by SDS-PAGE was performed like described elsewhere.[2] A
15% polyacrylamide gel (Rotiphorese® 30 gel mix) with a thickness of 0.75 mm (T
Spacer, Hoefer, USA) was prepared. Native cytochrome ¢ (1 mg/mL) and Cytdegprc (8
mg/mL) were dissolved in water. Denaturation of 15 L of the protein solutions were
achieved by adding 5 L of Roti®-Load 1 (Carl Roth) and heating in a boiling water bath
for 15 min. These 20 zL mixtures were loaded into separated pockets of the gel and 5 L
of Pre-Stained Protein Ladder (10-170 kDa) was used as marker. After gel running at 90
V for 60 min, and 60 min at 200 V, the gel was stained with Coomassie Brilliant Blue G.
The SDS-PAGE was imaged with FUSION PULSE TS (Vilber Lourmat Deutschland

GmbH) and processed with the Tmage Master' assistant™ Software (camera filter 2).

170 kDa

130 kDa
100 kDa

70 kDa

55 kDa
40 kDa

35 kDa

25 kDa

15 kDa
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Figure S8: SDS-PAGE (15%) of cytochrome ¢ (lane 1) and PEGylated cytochrome ¢ (lane
2). Pre-Stained Protein ladder (10-170 kDa) was used as marker. 120 yg of the modified
protein and 15 yg of the native cytochrome ¢ were analyzed.
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Circular Dichroism (CD)

Jasco J-815 Circular Dichroism spectrometer was used for CD measurements.
These measurements were carried out in quartz cells with a path length of 1 mm and
recorded at 20 °C using the Spectra Manager 2.08.04 software. Native cytochrome ¢ and
CytdegpEc were analyzed with concentrations of 0.1 mg/mL in 10 mm potassium
phosphate/50 mm Na2SO4 pH 7 buffer. All data points were collected with a resolution
of 0.1 nm and measurements were performed in triplets. The spectrum of the buffer was
subtracted as background from each measurement. Secondary structure was determined
with DichroWeb!® 4l using the analysis program CONTIN (reference set 7[°l). The

detailed comparison of secondary structure is in Table S2

Table S2: Calculated secondary structure elements for native Cyt and CytdegpEG (in %)
by DichroWeb using CONTIN.

Cyt CytdegPEG
a-helix 64.4 63.1
[f-sheet 3.9 2.5
turns 14.1 14.7
unordered 17.7 19.8
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Enzymatic Activity
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Figure S9: Results of the enzymatic activity assay of native Cyt compared to CytdegrE
in three individual measurements. The dark blue, grey and yellow straights show the
enzymatic activity of native lysozyme and the orange, light blue and green straight of

CytdegPEG.

Table S3: Slopes of absorbance change at 405 nm over time of individual measurements.
Through the mean of the three individual CytdegpEG measurements we obtained 91.4+5.0
% of the initial enzymatic activity.

slope - 1073 slope /%
Cyt1 1.3827 100
Cytaegric 1 1.2852 92.95
Cyt 2 1.4332 100
Cytiegpra 2 1.2147 84.75
Cyt3 1.4615 100
Cytaegpic 3 1.4119 96.61
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Nanoparticle Preparation
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Figure S130: Nanoparticle preparation by double emulsion. Cytdegrec is dissolved in
DCM, covered with a small amount of water, containing the hydrophilic payload OGD.
After sonication a w/o emulsion is obtained. Further addition of an aqueous phase and
a second ultrasonic treatment results in a w/o/w emulsion. After DCM removal a stable
nanoparticle suspension is obtained.

OGD Loading in Nanoparticles

After purification of the nanoparticle suspensions (Cytdegprc-NP) by dialysis (Float-
a-Lyzer®G2 Dialysis Device, MWCO 100 kDa, Spectrum Labs) for 4 hours, the OGD
content of the particles was determined by measuring the fluorescence (ex. 490 nm, em.
527 nm) of the particle suspension in comparison to an OGD standard in triplets of
100 gL using an Infinite® 200 PRO (Tecan) plate reader. The fluorescence of the

background (PBS pH 7.4) was subtracted from each measurement.
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Figure S11: Determination of encapsulated OGD in CytdegPEG-NP (red dot) using OGD
as standard (black squares). The amount of encapsulated OGD was determined to be
2.41£0.16 pm (24.13 pg/mL). The concentration of the particle material (CytdegPEG) is
assumed to be the initial concentration which was used for the particle preparation
(58.76 um, 2.75 mg/mL). This results in a loading ratio of 0.04 mol OGD per 1 mol
particle material (CytdegPEG).

The encapsulation efficiency (EE) and the loading content (LC) were calculated

with equations S1 and S2.

nOGD,enca sulated
EE (mol%) = £

-100% .S1
NoGp,feed (eq- S1)

LC (Wt(y) _ mOGD,encapsulated
0 —_

-100% (eq- S2)
mOGD,encapsulated + mCytdegPEG
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The encapsulated OGD was calculated with noGp,encapsulated) of 4.83 + 0.32 nmol.
The initial amount of noGD feed) of the unpurified Cytdegprc-NP suspension was 9.76 nmol.

This results in an encapsulation efficiency of 49.46 + 3.23%.

The loading content (LC) was calculated with m(oGD,encapsulated) of 48.26 + 3.15 pg
(n(OGD,encapsulated) = 4.83 + 0.32 anL M(OGD,encapsulated) = 10000 g/l’l’lOl) and M(CytdegPEG) of
2.75 mg (n(CytdegPEG) = 117.52 nmol, M(cytdegPEG) = 23400 g/mol), which results in a loading

content of 1.72 + 0.11%.
Nanoparticle Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) was performed on a NanoSight LM 14
equipped with a green laser (532 nm) and a marlin charged coupled device (CCD)
camera. Samples were diluted (1:25) in appropriate buffers and loaded into the
measurement cell. Movements of particles in the samples were recorded as videos for 30
seconds at 25 °C. The videos were analyzed with the NanoSight NTA 3.1 software

showing the mean values of three individual measurements.
Zeta-Potential

(-potential measurements were performed with a Zetasizer Nano ZS instrument
(Malvern). Three measurements with automatic measurement duration (between 10 and
100 runs) were performed. The refractive index (RI) of the dispersant (preset: water) was
set to 1.330 and the viscosity to 0.8872 cP. The RI of the particles was set to 1.45 with a
dielectric constant of 78.5. CytdegpEG-NPs were analyzed in a clear disposable folded

capillary cell at 25 °C. The results are summarized in Table S4.

Table S4: {-potential measurement of Cytdegpec nanoparticles. Nanoparticles show a
slightly negative (-potential due to the PEGylation of the surface amines on the proteins.

sample (-potential (mV)

CytdegpEG-NP -1.98 + 0.21

161



CLEAVABLE PEGS VIA COPOLYMERIZATION OF EO WITH EPB

Transmission Electron Microscopy (TEM)

CytdegpEG-NPs were drop-casted on a 300-mesh copper carbon grid from Plano
GmbH for TEM measurements (5 pl). The image acquisition was done with a
transmission electron microscope Tecnai T12 (FEI, acceleration voltage: 120 kV,

electron source: LaB6 BIO-TWIN cathode) equipped with a 4K CCD camera (Tietz).
Toxicity of Protein Material and Nanoparticles (MTT-Assay)

HeLa cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) fetal calf serum (FCS), 1% pyruvate and 1%
penicillin/streptomycin. Cell incubations were performed in a humidified incubator at
37 °C with 5% CO2 atmosphere. All used buffers were either autoclaved, sterile filtered
or already sterile when supplied and were preheated to 37 °C. Cells were grown in 75

cm? or 25 cm? standard cell culture flasks.

Cells were seeded in 96 well plates with a density of 1.5 - 104 cells per well. After
cell attachment overnight, the cell culture media was removed and 100 pL of different
dilutions of the samples were added as triplets to the well plate. For this, native Cyt,
CytdegpEG and CytdegpeG-NP were diluted with culture media to concentrations of 23.50—
0.73 pm. After an incubation time of 48 h (37 °C, 5% CO2) a solution of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) in medium (40 zL, 3.0 mg/mL)
was added to each well and incubated for additional 30 min. After removal of the
medium a mixture of DMSO (200 pL/well) and 0.1 m glycine buffer (25 pgl/well, pH 10)
was added. 50 pL of each well of this purple DMSO solution was added to fresh clear-
bottom 96-well assay plate (Greiner Bio-One) containing a mixture of glycine buffer (17
pL/well, pH 10) and DMSO (133 pl/well). With an Infinite® 200 PRO (Tecan) plate
reader the absorbance at 570 nm and 690 nm (background) were measured and the
background was subtracted. The cell viability of sample treated cells were compared to

untreated cells.
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3.1 Predefined Cleavage Sites in Degradable Polymers Installed via

Statistical Copolymerization: How reactivity ratios determine

the Fragment distribution

Johannes Ewald,"? Jan Blankenburg,’? Holger Frey™"

Department of Chemistry, Johannes Gutenberg University, Duesbergweg 10-14, 55128 Mainz,
Germany

2TransMed Mainz Research School of Translational Biomedicine

3Graduate School Materials Science in Mainz, Staudinger Weg 9, 55128 Mainz, Germany

to be submitted
Influence of increasing
gradient microstructure
Degradation
=
0 20 0 40 50 60 70 80 90 100
e "
o) o et sssssseemsssssst, o, Degradation 1,
DR SO M O M MDD o MBI IO, PO -
LN T e ———
X 50000 DOOOBCCIIOTIICIITOIDCOIDIGOSDEEOOIDIIDIICOOIEOIGIO00 GO0 SHIOOIDIG0E 00000
10 20 30 40 50 60 70 80 90
P,
07 i
Degradation )
— s 2
0 20 30 40 50 60 70 80 90 3 g l i
P, 02 F !
o ! 1 v
e o o

167



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

3.1.1 ABSTRACT

We present a novel approach to acid labile, vinyl ether functional poly(ethylene
glycol) (PEG). By classical anionic ring-opening (co)polymerization (AROP) of ethylene
oxide (EO) with ethoxyethyl glycidyl ether (EEGE) and subsequent post-polymerization
modification, methylene ethylene oxide (MEO) moieties at the polyether backbone
(P(EG-co-MEQ)) were obtained. The copolymers were hydrolytically degraded and the
influence of the comonomer fraction and their distribution on the size and dispersity of
the fragments was analysed via SEC. Copolymers with molecular weights of
approximately M, = 4,000 g mol! and A, = 8,000 g mol™!, 6 mol% and 11 mol% EEGE
content and low dispersities (D < 1.12) were obtained, subsequently modified and
hydrolysed. The size of the fragments was found to range between A, = 560 g mol ! and
My =930 g mol! (depending on the comonomer content), with moderate dispersities of
D = 1.54 - 1.67. Using a Monte Carlo simulation, (i) ideally random, (ii) slightly tapered
and (iii) strongly gradient copolymer microstructures were simulated, based on
parameters from several experimental copolymerization examples. These copolymers
were degraded ‘in silico”and the size of the resulting fragments was analysed, showing
a loss of control of the fragment size distribution with increasing gradient of the

microstructure.

168



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

3.1.2 INTRODUCTION

The cleavage and programmed degradation of polymer chains can be a crucial feature
for various biomedical applications. For example, polymer-based drug delivery systems
or hydrogels as scaffolds for tissue engineering require cleavage of the polymer chains
to release entrapped therapeutic molecules or to ensure degradation of temporary
scaffold structures.! Although poly(ethylene glycol) (PEG) is commonly known as the
“gold standard” of polyethers in biomedical applications and has already seen extensive
use for decades, the chemically inert backbone lacks degradability under physiological
conditions, thus the polymers have to be excreted through the kidneys when applied in

the body.

While the non-degradability can be overcome by the synthesis of degradable PEGs,
an important and usually undervalued aspect is the size of PEG fragments after
degradation. Nevertheless, this is highly relevant, as PEGs with a molecular weight of
My < 400 g mol! were reported to exhibit toxic effects.? This molecular weight limit is
of particular importance for safe application of degradable PEGs. Most applications rely
on PEG chains that exceed this lower limit, however this limit is especially relevant for
PEG fragments after degradation.® This highlights the significance of techniques to
introduce cleavable moieties in a defined and tailorable fashion to minimize possible
toxic effects. Controlling the fraction and position of predefined cleavage sites alongside
the polymer backbone is of crucial relevance, as microstructure, i.e. gradient vs. random

directly affects the size of the polymer fragments formed.

Among the numerous approaches to introduce cleavage sites into the polyether
backbone of PEG that have been developed so far, vinyl ethers are the most promising
functional group to achieve this particular goal. As reported by our group, intrinsically
cleavable vinyl ether containing PEGs combine fast hydrolysis kinetics already at pH 5

with excellent stability at pH 7.4 as well as under dry conditions for storage.*> Adequate
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stability is an essential characteristic not only for long-term storage, handling and
application-specific chemical modification of these materials. It is also substantial to
prevent undesired and preliminary cleavage of the polymer backbone during the
designated application, as long as the specific stimulus is absent (e.g. on the way to the
targeted tissue or cellular compartment). On the other hand, fast hydrolysis kinetics is
required to ensure degradation within a reasonable timeframe in the place of action,
triggered by a specific stimulus. This unique combination of superb stability and fast
hydrolysis kinetics with physiologically relevant pH values as a trigger mechanism
renders vinyl ether containing PEGs promising candidates for various biomedical

applications.

The general principle of introducing vinyl ethery moieties into the backbone of PEG
was initially demonstrated by Lynd et al. in 2012.# The copolymerization of ethylene
oxide (EO) with epichlorohydrin (ECH) via monomer-activated anionic ring-opening
polymerization and subsequent elimination of the chloride was performed to obtain
poly[(ethylene glycol)-co-(methylene ethylene oxide)] (P(EG-co-MEO)) with acid-labile
vinyl ether sites distributed in the polyether chain. However, these copolymers exhibit a
rather broad molecular weight distribution (D = 1.25 - 1.34) and ill-defined end groups
as a result of the monomer-activated polymerization technique. As recently shown by
Danner et al, this copolymerization also results in a strong gradient copolymer
microstructure (reo = 9.2, recn = 0.1), giving a non-random distribution of cleavage sites
along the polymer backbone as well as a broad molecular weight distribution of the

fragments formed after cleavage.®

Another promising leaving group-containing epoxide monomer besides ECH is
glycidyl tosylate (GlyTs), which was recently copolymerized by our group via
monomer-activated anionic ring-opening polymerization.” The obtained series of

copolymers with EO or propylene oxide (PO) P(EG-co-GlyTs) and P(PO-co-GlyTs) were
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utilized in various post-polymerization modifications by nucleophilic substitution of the
excellent tosylate leaving groups. The monomer-activated copolymerization of EO and
GlyTs results in rather high dispersities (D = 1.50 — 1.70) and a slight gradient copolymer
microstructure as well (reo = 2.2, rgyts = 0.45), as was demonstrated by SEC and

in situ NMR kinetics studies.

Both ECH and GlyTs copolymers with EO have to be synthesized via monomer-
activated technique.® They share the same disadvantages that are characteristic for this
polymerization technique, as mentioned above. The copolymerization of EO with ECH
or GlyTs wia conventional anionic ring-opening (co)polymerization (AROP) is not
possible because of the highly nucleophilic nature of the alkoxide initiator and the active
chain end, which would result in a nucleophilic substitution of the chloride or tosylate,
respectively. The established AROP of EO and 3,4-epoxy-1-butene (EPB) followed by
subsequent isomerization of the allyl ether moieties to vinyl ethers is another suitable
pathway to install vinyl ether containing PEG copolymers.> These materials have
already been demonstrated to possess promising potential for biomedical applications,
e.g. for degradable PEG hydrogels.”!® However, this copolymerization also results in a

weak gradient copolymer microstructure (reo = 2.8, repp = 0.35).

To the best of our knowledge, no approach has been reported so far that combines the
favourable properties of polyether copolymers obtained via classical AROP, such as
tailorable molecular weight and comonomer content, low dispersity and well-defined
polymer end groups, with randomly distributed predefined vinyl ether cleavage sites in

the polyether backbone.
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Scheme 1: Copolymerization of EEGE and subsequent tosylation and elimination as a
route to introduce vinyl ether moieties into the backbone of PEG.

In this work we present a novel approach to vinyl ether containing PEGs that relies
on the established AROP. The post-polymerization modification of P(EG-co-EEGE), a
random copolymer (rgo = 1.05, reece = 0.94) that is accessible via conventional AROP,
gives access to P(EG-co-GlyTs) with a random copolymer microstructure and after
subsequent elimination leads to vinyl ether containing P(EG-co-MEO) (Scheme 1).!! By
cleavage of the acetal protecting groups of P(EG-co-EEGE) and transformation of the
hydroxyl groups of the resulting linear polyglycerol copolymer P(EG-co-/inPG) to
excellent leaving groups like tosylates, vinyl ether moieties can be generated via simple
elimination. Using this approach, we obtained a series of copolymers with narrow
molecular weight distributions (P < 1.12) and targeted molecular weights in the range
of My = 4,000 g mol™ to M, = 8,000 g mol! with a comonomer content of 6 mol% and 10
mol%, respectively. These copolymers were subsequently modified to vinyl ether
containing PEGs, while maintaining the low dispersity. Additionally, we investigated in
an experimental study the influence of the comonomer content on the fragment size and
dispersity after degradation. These values were compared to different copolymer

microstructures that were degraded in an “n silico”simulation.
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3.1.3 RESULTS AND DISCUSSION

3.1.3.1 SYNTHESIS AND DEGRADATION OF P(EG-co-MEQ) COPOLYMERS

All copolymers were synthesized via classical AROP in THF and subsequently
transformed by common post-polymerization reactions as shown in Scheme 1 and 2. The
copolymerization of EO with EEGE and deprotection of the copolymer was initially
described by Mangold ef al in 2010.12 To demonstrate the versatility of this approach
and the control over molecular weight and comonomer content, a series of copolymers

was synthesized according to the first step presented in Scheme 2.
3.1.3.1.1 Polymer Synthesis and Characterization

1. KO'Bu, THF / Benzene \ro\/ \ro\/
2.nQ + mp 0.0
T

©/\o/\/°H — @Ao{\/o%);tu ﬂ» ©/\O,(\,o%):0tw|e

n+1 THF n+1

1. NaH

Scheme 2: Copolymerization of P(EG-co-EEGE) and methylation of the terminal
hydroxyl group.

To prevent undesired side reactions at the chain end of the polymers, the terminal
hydroxyl group of all samples was transformed to a chemically inert methoxy group vza

methylation. The key characterization data for these polymers is summarized in Table 1.

2-(Benzyloxy)ethanol was used as an initiator to allow for the determination of the
molecular weight and comonomer content via 'H NMR spectroscopy. A series of
copolymers with molar fractions between 6 mol% and 11 mol% and molecular weights
slightly exceeding M, =4,000 g mol! and A, = 38,000 g mol! were obtained, as

determined via 'H NMR spectroscopy (Figure S1-4).
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Table 1: Characterization data for P(EG-co-EEGE) copolymers.

EEGEtheo EEGE2 Mntheo Mna M}b Db

/mol%  /mol% /gmol! /gmol! /gmol! =M,/ M,

P(EGs2-co-EEGEs) 5 6 4000 4,290 3,390 1.08
P(EG1s2-co-EEGE ) 5 6 8,000 8210 5820 1.12
P(EG76-co-EEGEs) 10 9 4000 4,500 3,460 1.07
P(EG129-co-EEGE17) 10 11 8,000 8110 5,790 1.10

*Determined via 'H NMR spectroscopy, "determined via SEC (RI detector, DMF, PEG standards)

These results are in good agreement with the targeted values for the molar content of
EEGE of 5 mol% and 10 mol% and the targeted molecular weights of A, = 4,000 g mol™

and M, = 8,000 g mol ', respectively.

The molecular weights determined via SEC in DMF using PEG standards show a
significant deviation from the targeted values, an effect that can be explained by the
different hydrodynamic radii of the copolymers compared to the PEG standards.
Copolymers with narrow molecular weight distributions and low dispersities (D < 1.12)
were obtained, as is shown in Figure S25. Detailed NMR and SEC data can be found in

the Supporting Information.

3.1.3.1.2 Post-Polymerization Reactions and Degradation

After blocking the terminal w-hydroxyl group, linear polyglycerol copolymers
P(EG-co-linPG) were obtained after subsequent cleavage of the acetal protecting group
of EEGE. Quantitative cleavage of the acetal protecting groups was confirmed vza 'H
NMR spectroscopy, as no characteristic acetal signals (4.66 ppm) and methyl proton

signals belonging to the ethoxyethyl groups (1.10 ppm) were found anymore
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(Figure S5-8). The deprotection was carried out in a very convenient way by stirring the
copolymer solution in DCM/MeOH 1:1 (v/v) over an ion exchange resin and subsequent
removal of the ion exchange resin by filtration. These results are in full accordance with

literature.1?

39
o
\r I~ 0=\§
o OH
%()i o Dowex 50WXs p-TsCl
Lo} e Me Me
—_— —_—
o«(\/ oa’ 0,6\/0 oa' o{\/o Oa’
n+1 m m DCM n+1 m

DCM/MeOH n+1

Scheme 3: Cleavage of the acetal protecting groups of P(EG-co-EEGE) and subsequent
tosylation of P(EG-co-linPG).

The hydroxyl groups were converted into tosylate groups by the straightforward
reaction with p-toluenesulfonyl chloride (p-TsCl) in DCM (Scheme 3), resulting in the
corresponding P(EG-co-GlyTs) copolymers. To prevent undesired side reactions, the

polymers were purified and analysed after every step during the post-polymerization

modification.
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Figure 1: 'H NMR spectrum (400 MHz, DMSO-ds) of P(EGs2-co-GlyTss).

Figure 1 demonstrates for the P(EGs2-co-GlyTss) copolymer that the //nPG moieties
were quantitatively transformed into glycidyl tosylates, as determined from 'H NMR
spectroscopy. The integration of the new aromatic signals at 7.78 ppm and 7.42 ppm as
well as the new signals at 4.10 ppm and 3.98 ppm, characteristic for glycidyl tosylates,
is congruent with the expected values. Dialysis was necessary for the purification of the

copolymers, as sufficient separation from the excess of p-toluenesulfonyl chloride was
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not possible by precipitation — neither using pure cold diethyl ether nor a mixture of

acetone/diethyl ether 1:1 (v/v) as a non-solvent.

P(EGaz-co-EEGEs) (M_:3390 g/mol; D:1.08)
P(EGaz-co-linPGs) (M_: 3340 g/mol; £:1.07)
P(EGaz-co-GIyTss) (Mn: 3740 g/mol; D: 1.08)

10%
molar mass [g/mol]

Figure 2: SEC traces (RI detector, solvent DMF, PEG standards) of P(EGsz-co-EEGE:),
P(EGsz-co-1inPGs) and P(EGsz-co-GlyTss) copolymers.

The SEC traces of P(EGs2-co-EEGEs5) before and after cleavage of the acetal groups
and after subsequent tosylation are shown in Figure 2. There is no significant difference
between the acetal-protected and deprotected form of the copolymers (blue and green
lines). After tosylation, the average molecular weight increases significantly (red line),
due to the addition of the relatively bulky tosylate groups to the copolymer backbone.
As SEC only refers to hydrodynamic radii, the effect of increasing molecular weight

upon tosylation could only be qualitatively illustrated, but not quantitatively analysed.

KO'Bu ,{VOWL %Me H;0" o
O A (o) m —_— \0’6\/ (o]

Toluene

Scheme 4: Elimination of P(EG-co-GlyTs) to obtain P(EG-co-MEOQO) and subsequent
hydrolysis of the vinyl ether moieties.

The final transformation of P(EG-co-GlyTs) to P(EG-co-MEO) is shown in

Scheme 4. It can be monitored by 'H NMR spectroscopy, as demonstrated for
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P(EGs2-co-MEQ:s) in Figure 3. After the elimination step, no other aromatic proton

signals can be found, except for the signals assigned to the benzyl group of the initiator.
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Figure 3: 'TH NMR spectrum (400 MHz, DMSO-ds) of P(EGsz-co-MEO:s).

Instead, very distinctive signals for vinyl ethers appear at a chemical shift of
4.16 ppm and 4.11 ppm. The integral of these signals and the absence of characteristic
aromatic proton signals support quantitative transformation of the glycidyl tosylate

moieties into vinyl ethers and the successful separation from the resulting potassium

tosylate salt.

As shown in Figure 4 for P(EGs2-co-GlyTss), the SEC traces of the copolymers after

the elimination reaction show no unwanted preliminary cleavage of the copolymers.

P(EGsz-co-GIyTss) (Mn: 3740 g/mol; D: 1.08)
P(EGsz-co-MEos) (Mn: 3280 g/mol; D: 1.04)
- - - P(EGBz-co-MEos) Hyd (Mn: 760 g/mol; D: 1.67)

10*
molar mass [g/mol]

Figure 4: SEC traces (RI detector, solvent DMF, PEG standards) of P(EGsz-co-GlyTss)
and P(EGsz-co-MEOQs) copolymers and P(EGsz-co-MEQO:s) after hydrolysis.
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Incubation at acidic conditions of the vinyl ether containing polyethers results in
hydrolytic degradation of these materials. To analyse the influence of the number of
cleavage sites on the size distribution of the copolymer fragments after hydrolysis, the
SEC data of all copolymers before and after hydrolytic degradation was investigated. To
achieve full cleavage, 15 mg of the polymer was dissolved in 200 pL. DCM and treated
with 100 pL 10% HCI in MeOH for two hours. Two major trends can be observed
(Figure 5 and Table 2): (i) the higher the content of cleavage sites in the polymer
backbone, the smaller the fragments are after cleavage. This can be observed both for
the average molecular weights as well as for the maxima of the fragment molecular
weight distributions. (ii) The molecular weight of the copolymer does not have a
significant influence, the comonomer content (EEGE) determines the size of the
fragments.

Table 2: Characterization data for P(EG-co-MEO) copolymers before and after
hydrolytic degradation.

before degradation after degradation
MEO? My pP M pP M;P (Max.)

/mol%  /gmol' =M,/ M,|/gmolt =AM, /M, /gmol!

P(EGs;-co-EEGEs) 6 3,390 1.08 760 1.67 1,220
P(EG52-co-EEGE ) 6 5,820 1.12 930 1.65 1,340
P(EG6-co-EEGEy) 9 3,460 1.07 620 1.61 940
P(EG129-co-EEGE17) 11 5,790 1.10 560 1.54 770

*Determined via "H NMR spectroscopy, "determined via SEC (RI detector, DMF, PEG standards).

For example, P(EGs2-co-EEGEs) exhibits an average molecular weight of
My =3,390 g mol! (SEC), which decreases to M, =760 g mol! after degradation. The

maximum of the distribution drops from A, = 3,280 g mol™! to M, = 1,220 g mol'!. This
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trend can also be observed for P(EG1s2-co-EEGE19), sharing the same fraction of cleavage
sites at a higher molecular weight of the original copolymer. By increasing the fractional
content of comonomer and therefore the number of cleavage sites distributed along the
copolymer backbone, the average molecular weight distributions and their maxima after
hydrolysis shift significantly, as shown for P(EG7s-co-EEGEs) and P(EG120-co-EEGE17).
Again, similar EEGE content results in a similar size distribution of the fragments,

regardless the varying original molecular weight of the copolymer before hydrolysis.

- - —P(EGsz-co-MEOS) Hyd (Mn: 760 (Max.: 1217) g/mol; P: 1.67)
P(EGaz-co-MEOE) (Mﬂ: 3280 (Max.: 3409) g/mol; D: 1.04)

— — —P(EG _,-co-MEO_ ) Hyd (M : 930 (Max.: 1335) g/mol; £): 1.65)
P(EG152-co-MEOw) (Mn: 5420 (Max.: 5637) g/mol; D: 1.07)
- P(EGTE-co-MEOa) Hyd (M : 620 (Max.: 944) g/mol; £: 1.61)
P(EG_ -co-MEQ_) (M_: 3290 (Max.: 3283) g/mol; £: 1.08)

- - P(EG129-co-ME017) Hyd (Mﬂ: 560 (Max.. 772) g/mol; D: 1.54)
P(EG ,,-co-MEQ ) (M : 5170 (Max.: 5270) g/mol; D: 1.04)

molar mass [g/mol]

Figure 5: SEC traces (RI detector, solvent DMF, PEG standards) of P(EG-co-MEO)
copolymers before (solid lines) and after hydrolysis (dashed lines).

From this comparison, we demonstrate that effective control over the fragment size
distribution can be achieved by adjusting the EEGE content. The fragment size
distribution is independent of the original molecular weight of the copolymer, as
expected. Furthermore, moderate dispersity was obtained for the fragment distribution,

with b =1.54 - 1.67.

Overall, these results validate the successful synthesis and degradation of vinyl
ether containing P(EG-co-MEO) copolymers, obtained via a convenient post-
polymerization elimination strategy. This new approach offers control over the size of

the polymer fragments after degradation with moderate dispersities, while preserving
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the desired advantages of polymers synthesized by classical AROP, avoiding limitations

inherent to the monomer-activated technique.

3.1.3.2 COMPARISON OF DIFFERENT STATISTICAL INCORPORATION PATTERNS

OF CLEAVAGE SITES

In cases in which the cleavable moieties are introduced by copolymerization of EO
with a comonomer that introduces the cleavable moiety, the distribution of comonomers
and (therefore cleavage sites) along the polymer backbone is predefined by the statistics
of the respective copolymerization. This ties the copolymerization parameters directly
to the molecular weight and dispersity of the polymer fragments after degradation. For
each particular pair of comonomers with known copolymerization parameters,
Monte Carlo simulation of the copolymer microstructure and therefore the distribution
of cleavage sites alongside the polymer backbone is possible. The Monte Carlo
simulation was performed assuming perfect living anionic polymerization conditions
and for full conversion, according to the procedure recently described by Blankenburg
et al’? Subsequently, this data can be used to determine the molecular weight and
molecular weight distribution of the fragments after simulated degradation of the
copolymers. To assess the effect of different copolymer microstructures on the fragment
size and size distribution, we use this “in silico” approach to simulate the outcome for
three exemplary copolymerizations, that cover the range from (a) ideally random (AROP
of EO and EEGE, this work; reo = 1.05, reece = 0.94) over (b) slight gradient (EO with
EPB; reo = 2.8, reps = 0.35) to (c) strong gradient (EO with ECH, reo = 9.2, recu = 0.1)
microstructures. The reactivity ratios can be translated to the distribution of cleavage

sites.11.9:6
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Figure 6: Sample of ten individual copolymer chains obtained by a Monte Carlo
simulation performed for the polymer composition a) P(EGs2-co-MEOs), b) P(EGsz-co-
EPBs) and ¢) P(EGsz-co-ECHs).

Figure 6 illustrates the position of the degradable moieties (red) in the polymer
backbone, as calculated via a Monte Carlo simulation for each of the copolymer
microstructures mentioned above. A copolymer composition of P(EGsz-co-Xs), was
chosen to compare the simulated data to experimental results presented in this work.
The different copolymer microstructures are evident in the simulated copolymer chains.
While the copolymer P(EGsz-co-EEGEs) shows an even distribution of both comonomers
(blue: EG, red: EEGE) in its polymer backbone, the slight gradient microstructure of
P(EGs2-co-EPBs) is already clearly visible. The EPB (red) units accumulate towards the
end of the polymer chains compared to the sample above. This behaviour is even more
pronounced in the third example, P(EGsz-co-ECHs). The accumulation of ECH (red)

units at the end of the polymer chain reflects the strong gradient microstructure.
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Figure 7: Calculated hydrolysis data for a) P(EGs2-co-MEOs), b) P(EGsz-co-EPBs) and
C) P(Eng-CO—ECHs).

The Monte Carlo simulation was then used to calculate the molecular weight
distribution of the copolymer fragments after simulated cleavage at the predefined
cleavage sites (Figure 7). The ‘In silico”degradation of the copolymer P(EGsz-co-MEOs)
can be compared to experimental data presented in this work. The simulation resulted
in a molecular weight of M, = 650 g mol! with a moderate dispersity of D = 1.87, which
is close to the experimental results of A, =760 g mol' and D = 1.67. As calculated for
the copolymers P(EGsz-co-EPBs) and P(EGsz-co-ECHs), the increasing gradient
microstructure leads to increasingly ill-defined fragments with molecular weight

distributions of A, = 760 g mol™! and M, = 1,240 g mol’!, exhibiting high dispersities of

D = 2.14 and D = 2.00, respectively.

Overall, this data shows clearly the influence of the copolymer microstructure on
the copolymer fragments after degradation. Evenly distributed cleavage sites are a key
requirement, since they result in rather defined fragments with tailorable size, while

gradient microstructures result in broader molecular weight distributions of fragments,

indicating a loss of control over the fragment size and dispersity.
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3.1.4 CONCLUSION

In summary, we have developed a novel synthesis route to obtain vinyl ether PEGs.
This route capitalizes on the reactivity ratios of (co)polymers of EO and glycidyl ethers
obtained via classical AROP with evenly distributed predefined cleavage sites along the
copolymer backbone and low overall dispersity. As smaller PEGs are associated with
toxic effects, tailoring and fine-tuning the size and dispersity of PEG fragments is

important for biomedical use of cleavable PEGs.

The copolymerization of EO with EEGE via classical AROP permits precise
adjustment of molecular weights and comonomer composition of the resulting P(EG-co-
EEGE) copolymers. This reaction resulted in well-defined copolymers (D < 1.12) with
molecular weights of approximately A, = 4,000 g mol! and M, = 8,000 g mol! and
6 mol% and 11 mol% EEGE content. These copolymers were subsequently converted to
vinyl ether containing P(EG-co-MEO) by a series of common post-polymerization
reactions. SEC measurements after hydrolysis of theses acid-labile copolymer showed
that the dispersity of the fragments was moderate (P = 1.67 - 1.54) and the size could be
adjusted by the comonomer fraction (A= 560 - 930 g mol!). Furthermore, an ‘In
silico” approach via a Monte Carlo simulation showed that an increasing gradient
copolymer microstructure leads to increasingly ill-defined fragments with high
dispersity. Thus, disparate reactivity ratios result in a loss of control over fragment size
and size distribution. The conclusions of this work are general in their nature and can
be universally applied to degradable copolymers obtained by copolymerization of

monomers containing labile moieties, i.e. predefined cleavage sites.
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3.1.5 EXPERIMENTAL

As an example, all procedures are described for P(EGsz-co-EEGEs) and were

accordingly adopted for all copolymers presented in this work!2.

Synthesis of P(EGsz2-co-EEGEs). In a flame dried Schlenk flask, potassium ters
butoxide (66 mg, 0.59 mmol) and 2-(benzyloxy)ethanol were dissolved in benzene (5 mL)
and dry THF (5 mL), stirred under slightly reduced pressure at 60 °C for 30 min and
subsequently dried in high vacuum for 16 hours. The resulting initiator salt was dissolved
in 20 mL of dry THF and ethylene oxide (5 mL, 0.11 mol) was cryo-transferred via a
graduated ampule. The copolymerization was carried out at 60 °C until full conversion
was achieved (reaction control via 'TH NMR) and terminated using 2 mL of methanol.
After purification via dialysis against methanol for 24 hours (MWCO 1000 Da), the
purified copolymer was dried in vacuum for at least 24 hours. (Yield: 80 %). 'H NMR
(400 MHz, DMSO-d&): 6 [ppm] 7.38-7.25 (m, 4.78H, Bz), 4.66 (m, 4.97H, H3C-CHO3),
4.49 (s, 2H, Bz-CF2-0), 3.70-3.40 (m, 360H, CF50), 1.18 (d, 14.3H, C/H5-CHOy), 1.10 (4,

14.4H, CI5-CH,).

Methylation of P(EGsz-co-EEGEs). To a solution of P(EGsz-co-EEGEs) (3.00 g,
0.75 mmol) in dry THF (5 mL), sodium hydride (99 mg, 4.13 mmol) was added and the
mixture was stirred at room temperature for 30 minutes. Methyl iodide (233 pL,
3.75 mmol) was added and the reaction was carried out at room temperature for
24 hours. Remaining methyl iodide was quenched by the addition of triethyl amine and
the copolymer was purified by dialysis against methanol for 24 hours (MWCO 1000 Da).
The copolymer was obtained after drying in vacuum. (Yield: 80%) 'H NMR (400 MHz,
DMSO-dk): S [ppm] 7.38-7.25 (m, 5H, Bz), 4.66 (m, 4.94H, H3C-CHOz), 4.49 (s, 1.99H,
Bz-CIR2-0), 3.70-3.40 (m, 387H, CHH0), 3.24 (s, 3.56H, CH5-OCH,), 1.18 (d, 14.8H, C -

CHO»), 1.10 (t, 15zH, C/5-CHa).
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Synthesis of P(EGsz-co-inPGs). P(EGs2-co-EEGEs) was  dissolved in
methanol/dichloromethane 1:1 (v/v) and stirred over Dowex 50WX8 at room
temperature for 24 hours. The ion exchange resin was removed by filtration and the
copolymer was obtained by removal of the solvent and subsequently drying at high
vacuum. (Yield: 95%) "H NMR (400 MHz, DMSO-ds): & [ppm] 7.38-7.25 (m, 5H, Bz),

4.49 (s, 2.08H, Bz-CH2-0), 3.70-3.40 (m, 391H, C H;0), 3.24 (s, 4.09H, C H3-OCH>).

Synthesis of P(EGsz-co-GlyTss). The methylated P(EGsz-co-/inPGs) (1.50 g,
0.38 mmol) was dissolved in 5 mL of dry DCM. To this solution, p-toluenesulfonyl
chloride (1.03 g, 6 mmol), triethyl amine (832 pL, 6 mmol) and DMAP (14 mg,
0.11 mmol) were slowly added under stirring and the reaction was conducted at room
temperature for 24 hours. After dialysis against methanol for 24 hours
(MWCO 1000 Da), the purified copolymer was obtained after drying under high
vacuum. 'H NMR (400 MHz, DMSO-d): & [ppm] 7.81-7.75 (m, 7.78H, Ts), 7.63-7.58 (m,
1.23H Ts), 7.51-7.39 (m, 9.91H, Ts) 7.38-7.25 (m, 5H, Bz), 7.14-7.10 (m, 0.61H, Ts) 4.49
(s, 1.65H, Bz-CHR2-0), 4.14-4.08 (m, 3.92H, TsO-CH-CH), 3.99-3.94 (m, 3.76H, TsO-
CH,-CH), 3.70-3.40 (m, 359H, CF50), 3.24 (s, 2.86H, CH5-OCH,), 2.45-2.38 (2s, 13.9H,

OTs-CHs).

Synthesis of P(EGsz-co-MEOs). To a solution of P(EGsz-co-GlyTss) (245 mg,
0.06mmol) in dry toluene (1 mL), potassium fertbutoxide (75 mg, 0.6 mmol) was added
and the mixture was stirred at room temperature for 24 hours. After washing three times
with water, the copolymer was precipitated in cold diethyl ether and dried under high
vacuum. (Yield: 60 %) "H NMR (400 MHz, DMSO-d): 6 [ppm] 7.38-7.25 (m, 5.02H, Bz),
4.49 (s, 2H, Bz-CFH5-0), 4.16 (s, 4.38H, CH-C), 4.11 (s, 3.91H, CH5-C), 3.88-3.38 (m,

352H, CFH0), 3.24 (s, 3.70H, CHs-OCHb).

Hydrolysis of P(EGsz-co-MEQOs). 15 mg of P(EGsz-co-MEOs) was dissolved in DCM

(200 pL) and treated with 100 pL of 10% HCI in methanol. After incubation for 2 hours,
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the solution was neutralized by the addition of NaHCO3 and the molecular weight

distribution of the fragments was analysed by SEC.
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3.1.7 SUPPORTING INFORMATION

Chemicals and Analytical Instrumentation

All chemicals, solvents and materials were purchased from standard commercial
suppliers (Acros, Sigma-Aldrich, Fisher Scientific Alfa Aesar, TCI). Ethylene oxide (EO)
was purchased from Air Liquide. DMSO-ds was purchased from Deutero GmbH. All

chemicals were used as received without further purification unless stated otherwise.

'H NMR spectra were measured using a Bruker AMX400 spectrometer (256 Scans,
and B-ACS 60 auto sampler) at 296 K. 'H NMR kinetic spectra were recorded at
400 MHz on a Bruker Advance III HD 400 (5 mm broad band fluorine observation
(BBFO)-SmartProbe with z-gradient and Automated tuning and matching (ATM)).
2D NMR and 3C NMR spectra were measured on a Bruker Avance II 400 (100.5 MHz,
5 mm BBO probe, and B-ACS 60 auto sampler) at 296 K. All spectra were processed with
MestReNova v10.0.1 software and referenced internally to residual proton signals of the

deuterated solvent.

Size exclusion chromatography (SEC) data were obtained using Agilent 1100 Series
equipped with PSS HEMA-columns (106/104/102 A porosity) using DMF with 1 g/L LiBr
as an eluent and RI detection. Polydispersity indices (D = Mw/Mn) were determined

with monodisperse linear PEG standards from Polymer Standard Service GmbH (PSS).
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Figure S1: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EGs2-co-EEGEs).
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Figure S2: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG152-co-EEGE).
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Figure S3: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG7¢-co-EEGE3).
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Figure S4: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG129-co-EEGE17).
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Figure S5: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EGs2-co-1inPGs) after

methylation.
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Figure S6: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG1s2-co-linPGio) after

methylation.
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Figure S7: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG7¢-co-1inPGs) after

methylation.
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Figure S8: '"H NMR spectrum (400 MHz, DMSO-dj) of P(EG129-co-linPG17) after

methylation.
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Figure S9: '"H NMR spectrum (400 MHz, DMSO-dt) of P(EGs2-co-GlyTss).
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Figure $10: 3C NMR spectrum (100 MHz, DMSO-ds) of P(EGsz-co-GlyTss).
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Figure S11: 'H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of P(EGs2-co-GlyTss).

T
0

R

w

v

10

F11

F12

F-10

10

20

30

k40

50

60

70

I 80

90

100

110

120

130

140

150

T T T T T T T T T T T T T T
12 11 10 9 8 7 6 5 4 3 2 1 0 -1
chemical shift (ppm)

Figure S12: 'H,13C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of
P(EGs2-co-GlyTss).
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Figure S13: 'H,’*C HMBC NMR spectrum (400 / 100 MHz, DMSO-ds) of
P(EGs2-co-GlyTss).
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Figure S14: '"H NMR spectrum (400 MHz, DMSO-dk) of P(EG152-co-GlyTs10).
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Figure S15: '"H NMR spectrum (400 MHz, DMSO-d&) of P(EG76-co-GlyTss).
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Figure S16: 'H NMR spectrum (400 MHz, DMSO-db) of P(EG129-co-GlyTs17).
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Figure S17: 'H NMR spectrum (400 MHz, DMSO-dk) of P(EGs2-co-MEO:s).
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Figure S18: 3C NMR spectrum (400 MHz, DMSO-ds) of P(EGsz-co-MEOs).
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Figure $S19: '"H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of P(EGsz-co-MEO:s).
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Figure S20: 'H,®C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of
P(EGs2-co-MEOQ:s).
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Figure S21: 'H,3C HMBC NMR spectrum (400 / 100 MHz, DMSO-d)
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Figure S22: '"H NMR spectrum (400 MHz, DMSO-db) of P(EG152-co-MEOny).
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Figure S23: '"H NMR spectrum (400 MHz, DMSO-d&) of P(EG76-co-MEOs).
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Figure S24: '"H NMR spectrum (400 MHz, DMSO-ds) of P(EG129-co-MEO17).
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P(EGsz-co-EEGES) (Mn: 3390 g/mol; D: 1.08)
P(EG,;,-co-EEGE ) (M, : 5820 g/mol; D: 1.12)
P(EG,,-co-EEGE) (M, : 3460 g/mol; D: 1.07)
P(EG129-co-EEGE17) (Mn: 5790 g/mol; B: 1.10)

10*
molar mass [g/mol]

Figure S25: SEC traces (RI detector, solvent DMF, PEG standards) of the series of
P(EG-co-EEGE) copolymers.

P(EG,,-co-EEGE,) (M : 3390 g/mol; B: 1.08)
P(EG,,-co-EEGE ) Methylation (M _: 3400 g/mol; £:1.07)
P(EGz-co-IinPGs) (Mﬁ: 3340 g/mol; B: 1.07)
P(EGaz-co-GlyTss) (Mn: 3740 g/mol; £: 1.08)
P(EGaz-co-MEOS) (Mn: 3280 g/mol; £: 1.04)
P(EGEZ-co-MEos) Hydrolysed (M _: 760 g/mol; D:1.67)

10° 10*
molar mass [g/mol]

Figure S26: SEC traces (RI detector, solvent DMF, PEG standards) of

P(EGs2-co-EEGEs) copolymers at all stages of post-polymerization modifications.
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P(EG152-co-EEGEm) (M, : 5820 g/mol; £: 1.12)
P(EGﬁz-co-EEGEw) Methylation (Mn: 5820 g/mol; :1.07)
P(EG152-co-IinPG10) (Mn: 5580 g/mol; £: 1.08)
P(EG152-co-GIyTsw) (Mn: 6300 g/mol; B: 1.12)
P(EG,,-co-MEO_ ) (M : 5420 g/mol; : 1.07)
P(EGIsz-co-MEOm) Hydrolysis (Mn: 930 g/mol; B: 1.65)
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Figure S27: SEC traces (RI detector, solvent DMF, PEG standards) of

P(EG152-co-EEGE10) copolymers at all stages of post-polymerization modifications.

P(EG,,-co-EEGE) (M _: 3460 g/mol; £: 1.07)
P(EGTs-co-EEGEB) Methylated (Mn: 3450 g/mol; D: 1.05)
P(EGTS-co-linPGB) (Mn: 3320 g/mol; P: 1.06)
P(EG,-co-GlyTs,) (M : 3760 g/mol; D: 1.09)
P(EGTS-co-MEOB) (Mn: 3290 g/mol; £: 1.08)
P(EGTS-co-MEOB) Hydrolysed (M : 620 g/mol; £: 1.61)

10° 104
molar mass [g/mol]

Figure S28: SEC traces (RI detector, solvent DMF, PEG standards) of

P(EG76-co-EEGEs) copolymers at all stages of post-polymerization modifications.

P(EG,,,-co-EEGE _) (M : 5790 g/mol; £: 1.10)
P(EG,,,-co-EEGE, ) Methylated (M : 5830 g/mol; D: 1.10)
P(EG129-co-linPG17) (Mn: 5500 g/mal; B: 1.12)
P(EG129-co-GIyTs17) (M_: 5500 g/mol; £:1.12)
P(EG129-co-ME017) Hydrolysed (Mn: 6290 g/mol; £:1.12)
P(EG129-co-ME0") (Mﬂ: 560 g/mol; B: 1.54)

108 10
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Figure S29: SEC traces (RI detector, solvent DMF, PEG standards) of

P(EGi29-co-EEGE17) copolymers at all stages of post-polymerization modifications.
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3.2.1 ABSTRACT

We present a method to implement a single vinyl ether moiety at a predefined
position in the backbone of poly(ethylene glycol) (PEG). Based on
2-(methylene)-1,3-propanediol (MPD) as an allyl ether lead structure, two novel
initiators for the anionic ring-opening polymerization (AROP) of epoxides were
developed: (i) bifunctional 2,2°-(2-methylenepropane-1,3-diyldioxy)bisethanol (MBE),
which results in well-defined symmetrical cleavable polyethers and (ii) monofunctional
2-((benzyloxy)methyl)prop-2-en-1-ol (BMP) to demonstrate the applicability of linking
this allyl ether motif to any arbitrary residue. In general, the allyl ether function serves
as a stable precursor and can be isomerized to an acid-labile vinyl ether moiety via
various techniques. The monofunctional BMP-initiated PEGs (M, = 3,150 g mol™ and
My = 6,430 g mol! with D = 1.04) were isomerized and the linker structure could be
hydrolysed with an efficiency of 92%, releasing the attached benzyl group from the
polymer. The MBE-initiated polymerizations resulted in well-defined PEGs (D < 1.04)
with molecular weights ranging from A%, = 2,000 g mol! up to M, = 12,000 g mol ..
These polymers were isomerized by two different approaches (directly and catalytically,
using Wilkinson’s catalyst). The resulting vinyl ether structures could be cleaved under
hydrolytic conditions. Using an automated SEC technique, the cleavage was monitored,
and the half-life time of the vinyl ether functions was determined for pH 4 (42 = 13 h)
and pH 5 (412 = 31 h). Furthermore, the polymer was transformed into a bismethacrylate
and used to form crosslinked acid-labile hydrogels. Subsequently, these materials were
analysed regarding their swelling ratio and their degradation in acidic media. Despite
excellent stability at pH 7.4 for more than four weeks, the hydrogels fully degraded at
pH 4 within four days and at pH 5 within 8 days, demonstrating degradation at
physiologically relevant pH in reasonable time scales. MBE and BMP are highly
promising for biomedical applications, like the formation of degradable hydrogels or

reversible/transient PEGylation or conjugation of drugs.
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3.2.2 INTRODUCTION

Polymeric materials are widely used in numerous biomedical and therapeutic
applications. One of the most prominent representatives of this class of materials is
poly(ethylene glycol) (PEG) due to his extraordinary properties as water solubility and
low toxicity."? This highly biocompatible polyether is widely considered as the “gold
standard” of polymers for biomedical applications. It is employed to alter the
pharmacokinetic parameters of drug-polymer conjugates, to improve solubility or for
temporary scaffolds for tissue engineering.’> The major drawback of PEG for such
applications is its non-degradability under physiological conditions, resulting from the
chemically inert polyether structure. This also limits the typically employed molecular
weights to around A4, = 40,000 g mol™, in order to ensure effective clearance from the
bloodstream and a safe excretion via the kidney.* However, as the blood circulation times
of PEGylated drugs directly correlate with the molecular weight of the PEGylation
agent, the use of high molecular weight PEGs might be favourable.®” In this context,

degradable PEGs are becoming a vibrant field of research.

To circumvent the risk of bioaccumulation, various approaches for the
implementation of predetermined cleavage sites into the polyether backbone of PEG
have been developed. Mostly, acetal and ketal groups as well as ester functionalities are
used to synthesize degradable PEGs.871* Nevertheless, usually these approaches rely on
polyaddition or polycondensation of telechelic PEG precursors, resulting in polymers
with large dispersity. Recently, vinyl ethers have come into the focus of research as

promising acid-labile moieties. 1>-20

Our group has contributed several recent works concerning the introduction of
vinyl ether moieties into the polyether backbone of PEG, capitalizing on the
copolymerization of ethylene oxide (EO) with 3,4-epoxy-1-butene (EPB), followed by

isomerization of the allyl ether moieties to vinyl ethers.!”-1816 However, while these
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materials have already shown their potential for biomedical applications like the
formation of degradable hydrogels or reversible PEGylation, the synthesis is demanding,
and the distribution of a number of cleavable moieties along the polyether backbone may
be undesired for some applications. Although these polymers can be prepared in a well-
defined manner, the fragments formed after acidic cleavage exhibit a broadened
molecular weight distribution due to the distribution of labile sites in the chains.
Depending on the proposed application of these polymers, a single cleavable moiety
located in the polyether backbone may be favourable. This would enable a narrow
molecular weight distribution of both the polymers and the fragments after cleavage. In
this work we describe a cleavable initiator structure that can be used to create mono- or

difunctional PEG structures with a predefined, acid labile vinyl ether moiety.

3.2.3 RESULTS AND DISCUSSION

A — HOKOVK/OH

Monomer: EPB Initiator: OBB

Scheme 1: Allyl ether (red) pattern as found in the monomer EPB and the initiator OBB.

We will first consider the design of a suitable initiator containing the allyl ether
moiety from an organic synthesis perspective. Full control over the location of the
cleavable vinyl ether moiety in the polyether backbone can be achieved by translation
of the already established allyl ether structure known from the monomer (EPB) into an
initiator, suitable for AROP (Scheme 1). Based on this consideration, the bifunctional
initiator OBB (1,1'-oxybis(but-3-en-2-ol)) was synthesized and its potential as an

initiator for the AROP of EO was evaluated (data not shown).
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Figure 1: B-Elimination as a side reaction during polymerization of EO using OBB as

initiator.

However, depending on temperature, solvent and especially base and counter-ion,
B-elimination is a common side-reaction for this type of allyl ether structures. This is
shown in Figure 1, which displays the 'H NMR spectrum during an OBB-initiated
polymerization of EO, using potassium fert-butoxide (KOtBu) for partial deprotonation.
As OBB and P(EG-co-EPB) copolymers share basically the same allyl ether motif, this

side reaction will occur during the copolymerization of EO with EPB as well.

To solve this problem, we developed a novel class of allyl ether containing
initiators, starting from 2-(methylene)-1,3-propanediol (MPD) as a lead structure. The
most interesting and striking feature of this lead structure is the absence of protons in
B-position, preventing pB-elimination as a side reaction. This enables polyether synthesis
from epoxide monomers via classical AROP in DMSO using potassium fert-butoxide as
a deprotonation agent, and the isomerization of allyl ethers to vinyl ethers can be
conducted in a convenient on-step reaction directly after polymerization, without the
need for preceding isolation and purification of the polymers. The isomerization of allyl
ethers to vinyl ethers was investigated from a fundamental perspective in the early 1960s
by Price and Snyder as well as by Prosser.?!22 They reported this rearrangement to be
greatly facilitated by base-catalysis with the presence of potassium in a polar and aprotic

solvent such as DMSO, which closely resembles our polymerization conditions.
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Therefore, according to the literature, we only had to rise the temperature to 80 °C to

conduct the isomerization in a one-batch approach.

Isomerization H,0*
\O/\[r\of - \O/\(\O/ — \\OH + OéY\O/
MPD

isoMPD

Scheme 2: Isomerization and hydrolysis of MPD-derived substructures.

This leads to two approaches for the implementation of a single allyl ether function
in a tuneable position in the polyether backbone: (i) symmetrically in the center of a
polymer chain, using a bifunctional initiator, or (ii) at the chain end of a polymer chain,
between any arbitrary residue and the terminal hydroxyl group of a monofunctional

initiator (Scheme 2).

3.2.3.1 INITIATOR SYNTHESIS: BIFUNCTIONAL MBE

While MPD is commercially available, it was found to be not perfectly suitable as
an initiator for AROP, as the low molecular weight (88.11 g mol™) bears the risk of
evaporation during the drying process in high vacuum at elevated temperature prior to
polymerization and also results in low solubility of the initiator salt. This renders control
of the molecular weights difficult. Nevertheless, as first exploratory experiments showed
promising results, we decided to implement the allyl ether motif of MPD as a lead
structure for further development of an improved AROP initiator and aimed at avoiding

these disadvantages.

H H
Cl/\n/\ a4 2 wo A~AOH O\/\O/\[(\O/\/O
THF
MBE
Scheme 3: Synthesis of MBE as a bifunctional initiator for AROP.
Based on all above  considerations,  2,2°-(2-methylenepropane-1,3-

diyldioxy)bisethanol (MBE) was synthesized via a convenient one-step reaction by
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nucleophilic substitution of 2-chloromethyl-3-chloroprop-1-ene with ethylene glycol
(Scheme 3), basically resulting in the addition of two ethylene glycol spacers at the
terminal hydroxyl groups of MPD. This compound can be synthesized on multi
gram-scale and can be purified vza distillation, offering access to large quantities with
excellent purity at low costs. The detailed NMR analysis of this compound can be found

in the supporting information

3.2.3.2 POLYMER SYNTHESIS BASED ON MBE, CHARACTERIZATION AND

DEGRADATION

All polymers presented in this work were synthesized via the “classical” anionic
ring-opening polymerization (AROP) of ethylene oxide (EO), which is also used to
generate FDA-approved PEGs. To demonstrate the excellent control over the molecular
weights and the option of different approaches for isomerization, two series of polymers
(Samples 1la—d and 2a—d) were synthesized using MBE as an initiator. Isomerization of
the ally ether precursors was conducted via two techniques (Scheme 4.): (i) directly via
a one-batch approach after polymerization without termination, exploiting the base-
catalysed isomerization with potassium in DMSO (Samples 1a-d) and (ii) catalytically,
after termination and purification of the polymers, using Wilkinson’s catalyst

(Samples 2a-d).

T=280°C

DirectIsomerization o o
> H{' \/fo/\r\o»{'\/ ‘]’H

1. KO8Bu, THF, Benzene n/2+1 n/2+1

2. O
HOV\O/\H/\O/\/OH n—u> H{'O\/\]‘O/\H/\O'{'\/O‘}H _ |

DMSO n/2+1 n/2+1

isoMBE-PEG Samples 1a-d

MBE MBE-PEG

0. O
. H{, \/Jro/ﬁf\o,f\/ J[H
Wilkinson's Catalyst n/2+1 n/2+1

Catalytic Isomerization
1soMBE-PEG Samples 2a-d

Scheme 4: Synthesis of MBE-PEGs using MBE as an initiator and isomerization using a
direct and a catalytic approach, respectively to obtain isoMBE-PEGs.
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Table 1 shows the key characterization data for all polymers that were obtained
using MBE as a bifunctional initiator. Molecular weights of A4, = 2,000 g mol! up to
M, = 12,000 g mol! were targeted, and the obtained values are in good agreement with
the targeted values. The molecular weight was determined vzia 'H NMR spectroscopy as
well as via SEC using PEG standards (Figure 2 and Figure 3). By using the allylic protons
at 5.12 ppm as a reference, molecular weights of these polymers could be determined by

integration of the polyether backbone signals (between 3.80 ppm and 3.30 ppm).

Table 1: Comprehensive characterization data for MBE initiated polymers and their

fragments after acidic cleavage

before cleavage after cleavage

Sample Composition | Mythe M? MP pb MP bb
/ g mol! /gmol' /gmol' =M,/M|/gmol' =M,/ M

la MBE-PEGy; 2,000 2,070 1,930 1.04 950 1.06
1b MBE-PEG107 4,000 4,710 3,990 1.03 1,890 1.04
1c MBE-PEG217 8,000 9,550 8,270 1.03 3,720 1.04
1d MBE-PEG311 12,000 13,700 12,710 1.04 5,840 1.03
2a MBE-PEGs; 2,000 2,230 1,940 1.04 1,050 1.06
2b MBE-PEGgy 4,000 4,350 3,690 1.03 1,880 1.03
2c MBE-PEG176 8,000 7,740 6,230 1.04 3,120 1.03
2d MBE-PEG294 12,000 12,920 9,970 1.04 5,010 1.03

aDetermined via 'H NMR spectroscopy, Pdetermined via SEC (RI, DMF, PEG standards).

'H NMR appears to slightly overestimate the obtained molecular weights, but
follows the SEC trend, considering the given limitations and inaccuracies of this method
for higher molecular weights. The polymers exhibit low dispersities (D < 1.04) (Figure 2),

as expect for AROP.
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MBE-PEG ,, (M, : 1930 g/mol; : 1.04)
MBE-PEG51 (Mn: 1940 g/mol; £: 1.04)
MBE-PEG_ . (M, :3990 g/mol; D: 1.03)
MBE-PE(’.:‘-99 (Mn: 3690 g/mol; D: 1.03)
MBE-PEG . (M, : 6230 g/mol; D: 1.04)
MBE-PEG217 (Mn: 8270 g/mol; £:1.03)
MBE-PEG,, (M :9970 g/mol; D: 1.04)
MBE-PEG . (M :12710 g/mol; D: 1.04)

e |
10° 104
molar mass [g/mol]

Figure 2: SEC traces (RI detector, solvent DMF, PEG standards) of the series 1a—d of
MBE-PEG and isoMBE-PEG polymers, isomerized via direct isomerization.

The polymer samples 1a—d were isomerized in a very simple and convenient way,
only by raising the temperature to 80 °C after full conversion of EO, since base-catalysed
isomerization of allyl ethers in DMSO in the presence of potassium is a well-known
reaction.?!:22 It should be pointed out that the polymer was not terminated before this

isomerization step.

d d
g A e T
a

c
a
[ M L
: : d ; } e
d a ¢ d
b H‘{’ OV\]IIO/\'/\O‘{’\d/ O‘]‘Hb c
e
a
b
l JlL |
Ly LI . L8

1.00 2.01 189.94 2.95

T T T r T T
6.0 5.5 5.0 4.5 4.0 3.5
chemical shift (ppm)

Figure 3: 'H NMR spectrum (400 MHz, DMSO-ds) of MBE-PEGs; (top) and
isoMBE-PEGy7 (bottom), shown after direct thermal isomerization.
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Figure 3 shows exemplarily the 'H NMR spectrum of the polymer MBE-PEGyy
before and after direct isomerization. The 'H NMR spectroscopic data indicate
quantitative transformation of the allyl ether moiety to a vinyl ether moiety. The
characteristic allylic proton signal at 5.12 ppm (two protons) have vanished, and a single
distinctive signal at 6.22 ppm (one proton) appeared. Integration of these signals
indicates full conversion and is congruent with the supposed structure. This direct or
thermal approach of isomerization, using the base-catalysis with potassium in DMSO,
results in a quantitative formation of only one isomer (£), as already reported in the

literature. 21-25

- — - isoMBE-PEG ,, Hyd (M : 950 g/mol; £:1.06)

l'soMBE-F'EG“7 (Mﬂ: 2030 g/mol; D: 1.04)

- isoMBE-F'E('.-im7 Hyd (M, : 1890 g/mol; D: 1.04)
isoMBE-PEG, (M : 4080 g/mol; £: 1.03)

— — — isoMBE-PEG ,,_ Hyd (M : 3720 g/mol; D: 1.04)
isoMBE-PEG,, . (M : 8400 g/mol; £:1.03)

- - l'sc;)MBE-F'EG311 Hyd (Mn: 5840 g/mol; £: 1.03)

~——— isoMBE-PEG M :12020 g/mol; £:1.07)

3n (

molar mass [g/mol]

Figure 4: SEC traces (RI detector, solvent DMF, PEG standards) of the series 1a—d of
isoMBE-PEGs with vinyl ether moieties. Solid lines show isoMBE-PEG polymers before
and dashed lines 7soMBE-PEG polymers after hydrolysis.

Subsequently, to study degradation of the isomerized isoMBE-PEG polymers, they
were hydrolysed by treating a solution of 15 mg polymer in 200 uL. DCM with one drop
of 10% HCl in MeOH, to ensure complete degradation. The solution was neutralized and
the fragments were analysed via SEC (Figure 4). As expected from using a bifunctional
initiator for AROP, the fragments exhibit just half of the molecular weight of their
precursor polymers. As an example, the molecular weight of sample 1a (isoMBE-PEG47)
was found to decrease from A4, = 2,030 g mol! to Ay =950 g mol'!, preserving the
expected low dispersity of the fragment. This evidences that the vinyl ether moiety is

located in the centre of the polyether backbone, and both active chain ends propagate at
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the same rate, resulting in two well-defined (P < 1.06) polyether chains with the same

molecular weight, as is expected from polymerization statistics.
ooy ot
b H (o] (o) Hb
FIeY ety ¢

| Il .. 1

K 7 [ —
2.00 4.06 202.69

d a c d c d ¢
b H+0\CI/\}\I?/#JJ\O+\CI/O\}‘II;| b c BHT
e
a a b
1 e ]
6 5 4 3 2
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Figure 5: 'H NMR spectrum (400 MHz, DMSO-ds) of MBE-PEGs; (top) and zsoMBE-

PEGs; (bottom), after isomerization via Wilkinson’s catalyst.

As the thermalisomerization approach might not be tolerated by functional groups
of possible multifunctional copolymers or the allyl ether precursor needs to be stable
during further post-polymerization reactions before the activation of the acid labile
moiety, we additionally analysed the isomerization via Wilkinson’s catalyst after the

work-up of the polymers.

Figure 5 shows as an example the 'H NMR spectrum of the polymer sample 2a
(MBE-PEGs1) before and after isomerization using Wilkinson’s catalyst. As shown
before in Figure 3, the proton signal of the allyl ether moiety is clearly visible at a
chemical shift of 5.12 ppm. In this case, two distinctive signals for vinyl ether moieties
appear at 6.22 ppm and 6.09 ppm, indicating the formation of a mixture of (£) and (2)

isomers. The ratio between these two signals (~ 2/3 (£) isomer) is in good agreement
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with the already reported selectivity of the Wilkinson’s catalyst to form preferably the
(£) isomer.?62717 For the hydrolysis of these isomers, no significant difference expected,

as shown before.l”

MBE-PEG , (M : 1940 g/mol; D: 1.04)
isoMBE-PEGm (M_: 2100 g/mol; D:1.04)
MBE-PEG, (M : 3690 g/mol; D: 1.03)
isaMBE-PEG99 (Mn: 4000 g/mol; D:1.03)

MBE-PEG . (M _:6230 g/mol; D:1.04)
isoMBE-PEGl'mS (Mﬂ: 6920 g/mol; D:1.03)
MBE-PEG,‘,M (M_: 9970 g/mol; £:1.04)

iSOMBE-PEGZN (Mn: 10830 g/mol; D: 1.04)

10° 10%
molar mass [g/mol]

Figure 6: SEC traces (RI detector, solvent DMF, PEG standards) of the series 2a-d of
isoMBE-PEG polymers isomerized via Wilkinson’s catalyst.

As the only difference between the MBE-PEG series 1a—d and 2a—d is the technique
of isomerization and as a result the partial configuration of one single bond, it is
surprising to see a clear difference in hydrodynamic radii after isomerization, manifest
in SEC (Figure 6). Series 1la—d was directly isomerized, yielding only the (£) isomer and
shows no significant difference between the SEC traces of MBE-PEG and isoMBE-PEG
(Figure 2). In the SEC traces for the series 2a-d, a distinctive shift towards higher
molecular weight for the isomerized polymer is visible (Figure 6). Compared to the non-
isomerized form, an increase of approximately 10% in molecular weight was observed.
This indicates a significant effect of the obtained mixture of (£) and (2) isomers formed
upon isomerization using Wilkinson’s catalyst (Figure 5). In case of the direct approach
of thermal isomerization used in the series 1a—d, resulting only in the (2) isomer, this
behaviour could not be observed. Previously reported vinyl ether containing PEGs did
not show such a distinct variation of hydrodynamic radii after isomerization.!81617 Jt
must be noted that in these cases the vinyl ether moieties were partially oriented in the
side chain of the polyether, and in the case of MBE-PEGs, the vinyl ether moiety is

located inside the backbone. This directly affects the orientation of the following bond
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between the quaternary and secondary carbon atom inside the polymer backbone. We
assume, that this chain configuration of the (2) isomer results in a higher hydrodynamic

radius, albeit this effect should be further investigated.

- - = isoMBE-PE(?u51 Hyd (Mn: 1050 g/mol; B: 1.06)
l'sc:MBE-F'E(.‘-;S_| (Mn: 2100 g/mol; £: 1.04)
-—- l‘soMBE-PEC-im3 Hyd (Mn: 1880 g/mol; £: 1.03)
isoMBE-F'EG99 (Mn: 4000 g/moal; £:1.03)
- == isoMBE-PEG176 Hyd (M : 3120 g/mol; £:1.03)
isoMBE-PEG176 (M_: 6920 g/mol; £:1.03)
— — - isoMBE-PEG,;, Hyd (M :5010 g/mol; £:1.03)

—_— iSIJMBE-F‘EG294 (M _: 10830 g/mol; : 1.04)

molar mass [g/mol]

Figure 7: SEC traces (RI detector, solvent DMF, PEG standards) of the series 2a-d of
isoMBE-PEGs. Solid lines show isoMBE-PEG polymers before and dashed lines isoMBE-
PEG polymers after hydrolysis (in the respective same colour).

The polymer series 2a—d was hydrolysed in the same manner, and the resulting
fragments analysed via SEC (Figure 7). They show the same fragmentation behaviour as
the polymers from the series la-d: exemplary for polymer 2a (isoMBE-PEGs1), the
molecular weight decreases from A, = 2,100 g mol™ to M, = 1,050 g mol! due to slicing
the polyether backbone into two halves of the same size. The difference in hydrolysis
rate of vinyl ether (£) and (2) isomers was already analysed via in situ "TH NMR kinetic
studies elsewhere for polymers with multiple vinyl ether units obtained via

copolymerization.!” Therefore, we do not focus on this topic here.

3.2.3.3 MBE: SEC KINETICS DEGRADATION STUDY

To investigate the time-dependency of the degradation of the vinyl ether PEGs with
a central cleavage site, we developed a method to conduct an automated SEC
measurement. By drastically decreasing the injection volume, using a higher
concentrated polymer solution and employing customized solvent and waste reservoirs,
we could consecutively analyse the same polymer solution from one single SEC vial up

to 60 times. This setup gave us the opportunity to follow the degradation of an acid labile
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polymer in pH buffer solution via SEC, without having to rely on inconvenient
techniques like taking aliquots at defined time stamps by hand or using multiple aliquots

in different vials to take the samples from.

As the cleavage site is centred in the middle of the polymer chain, only two well-
defined fragments are formed during the degradation process (as already demonstrated
in section 3.2.3.2). This allows to fit the experimental data using a deconvolution method

by the addition of two gaussian functions, one function for each polymer distribution.?

a) Hydrolysis of 7soMBE-PEG,; at pH 4 b) Hydrolysis of isoMBE-PEG; at pH 5

[1'1]1
e[h) 5 "

time /h

molar mass [g/mol] molar mass [g/mol]

Figure 8: Top: SEC (RI detector, solvent DMF, PEG standards) data of the hydrolytic
degradation of isoMBE-PEG1o7. Bottom: SEC traces (RI detector, solvent DMF, PEG
standards) of isoMBE-PEG1¢7 during incubation in a) pH 4 buffer solution for 39 hours
and b) pH 5 buffer solution for 56 hours at room temperature. Each line represents the
SEC curve after every 60 minutes (solid lines: experimental data, dashed lined: fitted
data).
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Figure 8 shows the superimposed SEC data obtained wvia this method for the
incubation of sample 1b (isoMBE-PEGio7) at a) pH 4 and b) pH 5. Each line represents
the SEC data of the incubated polymer for every 60 minutes (starting with the
unhydrolyzed polymer, dark blue line). For example, as shown in a), the hydrolytic
degradation can be followed by the emerging of a second mode at M, = 1,890 g mol™,
while simultaneously the distribution of the original polymer at A = 3,990 g mol!

vanishes.

Hydrolysis of isoMBE-PEG,; at pH 4

a)3 hours

— SEC data
-------- gaussian 1
-------- gaussian 2

— — gaussian 1 +2

molar mass [g/mol] molar mass [g/mol] molar mass [g/mol]

a) Hydrolysis of isoMBE-PEG,; at pH 4 b) Hydrolysis of 7soMBE-PEG,,; at pH 5

4 5 10 15 20 25 30 3 40 0 10 20 30 40 50 60
time / h time / h

Figure 9: Top: Examples for the addition of two gaussian functions, used to fit the SEC
data from the degradation of isoMBE-PEGi¢7 at pH 4. Bottom: Calculation of the half-
life times of isoMBE-PEG107 during incubation at a) pH 4 and b) pH 5, using these
gaussian fits.

The ratio of the area of the two gaussians was used to determine the ratios of intact
and cleaved polymers. These ratios were plotted vs. time and fitted to first order kinetics
(exponential decay) (Figure 9). Based on these fits, the half-life of the cleavage could be

calculated. This calculation resulted in #/2 = 13 h at pH 4 and #,2 = 31 h at pH 5, which
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aligns well with the data for cleavage of similar vinyl ethers (Worm ef al, via online

'TH NMR, #/2 = 9-20 h at pD 4.4 and #/2 = 20-34 h at pD 5).

3.2.3.1 INITIATOR SYNTHESIS: MONOFUNCTIONAL BMP

The novel allyl ether structure can be connected to any functional group and
thereby gives access to an acid-labile linker between the end of a PEG chain and the
respective group. 2-((Benzyloxy)methyl)prop-2-en-1-ol (BMP) was chosen as a model
compound to demonstrate the versality of the allyl ether structure at the end of the

polymer chain via a monofunctional initiator.

NaH
HO/\H/\OH . Br/\© HO/YO
THE, reflux
BMP

Scheme 5: Synthesis of MBP as a monofunctional initiator for AROP.

BMP can be synthesized in a very straightforward procedure, and a wide range of
other functional initiators is accessible using this route. The resulting structure
resembles closely the well-established AROP initiator 2-(benzyloxy)ethanol. The
aromatic protons allow to determine the molecular weight via "TH NMR spectroscopy
(Scheme 5). Furthermore, the hydrolysis of this residue can be conveniently followed via
'"H NMR spectroscopy as well. For extensive NMR studies of this compound, see the

supporting information.

3.2.3.2 BMP: POLYMER SYNTHESIS, CHARACTERIZATION AND CLEAVAGE

As a proof of concept to demonstrate the universal attachment of the allyl ether
moiety at the end of a PEG chain, two polymers were synthesized via classical AROP of

EO, using BMP as an initiator (Scheme 6).
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1. KOtBu, THF, Benzene

0
2.
AN OH
HO/\"/\O/\© — ©/\o 0
n
DMSO
BMP

BMP-PEG

Scheme 6: Polymerization of EO using BMP as an initiator.

Table 2 shows the key characterization data for the BMP initiated polymers. The
aromatic protons at a chemical shift of 7.33 ppm were used to determine the molecular

weight via 'TH NMR spectroscopy (Figure 11).

Table 2: Characterization data for BMP initiated polymers.

Sample  Name Mytheo Mp? Mb pb

/gmol? /gmol!  /gmol' =M/ M

3a BMP-PEG7, 3,000 3,150 3,070 1.04

3b BMP-PEGu42 6,000 6,430 7,140 1.04

aDetermined via 'TH NMR spectroscopy, Pdetermined via SEC (RI, DMF, PEG standards).
With M, = 3,150 g mol' and M, = 6,430 g mol! (determined wia SEC) and
My =2,970 g mol! and My = 5,730 g mol!, determined via "H NMR spectroscopy, the
obtained molecular weights are in good agreement with the targeted molecular weights
of M =3,000 g mol! and A, = 6,000 g mol!, respectively. With D =1.04, narrow

molecular weight distributions were obtained (Figure 10 and Figure 11).

BMP-PEG,_ (M : 2810 g/mol; £:1.03)
BMP'PEsz (M _: 5730 g/mol; D:1.04)
isoBMP-PEG 70 (Mn: 2790 g/mol; £: 1.04)

10*
molar mass [g/mol]

Figure 10: SEC traces (RI detector, solvent DMF, PEG standards) of BMP initiated
polymers.
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After polymerization, these polymers were directly isomerized, as already reported
for MBE PEGs. This one-step reaction allows for the synthesis of a polyether that is
connected to a functional group via an acid-labile vinyl ether linker. Instead of the benzyl
group, any other desired AROP-stable group can be attached, for example lipids or

cholesterol to form degradable micelles or lipophilic anchoring structures.?”

a c d d e OH
a o/j(\l\o/\;l,
a a n
b
a

5.00 1.86 1.82 3.81 278.85
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8 7 6 5 4 3 2
chemical shift (ppm)

Figure 11: 'H NMR spectrum (400 MHz, DMSO-ds) of BMP-PEGy, after polymerization.

Isomerization was analysed via 'H NMR spectroscopy and revealed the
characteristic disappearance of the allyl ether proton signals at 5.13 ppm and the
appearance of two distinct vinyl ether signals at 6.29 ppm and 6.24 ppm (as exemplified

for iso BMP-PEGyo in Figure 12).
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Figure 12: 'H NMR spectrum (400 MHz, DMSO-dk) of iso0BMP-PEG70 and isoBMP-
PEG70 after hydrolysis of benzyl group.

Interestingly, in contrast to the direct isomerization of MBE-PEGs, the thermal
isomerization of BMP-PEGs leads to two vinyl ether signals, indicating the formation of

a mixture of isomers. This should be further investigated.

Hydrolysis of isoBMP-PEG70 was performed by stirring the polymer over ion
exchange resin for 24 hours, followed by precipitation of the polymer into diethyl ether.
As shown for the polymer isoBMP-PEG7o in Figure 12, this leads to an almost
quantitative removal of the benzyl group. No reliable signals for referencing remained
after the hydrolysis of the benzyl group, so the polyether backbone signals in the
'"H NMR spectrum were used for referencing. However, it could be shown that the
distinct vinyl ether signals (6.29 ppm and 6.24 ppm) quantitatively disappeared. The
integration of the residual aromatic protons (7.33 ppm) shows that only 8% are left,

indicating nearly complete removal of this group.
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BMP-PEG70 (Mn: 2810 g/mol; £:1.03)
1'.~:oBMP-PEG70 (M :2790 g/mol; B: 1.04)
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Figure 13: SEC traces (RI detector, solvent DMF, PEG standards) of BMP-PEG7o before
and after direct isomerization (solid lines) and after hydrolysis of the benzyl group

(dashed line).

Figure 13 shows the SEC analysis of BMP-PEG7 before and after direct
isomerization (blue and green lines) and after hydrolysis of the benzyl group (red dashed
line). While the SEC traces of BMP-PEGyo before and after isomerization are in almost
perfect superposition with equally low dispersities (D < 1.04), the trace after hydrolysis
shows a slightly higher dispersity (D =1.11) and a shoulder at approximately
My = 6,000 g mol™!, around the twofold molecular weight of the analysed polymer. This,
and the remaining 8% benzyl groups after hydrolysis, while no vinyl ether species proton
signals were present anymore, could be a hint for a side reaction, leading to dimerization

of the polymer chains and will be further investigated.

3.2.3.3 HYDROGEL SYNTHESIS, CHARACTERIZATION AND DEGRADATION

Methacrylation ~ using an  enzyme-mediated  transesterification by
Candida antarctica lipase B (CALB) has been proven to be a robust, convenient and
effective technique to activate PEGs for radical crosslinking in aqueous media in order
to form hydrogels (Scheme 7).1

HJ(O\/‘toWO\/tOH o J\ij\/to/\r\o ,{,\/o%

Toluene, 40 °C no

Directly Isomerized Samples 1a-d isoMBE-PEG-DMA

Scheme 7: Methacrylation of isoMBE-PEGs to obtain isoMBE-PEG-DMA.
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In order to form acid-labile hydrogels, the polymer end groups of the directly
isomerized samples la-d (isoMBE-PEGs) were methacrylated. Figure 14 shows
exemplary the '"H NMR spectrum of isoMBE-PEGs; dimethacrylate (DMA). After
methacrylation, two distinct proton signals appear at a chemical shift of 6.04 ppm and
5.70 ppm. The integration of these signals, compared to the vinyl ether proton signal at

6.22 ppm, indicates almost quantitative methacrylation (98%).
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Figure 14: 'H NMR spectrum (400 MHz, DMSO-d) of isoMBE-PEG47-DMA.

The methacrylated macromonomers obtained from the polymer series 1la-d were
used to form hydrogels by radical crosslinking. The obtained hydrogels were clear,
robust with well-defined edges and allowed for facile handling using tweezers, while
preserving their shape. Figure 15 shows photographs of these gels at different states

during their synthesis and analysis of their swelling behaviour.
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1soMBE-PEG,;-DMA 1soMBE-PEG,;,-DMA 1soMBE-PEG,,,-DMA 1soMBE-PEG;;,-DMA

Before lyophilization

After lyophilization

After reswelling

Figure 15: Photographs of isoMBE-PEG-DMA hydrogels before and after lyophilization
and after reswelling by incubation in PBS buffer for 3 days.

After their synthesis, the hydrogels were incubated in PBS buffer for 24 hours to
extract any not incorporated macromonomer. Subsequently, the hydrogels were
lyophilized to analyse their swelling behaviour and to investigate if they can be stored
in a dried state. After lyophilization, the weight of all dried hydrogel samples was
determined to be 15 mg, representing exactly the weight of the used amount of 7isoMBE-
PEG macromonomer. They were then placed back into a PBS buffer solution and allowed

to reach a swelling equilibrium by incubating them for 3 days.
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Figure 16: Swelling behaviour of isoMBE-PEG-DMA hydrogels depending on the

molecular weight of the used macromonomer.

The swelling ratio of these hydrogels was then calculated by the equation

W — Wy

Swelli tio =
welling ratio W,

wherein Wj is the weight of the swollen hydrogel and WWj is the weight of the dried
hydrogel. As shown in Figure 16, there is a clear trend in the swelling ratio depending
on the molecular weight of the used isoMBE-PEG-DMA macromonomer: the higher the
molecular weight, the higher the swelling ratio of the resulting hydrogels. This is in line
with the equilibrium swelling theory, which links the crosslinking density (and therefore
the molecular weight of the macromonomer used to form the hydrogel) to the swelling
ratio. Briefly, because of their tighter structure, higher densely crosslinked hydrogels

swell less than the same hydrogels with a lower crosslinking ratio.3°
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Figure 17: Photographs during incubation of isoMBE-PEG-DMA hydrogels at different
pH buffer solutions at room temperature over a period of up to 28 days. Timestamps
indicate the time until complete disintegration of the hydrogels.

Furthermore, hydrogels prepared from the isoMBE-PEG-DMA macromonomers
were incubated at different pH values to investigate their stability in acidic conditions
as well as in neutral media (PBS) (Figure 17). Upon incubation in pH 4 buffer solution,
the hydrogels were fully disintegrated after four days. At pH 5, it took eight days until
complete degradation. Interestingly, there was no significant difference in stability
between the hydrogels obtained from isoMBE-PEG-DMA macromonomers with
different molecular weights. The hydrogels that were incubated at pH 7.4 were stable

for the whole time of observation, that is for more than four weeks.

3.2.4 CONCLUSION

Overall, we synthesized a bifunctional allyl ether initiator with a predefined
cleavage site for the AROP of EO and obtained two series of PEG samples (Samples 1a—
d and 2a-d), ranging from M, =2,000g mol! up to M, =12,000g mol!, with

monomodal, narrow molecular weight distributions (D < 1.04). Both series of allyl ether
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containing polymers were isomerized to vinyl ether containing PEGs, series 1a—d was
directly isomerized, resulting purely in the (£) isomer, series 2a—d was isomerized using
Wilkinson’s catalyst, resulting in a mixture of (£) and (2) isomers. Subsequently, both
series of polymers were hydrolysed, showing a bisection of their molecular weight as a
result of the bifunctional initiator. Using an automated SEC approach and the fitting of
two gaussian functions, the kinetics of the hydrolysis of polymer series la-d was

analysed, resulting in in #4/2 = 13h at pH 4 and 4,2 =31 hatpH 5

After their direct thermal isomerization, polymers from the series la-d were
methacrylated and hydrogels were formed from these macromonomers via radical
crosslinking. These hydrogels were analysed regarding their swelling ratio and stability
at various pH values. They exhibit a direct proportional dependency between the
molecular weight of the used macromonomer and their swelling ratio. While these
hydrogels remain stable at pH 7.4 for over four weeks, they were fully disintegrated in

four days at pH 4 and eight days at pH 5.

Furthermore, based on the same lead structure a monofunctional AROP initiator
was synthesized, which contains a benzyl group that is well-traceable via 'TH NMR,
linked by an allyl ether moiety. This initiator was used for the polymerization of EO.
The obtained molecular weights of the polymers were in good agreement with the
targeted values of A, = 3,000 g mol! and Mn = 6,000 g mol! and narrow molecular
weight distributions (D = 1.04) were obtained. After direct isomerization of the allyl
ether moiety to a vinyl ether moiety, the benzyl group could be cleaved from the polymer

with an efficiency of 92%.

This new synthon gives access to degradable structures for a wide array of possible
applications, from intrinsically cleavable PEGs with narrow distributed fragments over

the application as an acid-labile linker for example between hydrophilic and
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hydrophobic segments of amphiphilic copolymers up to the application as degradable

diol-component i.e. in polyesters.

3.2.5 EXPERIMENTAL

Synthesis of 2,2°-(2-Methylenepropane-1,3-diyldioxy)bisethanol (MBE): Ethylene
glycol (200 mL) was slowly added under argon atmosphere to a suspension of sodium
hydride (10.1 g, 0.42 mol) in dry THF (200 mL). The resulting mixture was stirred at
room temperature for 30 minutes. Subsequently, 3-chloro-2-(chloromethyl)prop-1-ene
(25 g, 0.20 mol) was added slowly and the mixture was refluxed for 24 hours. THF and
excess of ethylene glycol were removed under reduced pressure and the residue was
treated with ethanol (150 mL). After filtration of the solid and evaporation of the ethanol,
the product was obtained by distillation (B.p. = 140 °C / 1x10® mbar) as a colourless oil
(yield: 14.1 g, 40%)."H NMR (400 MHz, DMSO-d5): S [ppm] 5.13 (s, 2H, H>2C=C), 4.60 (t,

2H, CH,OH), 3.93 (s, 4H, H.C=(C-CF£0)z), 3.53 (q, 4H, CH50), 3.37 (q, 4H, CF:0).

Synthesis of 2-((Benzyloxy)methyl)prop-2-en-1-ol (BMP): Sodium hydride (0.90 g,
42.6 mmol) was added under agon atmosphere to a solution of 2-methylenepropane-1,3-
diol (3.00 g, 34.1 mmol) in dry THF (70 mL) and the resulting mixture was stirred at
room temperature for 30 minutes. Benzyl bromide (7.28 g, 42.6 mmol) was added slowly
and the mixture was stirred at room temperature for 4 hours. The reaction was quenched
be addition of a saturated NH4Cl solution and the mixture was extracted with ethyl
acetate. The combined organic layers were dried over MgSQOs, concentrated under
reduced pressure and the product was obtained via flash chromatography on silica gel
(ethyl acetate / cyclohexane 1:1) as a colourless oil (yield: 0.512 g, 49%). 'H NMR
(400 MHz, DMSO-dk): S [ppm] 7.33 (m, 5H, Ar), 5.13 (m, 1H, FC=C), 5.077 (m, 1H,

HyC=C), 4.46 (s, 2H, Ar-CFH), 3.97 (d, 4H, HoC=(C-CE50)z).
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Polymerization of Ethylene oxide: The procedure is described exemplary for the
polymer MBE-PEGy;. All polymerizations were conducted according to the SOP
described in the following. In a flame dried Schlenk flask, potassium tertbutoxide
(90 mg, 0.80 mmol) and MBE (469 mg, 2.66 mmol) were dissolved in benzene (5 mL) and
dry THF (5 mL), stirred under slightly reduced pressure at 60 °C for 30 minutes and
subsequently dried in high vacuum for 16 hours. The resulting initiator salt was dissolved
in 15 mL of dry DMSO and ethylene oxide (5 mL, 0.11 mol) was cryo-transferred via a
graduated ampule. The polymerization was carried out at room temperature until full
conversion was achieved (reaction control via TH NMR). If the isomerization should be
conducted via Wilkinson’s catalyst (RhCI(PPhs)s), the polymerization was terminated by
addition of 2 mL methanol and the allyl moiety containing polymer was further purified
— if a direct isomerization was conducted, please read below. After purification via
dialysis against methanol for 24 hours (MWCO 1000 Da), the purified copolymer was
dried in vacuum (yield: 60%). "H NMR (400 MHz, DMSO-d): 6 [ppm] 5.12 (s, 2H,

H,C=C), 3.93 (s, 4H, HyC=(C-CH0)2), 3.70~3.40 (m, 189H, CF50).

Direct Isomerization: The procedure is described exemplary for the polymer
isoMBE-PEGy;. All directisomerizations were conducted according to the SOP described
in the following. After full consumption of EO (reaction control vzia 'H NMR), a heating
bath was placed under the flask and the isomerization was carried out at 80 °C for
approximately 24 hours (again reaction control via 'H NMR). After full isomerization,
the heating bath was removed and (after cooling down to room temperature) the polymer
was purified via dialysis against methanol for 24 hours (MWCO 1000 Da) and dried in
vacuum (yield: 60%). 'TH NMR (400 MHz, DMSO-d): & [ppm] 6.22 (s, 1H, C=CH-O (£

isomer)), 3.86 (m, 2H, C-C H:0), 3.70-3.40 (m, 189H, C #:0), 1.51 (d, 3H, CH5-C).

Isomerization via Wilkinson’s Catalyst: The procedure is described exemplary for
the polymer isoMBE-PEGs:. All isomerizations via Wilkinson’s catalyst were conducted

according to the SOP described in the following. 200 mg of polymer were dissolved in a
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Schlenk tube in DMSO and the solution was degassed via two freeze-pump-thaw cycles.
Under an argon atmosphere, RhCI(PPhs); (25 mg, 0.028 mmol) was added and the
solution was stirred at 80 °C for approximately 24 hours (reaction control via 'H NMR).
The polymer was precipitated in acetone/diethyl ether (1:1 v/v) and dried in vacuum
(yield: 90%). 'TH NMR (400 MHz, DMSO-d): 6 [ppm] 6.22 (s, 0.61H, C=CH-O (£
isomer)), 6.09 (s, 0.38H, C=CH-O (Zisomer)), 3.70-3.40 (m, 189H, C/>0), 1.51 (dd, 3H,

CHs-C (E and Z isomer)).

Methacrylation: The procedure is described exemplary for the polymer isoMBE-
PEG47-DMA. All methacrylations were conducted according to the SOP described in the
following. 200 mg of polymer (0.1 mmol) was dissolved in a Schlenk tube in toluene and
CALB (50 mg), vinyl methacrylate (120 pL, 1 mmol) and a few milligrams of BHT were
added. After stirring at 40 °C for 48 hours, the mixture was filtered, concentrated via a
rotary evaporator and precipitated in diethyl ether. BHT was added and the polymer was
dried in vacuum (yield: 80%). 'TH NMR (400 MHz, DMSO-d6): & [ppm] 6.22 (s, 1H,
C=CH-O (E'isomer) 6.04 (s, 1.97H, HL=CCHs-C=0), 5.70 (s, 1.95H, HL=CCHs-C=0),
4.19-4.23 (m, 3.92H, CH0-MA), 3.85 (m, 2H, C-CZ%-0), 3.88-3.36 (m, 194H, CF50),

1.89 (s, 6H, HL=CCH5-C=0) 1.51 (d, C=CH-CH5 (E'isomer)).

SEC Hydrolysis Studies: 15 mg of polymer were dissolved in 100 pL of DCM and
treated with 100 pL of 10 vol% HCI in methanol. The mixture was incubated at room

temperature for 12 hours, neutralized by addition of NaHCO3 and analysed by SEC

(DMF, PEG standards, RI detector).

SEC Hydrolysis Kinetic Studies: 20 mg of polymer were pre-dissolved in 50 pL of
DMF and this solution was transferred into a SEC vial. Right before the start of the fist
injection of the experiment, the vial was filled with pH buffer solution (approximately
1.50 mL), mixed well and placed into the autosampler. Every 60 minutes, 20 pL of this

solution were injected and the results were analysed. The intern toluene standard was
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set by injecting 20 pL of a solution of 10 mg of polymer in 1.50 mL of DMF with a drop

of toluene before the SEC kinetics experiment.

Hydrogel Synthesis: The hydrogels were synthesized as previously described.’
Briefly, a 10 wt% solution of the polymer in 150 pL of PBS was prepared. To this solution,
2.50 pL of a solution of 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropio-phenone,
prediluted in 1:10 in ethanol, was added and the solutions carefully mixed. This mixture
was transferred into a 96-well plate and overlayered with 150 puL of isopropanol. After
UV polymerization at 365 nm for 15 minutes, the hydrogels could be transferred into

petri dished for incubation at different pH values.

Hydrogel Lyophilization and Swelling: For lyophilization, the hydrogels were
placed in a petri dish and covered with aluminium foil. Freeze-drying was carried out at
-78 °C / 10® mbar for 48 hours. For swelling experiments, the gels were placed into a
PBS solution and allowed to swell at room temperature for 72 hours. To determine their
mass, their surface was carefully dried using a Kimtech wipe and the gels were placed

on a laboratory scale.

Hydrolysis of BMP-PEGs: For cleavage of the BMP-PEGs, 100 mg of polymer was
dissolved in 5mL of methanol/dichloromethane 1:1 (v/v) and stirred over
Dowex 50WX8 at room temperature for 24 hours. The ion exchange resin was removed
by filtration and the polymer was recovered by removal of the solvent, precipitation in

diethyl ether and subsequently drying at high vacuum.

231



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

3.2.6 REFERENCES

(1) Dingels, C.; Schomer, M.; Frey, H. Die vielen Gesichter des Poly(ethylenglykol)s.
Chemie in unserer Zeit 2011, 45, 338—-349.

(2) Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.; Wurm, F. R.; Frey, H.
Polymerization of Ethylene Oxide, Propylene Oxide, and Other Alkylene Oxides: Synthesis,
Novel Polymer Architectures, and Bioconjugation. Chemical Reviews 2016, 116, 2170-2243.

(3) Peppas, N. Hydrogels in pharmaceutical formulations. FEuropean Journal of

Pharmaceutics and Biopharmaceutics 2000, 50, 27-46.

(4) Pasut, G.; Veronese, F. M. Polymer—drug conjugation, recent achievements and general

strategies. Progress in Polymer Science 2007, 32, 933-961.

(5) Schroder, R.; Pohlit, H.; Schiiler, T.; Panthéfer, M.; Unger, R. E.; Frey, H.; Tremel, W.
Transformation of vaterite nanoparticles to hydroxycarbonate apatite in a hydrogel scaffold:

relevance to bone formation. Journal of materials chemistry. B 2015, 3, 7079-7089.

(6) Yamaoka, T.; Tabata, Y.; Ikada, Y. Distribution and tissue uptake of poly(ethylene glycol)
with different molecular weights after intravenous administration to mice. Journal of

pharmaceutical sciences 1994, 83, 601-606.

(7) Caliceti, P. Pharmacokinetic and biodistribution properties of poly(ethylene glycol)—
protein conjugates. Advanced Drug Delivery Reviews 2003, 55, 1261-1277.

(8) Gillies, E. R.; Fréchet, J. M. J. pH-Responsive copolymer assemblies for controlled release
of doxorubicin. Bioconjugate chemistry 2005, 16, 361-368.

(9) Kaihara, S.; Matsumura, S.; Fisher, J. P. Synthesis and Properties of Poly[poly(ethylene
glycol)- co -cyclic acetal] Based Hydrogels. Macromolecules 2007, 40, 7625-7632.

(10) Varghese, J. K.; Hadjichristidis, N.; Gnanou, Y.; Feng, X. Degradable poly(ethylene
oxide) through metal-free copolymerization of ethylene oxide with | -lactide. Polymer

Chemistry 2019, 10, 3764-3771.

(11) Di Liu; Bielawski, C. W. Synthesis of Degradable Poly(Ethylene Glycol)-co-(Glycolic
Acid) via the Post-Polymerization Oxyfunctionalization of Poly(Ethylene Glycol).
Macromolecular Rapid Communications 2016, 37, 1587-1592.

232



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

(12) Kim, S.; Linker, O.; Garth, K.; Carter, K. R. Degradation kinetics of acid-sensitive
hydrogels. Polymer Degradation and Stability 2015, 121, 303-310.

(13) Pohlit, H.; Leibig, D.; Frey, H. Poly(Ethylene Glycol) Dimethacrylates with Cleavable
Ketal Sites: Precursors for Cleavable PEG-Hydrogels. Macromolecular bioscience 2017, 17.

(14) Shenoi, R. A.; Lai, B. F. L.; Kizhakkedathu, J. N. Synthesis, characterization, and
biocompatibility of biodegradable hyperbranched polyglycerols from acid-cleavable ketal

group functionalized initiators. Biomacromolecules 2012, 13, 3018-3030.

(15) Lundberg, P.; Lee, B. F.; van den Berg, S. A.; Pressly, E. D.; Lee, A.; Hawker, C. J.; Lynd,
N. A. Poly(ethylene oxide)-co-(methylene ethylene oxide): A hydrolytically-degradable
poly(ethylene oxide) platform. ACS Macro Lett. 2012, 1, 1240-1243.

(16) Steiert, E.; Ewald, J.; Wagner, A.; Hellmich, U. A; Frey, H.; Wich, P. R. pH-Responsive
protein nanoparticles via conjugation of degradable PEG to the surface of cytochrome c.

Polym. Chem. 2020, 11, 551-559.

(17) Worm, M; Leibig, D.; Dingels, C.; Frey, H. Cleavable Polyethylene Glycol: 3,4-Epoxy-
1-butene as a Comonomer to Establish Degradability at Physiologically Relevant pH. ACS
Macro Lett. 2016, 5, 1357-1363.

(18) Ewald, J.; Blankenburg, J.; Worm, M.; Besch, L.; Unger, R. E.; Tremel, W.; Frey, H.;
Pohlit, H. Acid-Cleavable Poly(ethylene glycol) Hydrogels Displaying Protein Release at pH
5. Chemistry (Weinheim an der Bergstrasse, Germany) 2020, 26, 2947-2953.

(19) Shin, J.; Shum, P.; Grey, ]J.; Fujiwara, S.-i.; Malhotra, G. S.; Gonzélez-Bonet, A.; Hyun,
S.-H.; Moase, E.; Allen, T. M.; Thompson, D. H. Acid-labile mPEG-vinyl ether-1,2-
dioleylglycerol lipids with tunable pH sensitivity: synthesis and structural effects on
hydrolysis rates, DOPE liposome release performance, and pharmacokinetics. Molecular

pharmaceutics 2012, 9, 3266-3276.

(20) Boomer, J. A.; Qualls, M. M.; Inerowicz, H. D.; Haynes, R. H.; Patri, V. S.; Kim, J.-M;
Thompson, D. H. Cytoplasmic delivery of liposomal contents mediated by an acid-labile
cholesterol-vinyl ether-PEG conjugate. Bioconjugate chemistry 2009, 20, 47-59.

(21) Price, C. C.; Snyder, W. H. Solvent effects in the base-catalyzed isomerization of ally
to propenyl ethers. /. Am. Chem. Soc. 1961, 83, 1773.

(22) Prosser, T. J. The Rearrangement of Allyl Ethers to Propenyl Ethers. /. Am. Chem. Soc.
1961, 83, 1701-1704.

233



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

(23) Guibé, F. Allylic protecting groups and their use in a complex environment part I:

Allylic protection of alcohols. 7etrahedron 1997, 53, 13509-13556.

(24) Sageot, O.; Monteux, D.; Langlois, Y.; Riche, C.; Chiaroni, A. Preparation and use of
chiral (Z)-enol ethers in asymmetric bradsher cycloaddition. 7etrahedron Letters 1996, 37,
7019-7022.

(25) Taskinen, E. Relative thermodynamic stabilities of isomeric alkyl allyl and alkyl (Z)-
propenyl ethers. Tetrahedron 1993, 49, 11389-1139%4.

(26) Boons, G.-J.; Burton, A.; Isles, S. A new procedure for the isomerisation of substituted
and unsubstituted allyl ethers of carbohydrates. Chemical Communications [Online] 1996,
No. 2, 141.

(27) Boons, G.-].; Isles, S. Vinyl Glycosides in Oligosaccharide Synthesis. 2. The Use of Allyl
and Vinyl Glycosides in Oligosaccharide Synthesis. The Journal of organic chemistry 1996,
61,4262-4271.

(28) Beres, J. J. Curve Fitting of GPC Chromatograms of Polymer Mixtures Used as Raw
Materials. ~ I[FAC  Proceedings  Volumes  [Online] 1987, 20,  229-233.
http://www.sciencedirect.com/science/article/pii/S1474667017555901.

(29) Dingels, C.; Miiller, S. S.; Steinbach, T.; Tonhauser, C.; Frey, H. Universal concept for
the implementation of a single cleavable unit at tunable position in functional poly(ethylene

glycol)s. Biomacromolecules 2013, 14, 448-459.

(30) Flory, P. J.; Rehner, J. Statistical Mechanics of Cross-Linked Polymer Networks II.
Swelling. The Journal of Chemical Physics 1943, 11, 521-526.

234



ALTERNATIVE ROUTES TO VINYL ETHER PEGS

3.2.7 SUPPORTING INFORMATION

Terminology
Anionic ring-opening polymerization AROP
2-((benzyloxy)methyl)prop-2-en-1-ol BMP
DMA Dimethacrylate
2,2°~(2-methylenepropane-1,3-diyldioxy)bisethanol MBE
2-(methylene)-1,3-propanediol MPD

1,1'-oxybis(but-3-en-2-ol) OBB

Poly(ethylene glycol) PEG

Chemicals and Analytical Instrumentation

All chemicals, solvents and materials were purchased from standard commercial
suppliers (Acros, Sigma-Aldrich, Fisher Scientific Alfa Aesar, TCI). Ethylene oxide (EO)
was purchased from Air Liquide. DMSO-ds was purchased from Deutero GmbH. All
chemicals were used as received without further purification unless stated otherwise. 96
well plates for hydrogel synthesis and disposable petri dishes with lid were purchased

from Greiner, Frickenhausen, Germany.

H NMR spectra were measured using a Bruker AMX400 spectrometer (256 Scans,
and B-ACS 60 auto sampler) at 296 K. 'H NMR kinetic spectra were recorded at
400 MHz on a Bruker Advance III HD 400 (5 mm broad band fluorine observation
(BBFO)-SmartProbe with z-gradient and Automated tuning and matching (ATM)).
2D NMR and 3C NMR spectra were measured on a Bruker Avance II 400 (100.5 MHz,

5 mm BBO probe, and B-ACS 60 auto sampler) at 296 K. All spectra were processed with
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MestReNova v10.0.1 software and referenced internally to residual proton signals of the

deuterated solvent.

Size exclusion chromatography (SEC) data were obtained using Agilent 1100 Series
equipped with PSS HEMA-columns (106/104/102 A porosity) using DMF with 1 g/L LiBr
as an eluent and RI detection. Polydispersity indices (D = Mw/Mn) were determined

with monodisperse linear PEG standards from Polymer Standard Service GmbH (PSS).

Analytical Data
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Figure S1: 'H NMR spectrum (400 MHz, DMSO-dj) of 2,2°-(2-methylenepropane-1,3-
diyldioxy)bisethanol (MBE).
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Figure S2: 3C NMR spectrum (100 MHz, DMSO-dj) of 2,2°-(2-methylenepropane-1,3-

diyldioxy)bisethanol (MBE).
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Figure S3: 'H,'H COSY NMR spectrum (400 MHz, DMSO-d;) of 2,2°-(2-
methylenepropane-1,3-diyldioxy)bisethanol (MBE).
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Figure S4: 'H,”3C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of 2,2°-(2-
methylenepropane-1,3-diyldioxy)bisethanol (MBE).
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Figure S5: 'H,'3C HMBC NMR spectrum (400 / 100 MHz, DMSO-ds) of 2,2°-(2-
methylenepropane-1,3-diyldioxy)bisethanol (MBE)
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Figure S6: H NMR spectrum (400 MHz, DMSO-d) of
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Figure S10: 'H,”*C HMBC NMR spectrum (400 / 100 MHz, DMSO-d) of
2-((Benzyloxy)methyl)prop-2-en-1-ol (BMP).
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Figure S14: 'H,3C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of MBE-PEGy4s.
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Figure S15: 'H,’3C HMBC NMR spectrum (400 / 100 MHz, DMSO-ds) of MBE-PEGys.
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Figure S16: '"H NMR spectrum (400 MHz, DMSO-dj) of MBE-PEG07.
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Figure S18: '"H NMR spectrum (400 MHz, DMSO-dj) of MBE-PEG311.
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Figure S19: '"H NMR spectrum (400 MHz, DMSO-djs) of MBE-PEGs;.
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Figure S20: '"H NMR spectrum (400 MHz, DMSO-ds) of MBE-PEGop.
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Figure S21: "H NMR spectrum (400 MHz, DMSO-djs) of MBE-PEG7s.
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Figure $22: '"H NMR spectrum (400 MHz, DMSO-dj) of MBE-PEG294.
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Figure S23: 'H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG4s.
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Figure $24: 3C NMR spectrum (100 MHz, DMSO-ds) of isoMBE-PEGys.
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Figure S25: '"H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of isoMBE-PEGys.
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Figure S26: 'H,3C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of isoMBE-PEGys.
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Figure S27: 'H,'3C HMBC NMR spectrum (400 / 100 MHz, DMSO-ds) of
1soMBE-PEGy.
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Figure $28: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEGiyoy.
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Figure S29: "H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEGz17.
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Figure $30: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEGs11.
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Figure S31: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEGs;.
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Figure $32: 'H,'"H NOESY NMR spectrum (400 MHz, DMSO-d&) of isoMBE-PEGs;.
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Figure $33: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEGoo.
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Figure S34: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG17s.
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Figure $35: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG20s.
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Figure $36: '"H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG47;-DMA.
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Figure S37: 3C NMR spectrum (100 MHz, DMSO-ds) of isoMBE-PEG47-DMA.
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Figure S$38: 'H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of isoMBE-PEG47-DMA.
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Figure S39: 'H,3C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of
1soMBE-PEG47-DMA.
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Figure S40: 'H,*C HMBC NMR spectrum (400 / 100 MHz, DMSO-ds) of
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Figure S41: 'H,'H NOESY NMR spectrum (400 MHz, DMSO-d)
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Figure S42: '"H NMR spectrum (400 MHz, DMSO-ds) of isoMBE-PEG1¢7-DMA.
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Figure S43: 'H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG217-DMA.
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Figure S44: 'H NMR spectrum (400 MHz, DMSO-dj) of isoMBE-PEG311-DMA.

a c d d
C
(oaan
a a
b
a
d
a
b
DMSO
‘ |
L
S i o
5.00 1.00 1.00 0.85 1.99 4.07
8‘. 0 7’. 5 7I 0 5‘. 5 6’. 0 5‘. 5 5‘. 0 4’. 5 4‘ .0 3‘. 5 3'. 0 2‘. 5

chemical shift (ppm)

Figure $45: '"H NMR spectrum (400 MHz, DMSO-dj) of BMP.
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Figure $46: 13C NMR spectrum (100 MHz, DMSO-ds) of BMP.
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Figure S47: '"H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of BMP.
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Figure S50: '"H NMR spectrum (400 MHz, DMSO-dk) of isoBMP-PEGo.
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Figure S51: 3C NMR spectrum (100 MHz, DMSO-djs) of isoBMP-PEGs.
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Figure S52: 'H,'H COSY NMR spectrum (400 MHz, DMSO-ds) of isoBMP-PEGgq.
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Figure S53: 'H,13C HSQC NMR spectrum (400 / 100 MHz, DMSO-ds) of isoBMP-PEG.
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4.1.1 ABSTRACT

Capitalizing on the inertness of styrene towards Grignard-reagents, 4-vinylphenyl
magnesium bromide was utilized for the rapid and convenient preparation of the
protected monomer 2,2-dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane (DMVBDO), avoiding
the use of catalysts and painstaking purification protocols. Well-defined homopolymers,
statistical copolymers, and block copolymers with styrene (S) as a comonomer were
prepared in THF at -78 °C via carbanionic living polymerization. The overall molecular
weights ranged from 4.5 to 68.9 kg mol™! with low dispersities (£ 1.04 to 1.15). Copolymers
were synthesized with styrene feed ratios (Xfeed) from 15 to 95 mol% with glass transition
temperatures (7;) between 74 and 98 °C. Whereas polystyryllithium served as an
excellent macroinitiator for the preparation of the block copolymer PSos-b-
P(DMVBDO)os, the inverse block order, i.e. synthesis of P(DMVBDO)o.5-5-PSo5 yielded
a bimodal molecular weight distribution (MWD) with increased dispersity, which is
ascribed to slow crossover. Rapid deprotection of both homo- and copolymers to release
two hydroxyl groups per DMVBDO unit was achieved via acidic hydrolysis. The
deprotected block copolymer PSo.5-5-P(VPPDO)o.5 showed phase separation, indicated by
two 7 values (68 °C and 86 °C). Homogeneous brush copolymers of the type P(Sss-co-
VPPDO:s)-g-PLLA and P(Sss-co-VPPDOg)-g-PEO were demonstrated, using quantitative
“grafting from” with L-lactide and ethylene oxide, respectively. The brush-like
copolymers were obtained in quantitative yields, while maintaining monodisperse

MWD.
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4.1.2 INTRODUCTION

Substituted styrenes!~® are valuable monomers that are compatible with nearly all
polymerization techniques, giving rise to an immense variety of functional polymers for
many different applications. In the recent decades, controlled radical polymerization
(CRP) techniques®!? have become key tools in academia, however, they are scarcely used
in industry.!! In contrast to all controlled polymerization techniques,!? the truly living
anionic polymerization,'>!* initially described by Szwarc et al in 1956,'>1¢ is known to
be the most reliable strategy for the preparation of well-defined and also complex
macromolecular architectures. Anionic living polymerization enables the synthesis of
polymers with very narrow molecular weight distributions (MWDs), while additionally
benefitting from an extraordinary atom economy, short polymerization times, and
convenient polymer isolation or purification protocols. In addition, specific material
properties can be precisely engineered for almost any type of application.!”!® The
seemingly countless possibilities for variation in terms of functionality combined with
their simplicity render substituted styrene monomers highly promising also for the

future of polymer science.”

Among functional polymers, hydroxyl-functionalized polystyrenes like poly(4-
hydroxy styrene) (PHS) serve as the key material for many interesting polymer
topologies, e.g. as a macroinitiator for the synthesis of dendronized architectures.?0-22
However, in order to make use of the high precision of the carbanionic living
polymerization, protective group chemistry is mandatory for functional monomers due
to the high reactivity and basicity of carbanions. Whereas monomers like 4-fert
butoxystyrene (Bu0S)?*-2> or p-(1-ethoxy ethoxy) styrene (pEES)?0?7 are well
established, protection of multi-hydroxy functional monomers represents a considerable

challenge.
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Scheme 1. Synthesis of DMVBDO from 4-bromostyrene.

Suitable protective chemistry for monomers with diol moieties has been introduced
via 2,2-dimethyl-1,3-dioxolanes, e.g. for catechol derivatives. Catechol based monomers
have been investigated for different applications ranging from metal ion complexation
to surface binding.?8-32 However, catechols commonly exhibit low storage stability, as
they are easily oxidized. Aliphatic diols represent a highly interesting structural motif,
because they can be used for the rapid synthesis of complex macromolecular
architectures as well as hydrophilic-hydrophobic block copolymers that undergo self-

assembly with tuneable phase behavior.3%34

Aliphatic diols are less prone to oxidation, but can in principle be easily protected
in a similar fashion. However, linkage of different 1,3-dioxolanes to styrene in order to
produce functional monomers that can be subjected to carbanionic living polymerization
was found to be challenging.?>3¢ The monomer design has to be well planned due to the
high basicity of the living carbanion present throughout the polymerization. For instance
para-substituted styrene monomers bearing the benzyl ether moiety are known to
undergo a 1,6-elimination once the anionic polymerization is initiated.®” In pronounced
contrast, the dioxolane moiety is known to be stable under the harsh conditions of the
carbanionic living polymerization, and deprotection can readily be achieved via acidic

hydrolysis.?
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The development of novel functional monomers ideally should fulfil three criteria:
(1) universality, (ii) scalability, and (iii) a convenient workup procedure that gives fast
access to the monomer in good yields and high purity. We recently described a scalable
synthesis procedure relying on an optimized Wittig reaction that enables the rapid
preparation of para alkyl styrenes.? In the current work we demonstrate a rather simple
synthesis approach based on the use of the simple Grignard reagent (4-
vinylphenyl)magnesium bromide, which enables the versatile introduction of a broad
variety of functional groups. To the best of our knowledge (4-vinylphenyl)magnesium
bromide has rarely been utilized for the preparation of functional monomers for the
carbanionic living polymerization.?**! As aryl Grignard reagents do not possess
sufficient nucleophilicity to initiate the anionic polymerization of styrene monomers,
they are attractive for the rapid attachment of electrophilic compounds. Due to the high
reactivity and selectivity, functional monomers can thus be easily synthesized
(Scheme 1). The present work aims at a general synthesis avenue for functional styrene
monomers, avoiding expensive catalysts and tedious purification protocols. Relying on
the established procedure, the monomer 2,2-dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane
(DMVBDO) was synthesized (Scheme 1) and subjected to carbanionic living
polymerization, giving access to well-defined homo- as well as random and block
copolymers. All polymers were investigated with respect to MWD, dispersity, and
thermal properties (glass transition temperature). After acidic deprotection the aliphatic
diol moieties were accessible at each repeating unit of the polymer. Subsequently, the
deprotected copolymer was used as a macroinitiator for the synthesis of brush-like

copolymers in a “grafting from” approach with I-lactide (LLA) and ethylene oxide (EO).
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4.1.3 RESULTS AND DISCUSSION
4.1.3.1 MONOMER SYNTHESIS

The monomer 2,2-dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane (DMVBDO) (3) was
synthesized in three steps (Scheme 1), albeit the first two intermediates 1-chloro-3-(4-
vinylphenyl)propan-2-ol (1) and 2-(4-vinylbenzyl)oxirane (2) were used without further
purification for the subsequent steps. DMVBDO was synthesized on a multigram scale
(typically 30 g of starting material) followed by purification via vacuum distillation. No
column chromatography was required, which renders the synthesis sequence suitable

for further scale-up.
4.1.3.2 POLYMERIZATION BEHAVIOR OF DMVBDO AND DEPROTECTION

The polymerization of DMVBDO was first investigated in non-polar media
(cyclohexane and benzene) with sec-butyllithium (s-BuLi) as an initiator (Scheme 2). To
our surprise, neither DMVBDO homopolymers nor DMVBDO copolymers with styrene

(S) (Xteed(S) = 0.9, 0.5) could be obtained within 3 hours after initiation.

X
s-Buli, THF THF/H,0, 1M HCI
-78 02040m|n rt, 24 h
(92-97%) -n acetone
><O (92%)
(@]

Scheme 2. Polymerization of DMVBDO in THF and subsequent deprotection to
P(VPPDO).

Subsequently, THEF/cyclohexane solvent mixtures were tested for the
homopolymerization of DMVBDO at room temperature. A gradual increase of THF in
the polymerization solvent mixture resulted in an increase of monomer conversion
(measured after 3 h), which leveled off, when a THF/Li ratio exceeding 100 was reached.

(Figure 1, Figure S57). The obtained MWDs (Table S3) are slightly broader than
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commonly observed for the living anionic polymerization (£ > 1.1). Nonetheless, it was
found that upon raising the amount of THF, the molecular weight of the obtained
polymer (M, by SEC) increased from 3.5 to 6.9 kg mol™! and that the dispersity gradually
decreased from 1.31 to 1.15 (see Table S3, Figure S58). To clarify whether side reactions
occur in neat cyclohexane or benzene in the course of the reaction, polymerization
aiming at an oligomer (Mytereeted = 1 kg mol™) of DMVBDO was initiated via s-BuLi and

monitored over the course of 7 days.

I A ——— A
-A ............................
A
X 0.6
o P
Q
A
04— _.}_.-:‘f ----------------------------------------------------------------------------------
0244
. . | |

o o 200

THF/Li (molar ratio)

Figure 1. DMVBDO conversion as a function of THF/Li molar ratio (P(DMVBDO)
Mntargeted =5 kg mol‘l).

Finally, the (still colored, i.e. living) reaction mixture in pure apolar solvent was
terminated with degassed methanol, and the solvent was removed under reduced
pressure. The viscous residue was analyzed via 'H NMR spectroscopy. The spectra
indicated no side reactions over time, showing only additional signals of unreacted
monomer (Figure §59). 'TH NMR characterization revealed that a tetramer was formed

and a monomer conversion of 88% was reached.
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Figure 2. MALDI-ToF-MS analysis of P(DMVBDO) homopolymer.

Unlike the polymerization in non-polar media, the living polymerization of
P(DMVBDO) was readily achieved in pure THF at -78 °C within 20 minutes with near
quantitative yields (92%). After precipitation in cold methanol the homopolymer (white,

glassy powder) was analyzed via SEC, NMR, and FT-IR spectroscopy (Figures $14-19).

'H NMR spectroscopy revealed full monomer conversion and high purity of the
polymer. SEC characterization showed a homogeneous distribution (Figure 3). The
molecular weights (M) determined both by SEC and 'H NMR spectroscopy were found
to be in good agreement with the targeted M,. SEC revealed that a polymerization time
of 20 minutes was sufficient to reach full monomer conversion. The MALDI-ToF-MS
analysis enabled a detailed understanding of the resulting homopolymer with respect to
mass distribution. The mass of the repeating unit (218.52 g mol!) was found to agree

well with the calculated value of DMVBDO (218.13 g mol! based on natural abundance)

(Figure 2).
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Figure 3. SEC traces (DMF, UV signal, PS standards) of P(DMVBDO)23 and P(VPPDO)2s.

Quantitative deprotection of P(DMVBDO).3 was readily achieved in a homogenous
H>O/THF mixture by the addition of 1 M HCI overnight (see Experimental Part for
details). The clear shift of the SEC elution trace (Figure 3) after the completed
deprotection confirm quantitative conversion. The deprotected homopolymer

(P(VPPDO)23) eluted at lower elution volume compared to P(DMVBDO)z2s.

Table 1. Homopolymer deprotection results of P(DMVBDO).

Polymer M/ kg molt  MP/kgmol! I  Yield /%
P(DMVBDO)z 5.4 5.1 1.06 92
P(VPPDO)2s 8.5 5.0 111 89

4 Determined by SEC in DMF (UV signal, PS standard), b determined by "H NMR spectroscopy (pyridine-d5)
by referencing to the methyl protons of the initiator.

According to the decrease in mass, this result is counterintuitive and thus
tentatively attributed to a different hydrodynamic volume in DMF due to the highly
polar 1,2-diol moieties at the deprotected repeating units. The NMR (Figure $S20-23) and
FT-IR (Figure S24) spectra verified the quantitative deprotection of P(DMVBDO)23. The
solubility of the deprotected homopolymer P(VPPDO).3 was found to be completely

altered in comparison to the protected polymer (Table 2).

275



APPENDIX

Table 2. Solubility of P(DMVBDO) and P(VPPDO).

Polymer THF  Acetone MeOH H:O CDCls3 Pyridine  DMSO
P(DMVBDO)23 + + (+) - + + +
P(VPPDO)23 - - + - - + -

+ = soluble (at least 10 mg / mL), - = insoluble, (+) = partially soluble.

Due to the large number of hydroxyl groups P(VPPDO)23 was difficult to analyse
via MALDI-ToF MS. Nonetheless, the appropriate molecular weight of the monomer
repeating unit ([M]*: 178.10 calculated based on natural abundance, 178.06 found) was

identified (Figure S25).

4.1.3.3 STATISTICAL AND BLOCK COPOLYMERS OF DMVBDO WITH STYRENE

Under the same conditions as for the homopolymerization, DMVBDO was
statistically ~ copolymerized ~with  styrene  (Mytreeted = 10 kg mol?).  In  the
copolymerization the styrene feed ratio (Xfeed (S)) was probed as the independent
variable by varying the styrene fraction in the feed from 15 to 95 mol%. The amount of
initiator (s-BuLi) and the concentration of the polymerization solution (20 wt%) were
kept constant over all reactions to maintain comparability. All statistical
copolymerizations were carried out for 45 minutes at -78 °C to ensure full monomer
conversion, terminated with degassed methanol and subsequently precipitated in cold
methanol. For the precipitation of the copolymers with 45 and 55 mol% DMVBDO 5
vol% of water was added to methanol, as the precipitation in pure methanol resulted in
lower yields due to the intermediate solubility. SEC elution traces are shown in the
supporting information (Figure S60). Well-defined copolymers of the type P(Sx-co-
DMVBDO1y) (Mptargeted = 10 kg mol!) were obtained with high yields (74 - 98%),
monomodal and narrow (D = 1.04 — 1.15) MWDs as well as molecular weights (M) close
to those targeted (Table 3). For all copolymers the styrene content, determined by

"H NMR spectroscopy, was found to be close to the targeted styrene feed (Xfeed(S)).
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Examples of typical NMR spectra are shown for P(S30-co-DMVBDO30) in the Supporting
Information (Figures S26-S30). The DOSY analysis (Figure S30) showed only one
diffusion trace and thereby confirmed that no homopolymers were formed over the
course of the statistical copolymerization with styrene in THF at -78 °C. Furthermore,
one copolymer (50/50 molar ratio of S and DMVBDO) with Aftergeted = 70 kg mol ™! was
synthesized to prove that higher molecular weight copolymers can also be prepared. The
MWD remained monomodal, but the dispersity increased slightly (£ =1.13), and the
SEC elution trace (UV signal) showed a small tailing towards higher elution volume
(Figure S61). In addition, block copolymers of the type PSos-6-P(DMVBDO)os and
P(DMVBDO)o.5-5-PSos with a targeted molecular weight of 20 kg mol! and a 50/50
molar block ratio were synthesized. It was found that polystyryllithium served as a good
macroinitiator for DMVBDO, enabling the facile preparation of PSos5-5-P(DMVBDO)q .
A narrow and monomodal MWD was obtained (Figure 4, solid line), exhibiting low
dispersity (D= 1.14).

Table 3. Overall results from the statistical and block copolymerization of styrene with

DMVBDO in THF (-78°C), Mytegeted = 10 kg mol!, except for sample 10
(Mytareeted = 70 kg mol™) and sample 11, 12 (Mytargeted = 20 kg mol™?).

No.  Polymer XNMR(S)  Mi? MyP D 7Ty
/ mol% / kg mol™! / kg mol™! /°C
1 P(S7-co-DMVBDO43) 14 10.1 10.2 1.15 46
2 P(S15-co DMVBDO3o) 27 13.6 10.2 113 58
3 P(S21-coDMVBDOsg) 37 10.6 10.0 1.04 59
4 P(Sp-coDMVBDOss) 47 11.2 10.3 110 66
5 P(S39-coDMVBDOsg) 57 11.3 10.8 1.05 72
6  P(Sio-coDMVBDOz) 67 1.1 10.3 115 75
7 P(Seo-co DMVBDO1s) 76 8.2 9.6 1.04 78
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8 P(S79-coDMVBDO1) 85 11.6 11.4 1.05 78
9 P(Sss-coDMVBDOg) 94 8.8 10.0 1.08 91
10 P(So.5-co-DMVBDOys) 55 68.9 n.d. 1.13 69
11 PSos-bP(DMVBDO)os 53 22.1 13.2 114 58
12 P(DMVBDO)os-5PSos 69 40.2 22.2 119 70

aDetermined by SEC in THF (UV signal), ® determined by 'H NMR spectroscopy (CDCls) by referencing to
the methyl protons of the initiator. Entry 10 was not evaluated due to increasing inaccuracy at high molecular

weights.

The block copolymer composition (XNMR = 53 mol%) determined by 1H NMR
spectroscopy was close to the targeted styrene feed content (Xfeed(S) = 50 mol%) and
the molecular weight (Mn =22.1 kg mol-1) determined by SEC in DMF (due to

solubility) was found to agree well with the targeted molecular weight of 20 kg mol-1.

On the contrary, P(DMVBDO)lithium was found to be slow and not homogeneous
as a macroinitiator for the sequential polymerization of styrene as the second block. SEC
characterization revealed a bimodal MWD with an increased dispersity (D= 1.19)
(Figure 4, dashed line). Strikingly, the molecular weight determined both by 'H NMR
spectroscopy and SEC was found to be significantly larger compared to the targeted
value. This result hints at a rather slow crossover, resulting in a non-quantitative
initiation step of the second block, when P(DMVBDO)lithium is utilized as a
macroinitiator for the subsequent polymerization of styrene. Due to incomplete
initiation of the polystyrene block, the monomer/initiator ratio ([Mo]/[I]) increases,
which results in fewer growing polymer chains, resulting in higher molecular weight
and an enriched average styrene content. Indeed, it was found that the glass transition
(7g) value for P(DMVBDO)o.5-5-PSo5 (70 °C) was measured 12 °C higher compared to
PSo.5-6-P(DMVBDO)5 (58 °C). The higher 7; value originates from the larger styrene

content in the majority fraction of the former block copolymer. To sum up, the crossover
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from PSLi to DMVBDO is quantitative and fast, whereas on the other hand the crossover

from P(DMVBDO)lithium to styrene is rather slow and non-quantitative.

PScl'_s-.(:t-P(DNW'BDO]0_5 (table 3, sample 11)

— — —P(DMVBDO)  _-b-PS  (table 3, sample 12)

14 16 18 20 22 24 26
elution volume [mL]

Figure 4. SEC traces (DMF, UV signals, PS standards) of PSes-5-P(DMVBDO)os and
P(DMVBDO)o.5-b-PSo5 block copolymers, Myfrgeted = 20 kg mol .

In addition, the DOSY analysis of PSos5-6-P(DMVBDO)os revealed only one
monomodal diffusion trace (Figure S39), whereas the synthesis of P(DMVBDO).s-5-
PSos showed a bimodal diffusion peak, originating from the presence of unreacted

P(DMVBDO) macroinitiator (Figure S49).
4.1.3.4 DEPROTECTION AND THERMAL PROPERTIES

The glass transition (7;) values of the protected copolymers P(Sx-co-DMVBDO1 )
(Table 3) were found to be in between those of the two homopolymers PS and
P(DMVBDO). DSC measurements revealed that the 7; value of the deprotected
homopolymer P(VPPDO):; (48 °C) is approximately 50 K lower compared to
polystyrene, which is a consequence of the flexible side chains. For the synthesized block
copolymer PSo5-/-P(DMVBDO)os it was found that after the deprotection phase

separation occurred, as indicated by the appearance of two 7s (68 °C and 86 °C instead

of 58 °C).
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Deprotection of the copolymers was carried out in a similar fashion as the
homopolymer deprotection. However, instead of 1 M HCl, 6 M HCI was used, as the
1 molar solution was found to be not sufficiently effective for complete copolymer
deprotection, which is a consequence of the strongly apolar character of the copolymers
with styrene. Figure 5 shows the stacked "H NMR spectra of the protected (P(Sss-co-

DMVBDOg)) and deprotected (P(Sss-co-VPPDOs)) copolymer.

L
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Chemical Shift [ppm]

Figure 5. 'H NMR spectra (stacked) of P(Sss-co-DMVBDOg) (bottom) and P(Sss-co-
VPPDO) (top) (400 MHz, CDCls).

The signal changes in the region of 2.5 - 4.5 ppm clearly indicate quantitative
deprotection of the copolymer within 24 h at room temperature. Nevertheless, it is
noteworthy that at longer reaction times the solution and the precipitated product
became slightly yellow in color. Whereas the SEC elution traces (Figure S32) did not
change over time, 'H NMR analysis revealed a decrease in molecular weight over time
(Table S2). Further, additional signals in the region of 2.5 - 4.5 ppm (Figure S33) became
visible. These signals most probably result from undesired elimination reactions at the

hydroxyl groups.
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4.1.3.5 SYNTHESIS OF BRUSH-LIKE COPOLYMERS

With the readily deprotected copolymer P(Sgs-co-VPPDOg) a large variety of well-
defined brush-like copolymers is accessible. This is exemplified by using a “grafting
from” approach with both L-lactide (LLA) and ethylene oxide (EO) (for details see
Experimental Part). This procedure permitted rapid access to brush-like copolymers

(Scheme 3).

P(Sgs-co-(VPPDO) ()

DEU, LLA,
Ty PLLA

= Jf Ko'Bu, EO,
HO. THF/DMSO
j/ ~.40°C, 48h
E —
HO e P(Sgs-co-(VPPDO) ¢)

]’PEO

Scheme 3. Synthesis of P(Sss-co-VPPDOs)-g-PLLA, and P(Sss-co-VPPDOs)-g-PEO.

With the aliphatic hydroxyl groups of the propane-1,2-diol moiety at every
comonomer unit rapid grafting of PLLA was achieved with DBU in benzene at room
temperature within 1 h. As the target molecular weight of the grafted PLLA chains 20
kg mol! was chosen. The resulting MWD of the graft copolymer P(Sgs-co-VPPDOs)-g-
PLLA remained monomodal with a slight increase in dispersity from £ 1.06 to 1.22
(Table 5). The respective SEC traces are shown in Figure 6. SEC results (M2, Table 5)
reveal that the A4, is close to the targeted value. Nevertheless, it is noteworthy that the
given M, values are based on PS standards and thus in principle represent only apparent
molecular values. The complete disappearance of the propane-1,2-diol signals in the
NMR spectra (Figure S50-56) along with the appearance of 2 pronounced signals in the

region of 5 — 5.5 ppm (resulting from the methine proton of PLLA) and in the region of
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1.4 — 1.6 ppm (resulting from the methyl group of PLLA) further confirm the successful

synthesis of P(Sss-co-VPPDOs)-g-PLLA.

P(Sg5-c0-VPPDO,)
P(Sg5-c0-VPPDO )-g-PLLA
P(Sg5-c0-VPPDO,)-g-PEQ

17 18 19 20 21 22 23 24 25 26 27 28
elution volume [mL]

Figure 6. SEC traces (THF, UV signal, PS standards) of P(Sss-co-VPPDOs), P(Sss-co-
VPPDOs)-g-PLLA, and P(Sgs-co-VPPDOs)-g-PEO.

The molecular weight based on "H NMR analysis (Mg, Table 5) was found to be

lower than the targeted molecular weight (M,2rgeted, Table 5).

Table 5. Characteristics of the brush-like copolymers P(Sss-co-VPPDOs)-g-PLLA, and

P(Sss-co-VPPDOs)-g-PEO.

Polymer Mitargeted My? [ kg mol”  MyP D T T
/ kg mol™! ! / kg mol™ /°C /°C
P(Sss5-co-VPPDOs) 8.7 8.9 8.7 1.06 90 -
P(Ss5-co-VPPDOg)-
28.9 27.6 21.2 1.22 45 227
gPLLA
P(Ss5-co-VPPDOg)-
23.9 18.8 n.d. 1.16  -12 45

gPEO

aDetermined by SEC in THF (UV signal, PS standards), ® determined by "H NMR spectroscopy (CDCls) by
referencing to the methyl protons of the initiator. Entry 3 was not evaluated due to increasing inaccuracy at

such high molecular weights.
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However, the molecular weight by 'H NMR analysis was determined by
referencing to the methyl protons of the initiator s-BuLi. In this molecular weight range
NMR is often found to be inaccurate due the low signal intensity. DOSY analysis further
proved successful grafting with LLA, as only one diffusion coefficient was obtained
(Figure S55).The complete disappearance of the propane-1,2-diol signals in the NMR
spectra (Figure S50-56) along with the appearance of 2 pronounced signals in the region
of 5 - 5.5 ppm (resulting from the methine proton of PLLA) and in the region of 1.4 - 1.6
ppm (resulting from the methyl group of PLLA) further confirm the successful synthesis

of P(Sgs-co-VPPDOs)-g-PLLA.

DSC revealed a decrease of the 7; value (A7 = 45 °C) from 90 °C to 45 °C, and a
melting point of 227 °C was found. This is due to the fact that more than half (59% based
on M) of the polymer now consists of PLLA. In a similar fashion P(Sss-co-VPPDOs)-g-
PEO was synthesized by anionic ring-opening polymerization based on partial
deprotonation. This approach enables the synthesis of amphiphilic graft structures, since
PEO is water soluble. A DMSO/THF solvent mixture was used to ensure a homogeneous
reaction solution over the whole course of the ethylene oxide polymerization. After
thorough solvent removal via freeze drying the yield was found to be quantitative.
Characterization via SEC revealed a narrow and monomodal MWD of the synthesized
graft copolymer P(Sss-co-VPPDOg)-g-PEO with a slight increase in dispersity from D
1.06 to 1.16 (Table 5) molecular weight (SEC) was determined to be 18.8 kg mol™! (based
on PS standards). In the 'H NMR spectrum of the graft copolymer the signals of the
methylene and methine protons (3.44-4.07 ppm) of the former 1,2-diol moieties
disappeared, and at the same time a characteristic signal appeared for the polyether
backbone at 3.96 — 3.25 ppm. The DOSY analysis (Figure S67) confirmed smooth
“grafting from” synthesis, as only one diffusion trace was visible. The 7 value decreased
from 90 °C to -12 °C (A7 = 102 °C) whereas a melting point was detected for the graft

copolymers was observed at 45 °C (resulting from the PEG side-chains).
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4.1.4 CONCLUSIONS

We report a novel approach for the rapid access towards para-functional styrene
monomers suitable for any kind of successive polymerization, demonstrated for living
anionic polymerization. Relying on (4-vinylphenyl)magnesium bromide as a readily
accessible Grignard reagent, the fast introduction of a base stable functionality becomes
possible via a simple nucleophilic addition or substitution reaction. In this work this is
exemplified using epichlorohydrine. In this manner, functional styrene monomers were
conveniently be synthesized, avoiding the introduction of the reactive vinyl group only
in the final step of the synthesis route, as it is usually performed. To the best of our
knowledge this approach has hardly been studied to date. Relying on this method, 2,2-
dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane (DMVBDO), a valuable functional monomer
with a protected 1,2-diol moiety was synthesized on a multi-gram scale and subsequently
used for the carbanionic living polymerization, avoiding purification by chromatography.
Whereas in nonpolar media DMVBDO did not homo- or copolymerize with styrene, well-
defined homopolymers, statistical copolymers as well as block copolymers were prepared
in THF at -78 °C. Molecular weights ranged from 4.5 to 68.9 kg mol™ with low dispersity
(D) in the range of 1.04 to 1.15. Statistical copolymers were accessible with any styrene
feed ratio (Xfeed) from 15 to 95 mol%. The copolymers” thermal properties can be adjusted
gradually, as the 7; values changed according to Xfeed and ranged from 74 to 98 °C. Block
copolymer synthesis worked well for the preparation of PSo.s5-5-P(DMVBDO)o5, whereas
the reverse approach, i.e. synthesis of P(DMVBDO)o.5-5-PSo yielded a bimodal MWD
resulting from slow and non-quantitative (macro)initiation of the second block. All
polymers could be rapidly deprotected overnight in slightly acidic solution and were
found not to be prone to autoxidation like catechol polymers. The deprotected block
copolymer PSos-6-P(VPPDO)o5 showed two 7; values at 68 °C and 86 °C indicating
phase separation. The aliphatic hydroxyl groups of VPPDO were used for “grafting

from” of LLA and EO, respectively, which so far is not widely established for
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monodisperse polystyrene derivatives. Thereby, homogeneous brush-like copolymers of
the type P(Sss-co-VPPDOs)-g-PLLA and P(Sss-co-VPPDOg)-g-PEO were synthesized in

quantitative yields.

We consider the present work an important steppingstone in the field of functional
polymer synthesis. DMVBDO represents a versatile monomer with a protected
functional group that remains stable under the harsh conditions of carbanionic living
polymerization due to acetal protective chemistry. Furthermore, (4-
vinylphenyl)magnesium bromide introduces a new aspect to the area of functional
styrene monomers. The synthesis procedure is non-conventional due to the high
reactivity of the Grignard moiety. It follows that a large variety of functional monomers
can rapidly be synthesized with this method, suitable for anionic as well as for radical
polymerization. As functional polymers play a key role for block copolymer
architectures and in many commercial products and applications, this scalable synthesis

procedure holds promise for future use.

4.1.5 EXPERIMENTAL PART

Terminology. Styrene and 2,2-dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane are
abbreviated as S and DMVBDO, respectively. 3-(4-vinylphenyl)propane-1,2-diol is

abbreviated VPPDO.

Reagents. Chemicals and solvents were purchased from commercial suppliers
(Acros, Sigma-Aldrich, Fisher Scientific, Alfa Aesar, TCI). Deuterated solvents were
obtained from Deutero GmbH. Isopropyl alcohol and methanol were used as received
without further purification. Cyclohexane was purified by stirring over
diphenylhexyllithium (adduct of sec-butyllithium and 1,1-diphenylethylene), vacuum-
transferred and degassed by four freeze-pump-thaw cycles prior to use. The monomers

S and DMVBDO were purified by stirring over CaH: overnight, followed by distillation.
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All monomers for the anionic polymerization were degassed by four freeze-pump-thaw
cycles prior to use. L-Lactide (LLA) was kindly provided by BASF SE and was

recrystallized three times from toluene and dried 7z vacuo prior to use.

Instrumentation. All NMR spectra ("H, 13C, ed. HSQC, HMBC, 'H, 'H-COSY and
DOSY) were recorded on a Bruker Avance II 400 spectrometer equipped with a 5 mm
BBFO-SmartProbe with z gradient and ATM, as well as a SampleXPress 60 sample
changer. All spectra are referenced internally to residual proton signals of the deuterated

solvent.

Size exclusion chromatography (SEC) measurements were performed using an
Agilent 1100 Series, equipped with a SDV column set from PSS (SDV 103, SDV 105,
SDV 106). Tetrahydrofuran (THF) or M,N-Dimethylformamide (DMF) was used as the
mobile phase (flow rate 1 mL min™) and as the solvent. Poly(styrene) standards were
provided by PSS for calibration. The measurements were carried out at 30 °C with an RI
and UV (275 nm) detector. For analysis the PSS WinGPC® UniChrom (V 8.31, Build

8417) software provided by PSS Polymer Standards Service GmbH was used.

Glass transitions temperatures (7;) as well as melting temperatures (7m) were
determined by evaluating differential scanning calorimetry (DSC) curves recorded on a
Perkin Elmer 8500 differential scanning calorimeter. A temperature range from 0 °C to
250 °C was used. For the first cycle a heating rate of 10 °C min™! and a cooling rate of
10 °C min! was employed. A second heating cycle (20 °C min!) was used to evaluate
the thermal properties of the (co)polymers. All samples were measured three times, and

the mean value was used for further analysis of the thermal properties.

MALDI-ToF MS measurements were performed on a Bruker Rapiflex. 2-(4-
Hydroxyphenylazo)benzoic acid (HABA) was used as a matrix (1:1 in water) for
P(VPPDO) and sodium trifluoroacetate was used as the cationization salt. The spectrum

was measured in a linear positive mode with a laser wavelength of 337 nm. P(DMVBDO)
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was measured with trans-2-[3-(4- fert-Butylphenyl)-2-methyl-2-
propenylidene|malononitrile (DCTB) as the matrix and silver trifluoroacetate. An
analyte:matrix:salt ratio of 10:10:1 in CH2Cl; was used. The mass spectrum was recorded
in a reflector positive mode with a 337 nm laser. For all polymers 1 mg analyte was

dissolved in 1 mL solvent.

All FT-IR spectra were recorded using a Thermo Scientific iS10 FT-IR

spectrometer, equipped with a diamond ATR unit.

Monomer synthesis. 7-chloro-3-(4-vinylphenyl)propan-2-ol (1). According to a
modified literature procedure from Farzaliev and coworkers,*? a few drops of 4-
bromostyrene were slowly added under vigorous stirring (large stirring bar, 700 rpm) to
a solution of magnesium turnings (4.02 g, 166 mmol) in 150 mL of freshly distilled and
dry THF in a 500 mL three-necked flask at room temperature under an argon
atmosphere. After the exothermic reaction started, 4-bromostyrene (30 g, 166 mmol)
was slowly added while keeping the solution at gentle reflux. After complete addition,
the reaction mixture was left to stir for one hour before the reaction solution was cooled
to 0 °C. A solution of epichlorohydrin (12.3 mL, 157 mmol) mixed with 150 mL of freshly
distilled and dry THF was slowly added via a dropping funnel while keeping the
temperature below 10 °C. After complete addition, the reaction mixture was stirred at
room temperature for 30 minutes. The conversion was checked by TLC (15 vol% ethyl
acetate, 85 vol% cyclohexane, Rr(product) = 0.29). When quantitative conversion had
been reached, the reaction mixture was poured into a separating funnel containing
125 mL of saturated ammonium chloride solution and 500 mL of deionized water. The
crude product was extracted three times with diethyl ether (total amount: 750 mL). The
combined organic layers were washed with brine (250 mL), dried over sodium sulfate,
filtered and concentrated under reduced pressure. The crude product was obtained as a

clear yellow oil which was used for the next step without further purification. Yield 94%.
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'H NMR (400 MHz, chloroform-d;): & (ppm) = 7.36 (d, 2H), 7.19 (d, 2H), 6.69 (dd, /=
17.6, 10.8 Hz, 1H), 5.73 (dd, /= 17.6, 0.9 Hz, 1H), 5.23 (dd, /= 10.9, 0.9 Hz, 1H), 4.13 —
3.92 (m, 1H), 3.60 (dd, /= 11.1, 3.9 Hz, 1H), 3.48 (dd, /= 11.2, 6.1 Hz, 1H), 2.87 (d, /= 6.6

Hz, 2H), 2.60 (s, 1H). Figure S1. For 13C and 2D spectra see Figure S2-4.

2-(4-vinylbenzyl)oxirane (2). According to a modified literature procedure from
Farzaliev and coworkers,*? a solution of sodium hydroxide (50.15 g, 1.25 mol) in 120 mL
of deionized water was slowly added to a solution of 1-chloro-3-(4-vinylphenyl)propane-
2-ol (30 g, 153 mmol) in 104 mL of THF at 0 °C under vigorous stirring (large stirring
bar, 700 rpm). After complete addition, the reaction mixture was warmed to room
temperature and stirred overnight. The conversion was checked by TLC (20 vol% diethyl
ether, 80 vol% cyclohexane, Rr(product) = 0.49) the following morning. Upon complete
conversion, the reaction mixture was poured into a separation funnel with 350 mL of
deionized water. The product was extracted three times with ethyl acetate (total amount:
530 mL). The combined organic layers were dried over sodium sulfate, filtered and
concentrated under reduced pressure. The crude product was obtained as a clear, yellow

oil which was used for the next reaction without further purification. Yield 89%.

"H NMR (400 MHz, chloroform-d;): § (ppm) = 7.39 (d, /= 8.1 Hz, 2H), 7.24 (d, /= 8.2 Hz,
oH), 6.73 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (dd, J = 17.6, 1.0 Hz, 1H), 5.26 (dd, J = 10.9,
0.9 Hz, 1H), 3.16 (m, 1H), 2.96-273 (m, 3H), 2.56 (dd, /= 5.0, 2.7 Hz, 1H). Figure S5. For

13C and 2D spectra see Figure S6-8.

2,2-dimethyl-4-(4-vinylbenzyl)-1,3-dioxolane (3). According to a modified
literature procedure from Meyer and coworkers,** a 1 L two-necked flask with a stirring
bar was evacuated and backfilled with argon three times. Tin(II) chloride (234 mg, 1.23
mmol) and 450 mL of dry acetone were carefully added under argon counterflow. After
the catalyst was dissolved, 2-(4-vinylbenzyl)oxirane (19.79 g, 124 mmol) was slowly

added via syringe. After the addition was completed, the reaction mixture was heated
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under reflux overnight. The next morning, the conversion was checked by 'H NMR
spectroscopy. Once full conversion was attained, the solvent was removed under reduced
pressure. The crude product was distilled under reduced pressure to give a colorless oil.

Yield 47%.

'H NMR (400 MHz, chloroform-d;): 6 (ppm) = 7.38 (d, /= 8.1 Hz, 2H), 7.20 (d, /= 7.9
Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.75 (d, /= 17.5 Hz, 1H), 5.24 (d, /= 10.9 Hz,
1H), 4.43 - 4.27 (m, 1H), 3.99 (dd, /= 8.2, 5.8 Hz, 1H), 3.67 (t, /= 7.5, 5.6 Hz, 1H), 3.03
(dd, J = 13.6, 6.2 Hz, 1H), 2.80 (dd, /= 13.7, 7.0 Hz, 1H), 1.43 (d, J = 33.4 Hz, 6H).

Figure S9. For 13C and 2D spectra see Figure S10-13.

General (co)polymerization procedure in apolar media and cyclohexane/THF
mixtures. All polymerizations were carried out in cyclohexane (or cyclohexane/THF
mixtures, respectively) at room temperature in an argon-filled glovebox (MBraun
UNILAB, <0.1 ppm of Oz and <0.1 ppm of H20) in 40 mL glass vials equipped with a
magnetic stir bar, screw caps and septa. The monomer/solvent (20 wt%) mixture was
initiated with 0.1 mL of sec-butyllithium (1.3 M in cyclohexane/hexane 92/8) via 1 mL
syringe. The polymerization was terminated by adding 0.5 mL of methanol (degassed
with argon for 1 h prior to use) by a syringe after the appropriate time (see results and
discussion). The polymers were precipitated in 30 mL of cold methanol, dried at reduced

pressure (room temperature) and stored in the freezer (-20 °C).

General polymerization procedure for the (co)polymer and block copolymer
synthesis in THF at -78 °C. All (co)polymerizations were carried out in 100 mL Schlenk
flasks equipped with a magnetic stir bar and Teflon stopper in dry THF at room
temperature under argon. THF was dried over sodium benzophenone ketyl, followed by
distillation onto molecular sieves (3 A, activated at 450 °C for 4h) and vacuum
transferred into the polymerization reactor after 72h. For the statistical

copolymerization S was dried together with DMVBDO in one flask by stirring over CaH>
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overnight, followed by distillation into the polymerization flask. The monomer/solvent
(20 wt%) mixture was initiated with 0.1 mL of sec-butyllithium (1.3 M in
cyclohexane/hexane 92/8) via 1 mL syringe. The solution was stirred for 20 or 40 min
(see Results and Discussion) to ensure full monomer conversion. The polymerization
was terminated by adding 0.5 mL of methanol (degassed with argon for 1 h prior to use)
by a syringe. The polymers were precipitated in 30 mL cold methanol, dried under

reduced pressure (room temperature) and stored in the freezer (-20 °C).

For the preparation of sequential block copolymers S (10 wt% solution in THF) (or
DMVBDO, respectively) was initiated by sec-butyllithium (1.3 M in cyclohexane/hexane
92/8) in a first step. At full styrene conversion (usually after 20 min) DMVBDO was

added via syringe (or vice versa).

P(DMVBDO)23 (Mytareeted = 5 kg mol!). 93%, white solid. "H NMR (400 MHz,
chloroform-d;) 6 (ppm) = 8 7.10 - 6.15 (m, 92H), 4.38 - 4.10 (m, 23H), 3.98 — 3.75 (m,
23H), 3.68 — 3.44 (m, 23H), 3.10 — 2.84 (m, 23H), 2.77 - 2.53 (m, 23H), 1.54 - 1.19 (m,

180H), 0.76 — 0.44 (m, 6H). Figure S14. For 13C and 2D spectra see Figure S15-19.

P(So.5-co-DMVBDOys) (Mytarseted = 10 kg mol™). 74 — 98%, white solid. '"H NMR
(400 MHz, chloroform-d;) & (ppm) = 7.22 - 6.16 (m, 319H), 4.37 — 4.14 (m, 30H), 3.99 -
3.71 (m, 31H), 3.68 — 3.43 (m, 31H), 3.11 — 2.83 (m, 30H), 2.79 — 2.53 (m, 31H), 1.56 —
1.16 (m, 321H), 0.78 — 0.47 (m, 6H). Figure S26. For 13C and 2D spectra see Figure S27-

30.

PSo.5-b-P(DMVBDO)o5 (Mpterseted = 20 kg mol™). 75 — 76%, white solid. '"H NMR
(400 MHz, chloroform-d;) & (ppm) = 7.23 - 6.11 (m, 406H), 4.38 — 4.07 (m, 42H), 3.99 -
3.71 (m, 45H), 3.66 — 3.46 (m, 43H), 3.13 — 2.84 (m, 42H), 2.82 - 2.52 (m, 43H), 1.52 -
1.11 (m, 419H), 0.79 - 0.54 (m, 6H). Figure S34. For 13C and 2D spectra see Figure S35-

39.
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General procedure for the deprotection of DMVBDO (co)polymers and block
copolymers at room temperature. The (co)polymer or block copolymer (typically 100
mg) was dissolved in THF (20 mL) and 5 mL 1M (6 M respectively) HCI solution was
added dropwise under stirring. After completion of the addition, THF was added again
until the THF/water mixture was no longer cloudy. The resulting mixture was let run
for 24 h or longer (see results and discussion) before the deprotected polymer was
precipitated in cold acetone (homopolymer) or in a mixture of cold MeOH/H20 95:5
(copolymer and block copolymer). The resulting suspension was centrifuged at 4500 rpm

at -10 °C for 10 min. before being decanted and dried at 40 °C in vacuo.

P(VPPDO) (Mytargeted = 5 kg mol™). 92%, white solid. "H NMR (400 MHz, pyridine-
d;) 8 (ppm) = 9.02 — 8.03 (m, 235H), 6.00 — 5.75 (m, 35H), 5.49 (s, 68H), 4.62 (s, 68H),
4.24 - 3.67 (m, 38H), 3.61 — 2.90 (m, 86H), 2.14 (d, /= 34.4 Hz, 6H). Figure S20. For 13C

and 2D spectra see Figure S21-25.

P(So0.95-co-VPPDOo.os) (Mytareeted = 10 kg mol ™). quantitative yield, white solid.
"H NMR (400 MHz, chloroform-d;) 6 (ppm) = 7.36 — 6.23 (m, 512H), 4.07 - 3.78 (m, 5H),
3.72 - 3.58 (m, 5H), 3.56 — 3.44 (m, 5H), 2.87 - 2.55 (m, 12H), 2.42 — 1.21 (m, 337H), 0.82

- 0.53 (m, 6H). Figure S31.

PSo5-b-P(DVPPDO)os (Matareeted = 20 kg mol™?). quantitative yield, white solid.
"H NMR (400 MHz, pyridine-ds) & (ppm) = 7.52 - 6.56 (m, 472H), 4.55 — 4.22 (m, 39H),
4.13 - 3.90 (m, 73H), 3.37 - 2.93 (m, 73H), 2.77 - 1.46 (m, 257H), 0.81 - 0.54 (m, 6H).

Figure S40. For *C and 2D spectra see Figure S41-45.

General procedure for the “grafting from” approach of P(S¢.95-co-VPPDOo.05)
(Mytargeted = 29 kg mol ) with L-lactide. The polymerization of LLA using 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as the catalyst was performed according to the
work of Hedrick and Waymouth.** The macroinitiator P(So.95-co-VPPDOo.05) and LLA

were dissolved in dry (molecular sieves 3A) benzene and dried i vacuo overnight, prior
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to use. DBU was stirred over CaH> and distilled into a Schlenk flask. The polymerization
was performed in a glovebox (MBraun UNILAB, <0.1 ppm of Oz and <0.1 ppm of H20).
LLA (100 mg, 0.7 mmol, 139 eq) and the macroinitiator (55.5 mg, 0.01 mmol, 1 eq) were
added to a screw cap vial and dissolved in 1 mL of dry chloroform. A stock solution of
DBU was prepared by dissolving 8.0 mg of DBU in 1mL of dry chloroform.
Subsequently, 0.1 mL (0.8 mg, 0.01 mmol, 1 eq) of the stock solution was added to start
the polymerization. After stirring at room temperature for 1 h the polymerization was
quenched by adding 5 mg of benzoic acid. The polymer was precipitated in cold
methanol, centrifuged and dried in vacuo at 40 °C. The polymer was obtained with

quantitative yield as a colorless solid.

P(So.5-co-VPPDOys)-g-P(LLA) (Mytareeted = 26 kg mol™?). quantitative yield, white
solid. 'H NMR (400 MHz, chloroform-d;) 6 (ppm) = 7.22 - 6.21 (m, 365H), 5.32 — 4.95
(m, 192H), 2.91 — 2.57 (m, 13H), 2.09 - 1.11 (m, 816H), 0.77 - 0.49 (m, 6H). Figure S50.

For 13C and 2D spectra see Figure S51-56.

General procedure for the “grafting from” approach of P(S¢.95-co-VPPDOo.05)
(Mytareeted = 24 kg mol!) with ethylene oxide. KO'Bu (11 mg, 9.7 102 mmol) and
P(Sss-co-VPPDOs) (97 mg, 9.7 10° mmol) were placed in a flame-dried flask and
dissolved in a mixture of dry benzene (10 mL) and dry (molecular sieves 3A) DMSO
(0.2 mL). The solution was stirred at 50 °C under slightly reduced pressure for 30 minutes
and dried 7n vacuo for 16 h. After cooling to room temperature, dry DMSO (2.5 mL) was
added via syringe and dry THF (1.5 mL) was vacuum transferred into the flask. EO
(0.15 mL, 3.3 mmol, 341 eq) was vacuum transferred via a graduated ampule and the
resulting solution was stirred at 40 °C for 48 hours. After quenching (1 mL MeOH), THF
and MeOH were removed under reduced pressure. The residue was dissolved in DCM,

extracted twice with brine, dried over MgSO4 and lyophilized to remove DMSO.
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P(S0.95-co-VPPDOo.05)-g-PEO (My'areeted = 24 kg mol ). quantitative yield, brownish
solid. "TH NMR (400 MHz, chloroform-d;) 6 (ppm) = 7.21 - 6.18 (m, 512H), 3.96 - 3.25
(m, 1863H), 2.17 - 1.17 (m, 438H), 0.94 - 0.43 (m, 6H). Figure S62. For 13C and 2D

spectra see Figure S63-74.
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